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SOURCES,GROUND MOTION AND STRUCTURAL

RESPONSE CHARACTERISTI

CS IN WELLINGTON OF

THE 2013 COOK STRAIT EARTHQUAKES

C. Holden!, A. Kaiser!, R. V

an Dissert and R. Jury?

SUMMARY

The Cook Strait earthquake sequence occurred in a

region of known high s$gidfaeiever, this was the

strongest shaking felt in decades for the Wellington region and the top of the South Island. The location and

size of the earthquake meant that the ground shaki

ng was of rather short duration and moderate intensity,

except for theepicentral region of the Lake Grassmere earthquake where a PGA of 0.7g was recorded, and
for part of the Wellington foreshore where up to 0.2g was recorded in both earthquakes. The level of

shaking in terms of response specti@s in general, moderate exe p t

particular Wellington sites (WNKS and VUWSjt

for very high
periods of 0.40.5 seconds Amplification and

polarization in the NESW direction at approximately ~slperiodat many Wellington statioris likely due
to basinresonace effects, whereas dominant polarization in the N8E direction at shorter periods is

consistent with airectivity effect and is particularly
earthquakes were not only a rifg test on the level

evident in the Lake Grassmere earthquake
of prepadness for the population but also on the

behaviar of recentlybuilt structures in the Wellington region that had not yet experienced a moderate
earthquake. The ability to measure, asalgnd understand the intensity and characteristics of the ground

shaking coupled with weldocumented damage to
hopefully foster collaboration across earthquake eng

THE COOK STRAIT EARTHQUAKES

The 2013 Cook Strait earthquake sequence produced the most
significant ground shaking in the Wellington and Marlborough
regions in recent decades. The sequence began'bdul®
2013, at shallow depths offshore from Sedd@ig. 1) Two
foreshocks of N} 5.5 and N, 5.8 preceded the 6.6 Cook

Strait earthquake ro 21% July. The major events of the
sequence showed a genesalithwestwardprogression, with

the M, 6.6 Lake Grassmere earthquake following on tH 16
August, in the onshore region

In the paragraphs that follow we give a brief overview of the
Cook Stait earthquake sequence, including tectonic setting,
ground motion observations, preliminary source models, and
general impression regarding impacts on engineered
structures.

REGIONAL TECTONICS A ND SEISMICITY

The Cook Strait earthquakescurredin a regon of recurrent
seismicity marking the transition along the New Zealand plate
boundary from oblique subduction in the southern North
Island to strikeslip faulting through Marlborough (e.g.,
Wallaceet al 2012). Theepicentral region is characterized by
historically high levels of seismicity and several major active
fault structures including the wedipping subduction
interface at ~25 km depth (e.g., Stirlingal 2012, Litchfield

et al in press). In 2005 the area was the location of a swarm of
M4+ eathquakes, and prior to that it was also the site of the
1977 Cape Campbell earthquake (M ~6) and the 1966 Seddon

1 GNS Science, PO Box-368, Lower Hutt, NZ
2Beca PO Box 3942Wellington NZ.

BULLETIN OF THE NEW ZEALAND SOCIETY FOR EARTHQU

the buildings and building array recordings will
ineering disciplines.

earthquake (M ~5.8) (e,dDownes & Dowrick 2012). Larger
historical earthquakes have also occurred nearby in 1855 on
the Wairarapa Fault @, Grapes & Downes 1997, Litté al
2009) and in 1848 on the Awatere Fault (e.g., Gragtesl
1998, Mason & Little 2006).

To date, seismicity of the Cook Strait sequence has largely
occurred on unmapped structures at depthsiofl8 km,and
generdly follows a northeassouthwest trend(Fig. 1).
Seismicity is mainly concentrated in the region above the
subduction interface and between the Awatere Fault to the
northwest, the London Hill Fault to the southeast, the Clarence
Fault to the southwest anthe Wellington Fault to the
northeasi(Fig. 1). Further studies including double difference
relocations, seismic tomography and analysis of stress and
strain from small earthquakes will provide further tectonic
context for the 2013 earthquake sequence i{Rey2013)

THE JULY 215"M, 6.6 (M_ 6.5) COOK STRAIT
EARTHQUAKE

The Cook Strait earthquakecurredonly two days following

a foreshock sequenaaf magritude 5+ events. The epicentre
was located offshore, about 10 km southwest offtleshock
locationard 50 km away from WellingtoriWellington CBD
suffered minor structural damage but the timing of the
earthquake (Sunday evening) meant that there was little
disruption to the city.However, due tonecessary tilding
inspections, the CBD washutdown all ofMonday morning
and most of Monday afternoon.
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Figure 1: The 2013 Cook Strait earthquake sequenceo date, comprisinga Mw 5.5 foreshockon 19 July, 2013,the My 6.6 Cook
Strait earthquake on 21 July, the Mw 6.6 Lake Grassmereearthquake on 16 August and many accompanying
aftershocks.The epicentral region is characterizedby historically high levelsof seismicityand severalmajor active
fault structuresincluding the westdipping subductioninterface at ~25 km depth. The seismicityto date has largely
occurred on an unmappedstructure at depthsof 6 i 18 km, and generally follows a northeastsouthwesttrend. (For
more information seeReynerg2013)).

Response spectra analysis

Ground motion observationsand source model In central Wellington spectral accelerations at a number of

The region was welhstrumented with over 50 stromgotion locationsrangedup to 30% of the current building design level
sensors from the GeoNet network within 200 km of the  for any givensubsoilsite class and periods ranging between
epicenter (not including instrumented buildings mentioned 0.4 and 1 second§ig. 4)

later on). Recorded response spectra were particuldalge at the
The strongest readingsr the Cook Strait earthquakeere Victoria University Building site (VUWS) close to tterbair
approximately 0.8g at Ward (about 1&m southeast of the foreshorg and areas of reclaimed langhere motions were
epicentre)es well as in central WellingtorF{gure 2. Shaking over 50% the dggn levelat periods of 0.40.5 secondsThe

duration in central Wellington was short (moderate shaking  Karori Normal School sité/VNKS), further inland and into the
(above a 0.02g threshold) lasting 6 seconds and 7 seconds for hills, also responded strongly witecorded levels up to 100%

WNKS and VUWS sites respectively). of the design level at 0.4 secon@&g. 4). It is worth noting

We modeled ground motion history for the Cookrafs that this peak recorf#vel is only apparent over a very narrow
earthquake using near source GeoNet strong motion stations, Period rangeindicative of a local site effectand that the

in much the same fashion as Holden (2011) did for the5N overall spectral response at short periods is on average closer
Christchurch earthquake in the 202011 Canterbury to 30% of the design leveBradley (2013) also provides an

earthquake sequence. This solution is constrained onto a fault overview of ground motion etacteristics from the Cook
plane obtainedoy modeling GPS and InSAR data (see Strait earthquake.

Hamling et al 2013 for more details). The preliminary

kinematic solution suggessdip on a neawertical faultplane

striking NESW with up to 1 m of slip at a depth of about 12

km (Fig. 3). The model also suggestsbdateral rupture,

supporting the lack of significant directivity effects.
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Figure 2:  Observedheakground acceleration(PGA) at GeoNetstationsduring the Mw 6.6 Cook Strait earthquake(epicentre
is shown as yellow star). Location of right figure detailedin left figure, and note the changeof scalebetweenthe
two figures.

An additional broader peak o0 QuakeGaichep Netwiork Coshpreet dl. 2009; Kaseretall er at i
at ~1 second period is observed at many Wellington sites, 2011).

most strongly athose located on deep soil within the basin  pGa of over 0.7gwasrecordedé km from theepicenter at a

(TEPS, FKPS, VUWS, WEMS, ®GS) but alsoat stations temporary GeoNet siteear Seddon. PGA afp t00.67g was

near the basin edge (WNHS, POTShis amplification is recorded in Ward an@.14g in Blenheim In Wellington city,

most likely due to basin resonance effecBreliminay GeoNet instruments recorded PGAs up tog0.Powever

analysis othe polarization of ground motio(illustrated inthe shaking duration in central Wellington was again short with
polar plotsin Figure 4 indicates a SW-NE polarizdion of the moderate shaking (above a 0.02g threshold) lasting for 3
response spectra al second periodt these stationghis is seconds and 4 seconds for WNKS and VUWS sites

consistent with a dominant polarization direction previously regpectively.
inferred withinthe WellingtonHutt Valley basin (Benites &
Caldwell 2011) Secondly the polar plots also show a large
amplification response of the response spectra at 0.4 seconds
in the NWSE directions for stations WNKS and VUWS.

Based on the fault plane modeled from GPS and InSAR data

(Hamling et al. 2013), we tested a range of kinematic source

models to besffit the strong motion data at nesource

GeoNet stations. Thergposed kinemati model of theLake

Grassmere quaké&igure 7 suggests a maximusiip of 2.8m

THE AUGUST 16™ M ,6.6 LAKE GRASSMERE at 7.2 kmdepth shallowest sip is 0.25m at 1km depth
EARTHQUAKE consistent withthe observation of no groursurface fault
rupture(Van Disseret al 2013) This model suggests a strong
The LakeGrassmere earthquake occurred nearly 4 weeks after gjrectivity effect with the earthquake rupturing freouthwest
the Cook Strait earthquake. Thepicentre was located to northeast towards Wellington. The diteity effect is

onshore almost directly under Lake Grassmeagd further supported by simple observations of the fadtmal and
away from Wellington (about 8&m southwest)(Fig. 1) fault-parallel shaking characteristics from a range of well
However, for population in the South Island near the epicentre gjstriputed sites as observed by R. Benites (GNS Science) and
the earthquake impact was very strong and the expenenge illustrated in Figure 8 strong S phases are observed in the

frightening. Many homes in Seddon were badly damaged and \yellington regiomortheasbf the rupture, but not at mamy
then endured very heavy rainfalls that caused water damage t0 the South Island stations

structurally compromised houses. In Wellingttime timingof
the earthquakda weekday afternoonhow imposed some

disruption to tle city. Residents of Wellington citwere eager Response spectra analysis

not only toget their carout of building car parkas soon as In central Wellington a number of stations recorded spectral
possible gossibly recalling thasome car park buildings were  accelerations up to 280% of the current building design level
still closed to the public since the Cook Strait earthqudke) for any givensubsoilsite class and periods ranging between
also to get bacland check on their familyror Wellington, 0.4 and 1.2 secondig. 8).

this event was a reéife test for how well-prepared people

were for a future major event. Recorded spectra were again high for VUWS where levels

reached 50% of the design level at 0.5 seconds, and at the

Karori Normal School site where recorded levels were again
Ground motion observationsand source model foundto be approximately 100% design level at 0.5 seconds
(Fig. 1. Again, it is worth noting that this peak record level is
only apparent over a very narrow period rairgécative of a
local site effect (e.g. Kaisest al. 2013) and that the overall
spectralresponse at short periods is on average closer-to 30
50% of the design leveMa and Wotherspoon (2013) also
provide ananalysis of the response spectra in relations to the
soil condition for the Grassmere earthquake

The earthquake wasgainwell recorded by a wealth of strong
motion statios from the GeoNet networkow including extra
stations deployed as part of the response to the Cook Strait
earthquakéFigs. 5 & 6) It was also recorded by a temporary
array oflow-cost MEMS accelerometers linked to the global
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Figure3: Preliminary slip history for the Cook Strait earthquakeresolvedonto a 18 by 12 km near-vertical fault plane
striking NE-SW with up to 1 m of slip at a depth of about 12 km and a bilateral rupture. Fault parametersare
strike 234,dip 75 degreesrake 164 degreerupture velocity2.2 km/s. The black and red arrows are measuredand
observedground displacementrespectivelyfollowing the Cook Strait earthquake(Maximum of displacementat
WITH moving5 cmto the East). Theinsetshowsthe rupture history on the fault planelooking from the North: the
rupture time contours are in white isochrones,the red star is the GeoNet hypocentrelocation and colours
representslip amplitudes(scalein metres).This modeldoesnot suggestnyparticular directivity effect.

Preliminary analysisof the response spectrgolar plots
(Figure 8 suggestsa strong polarization of the signal e@.5
second period in the NVBE direction at most Wellington
stationsincluding POTS, WNKS, VUWS and FKRSThis
polarization diredion is consistent withthe occurrence of
strong directivity effect associated with strikelip rupture of
the earthquake sourc&tations WNHS and WEMS also show
strong amplitude at0.5 second period but in a moreVi
direction. Amplification and NESW polarization at ~1s

- Rigid glazing in older steel framed windows

- Seismic flasings between buildings

- Plasterboard panels

- Stairs and ramps

relativelycommon.

in stairwells

Damage to suspended ceilings and sprinkler pipework was

period is again observed at deep soil stations and those closeThere was some liquefaction observed near Wellington

to the basin edge.

OVERALL IMPACT ON BU ILDINGS IN
WELLINGTON

Harbour, and this is touchexh in Van Dissenet al (2013).

There was also widespread damage to wine storage tanks in

the Marlborough region,
issue).

I t 6s worth

as discussedMorris et al (this

not i foausedoanWaellingtog

Land in parts of the reclaimed port area typically received up building response.As part of the GeoNet buiing

to twice the ground shaking of other locatiomly a few
buildings, typically 6 to 12 storgy were significantly
affected. This may have been due to the neatd the shaking
(0.41 secondperiods of peak spectral acceleratio@ther
buildings including unreinforced masonry construction and
houses wee generally unaffected structuraiypd most are no

worse than before the events

Most damage related to the inability lofiilding components
to accommodate seismic displacements:

instrumentation program,
Wellington regioninstrumented with strong motion sensors

there were $bructuresin the

These will provide a wealth of data (Umat al 2011) for
detailed analysis of building response during these

earthquakes,sawell asfuture ones.

In addition,agroup from the University of Aucklanavith the

help of consulting engineermstalled temporary instruments
to monitor building vibrations during theCook Strait

resec

aftershock sequence. This work provided valuable data for
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Selected Response Spectra — Wellington CBD Magnitude 6.6, July 21t 2013 at 5:09pm

Rasponse Spectr - Wellingion Potisry Asseciaton, 218t uly 2013

=
>

b R Specis - WLON Emrgancy Wanagement Cemme, 1€ g 313

|
@

[ —

\
|
!

Figure 4:  The grey plots are responsespectra (5% damping) recordedin central Wellington following the Cook Strait
earthquakecomparedwith designlevelsfor respectivesubsoilsite-classeqthe responsespectraplots are courtesyof
T. Holden, and subsaoilsite classesare from Semmenset al. 2011). The polar plots representthe responsespectra
(5% damping) for componentdirections ranging from 0 to 360 degrees.The polar plots are plotted for periods
up to 3 seconds;each concentric black circle representsa discreteperiod value (1, 2 and 3 secondsas per white
labels). The polar plotsillustrate not only peakperiodsbut alsothe dominantpolarizationdirection of the response
spectraatthese peakperiods.A broaderpeakor 6 b u nnpspectralaccelerationat ~1 secondperiod is observed
at many Wellington sites, most strongly at those located on deep soil within the basin (TEPS, FKPS, VUWS,

WEMS, RQGS), but also at stations near the basin edge(WNHS, POTS). Polar plots indicate a SW-NE
polarizationof the responsespectraat~1 secondperiodat thesestations.

Figure5:  Observedpeak ground acceleration(PGA) at GeoNetand temporary QCN stations (seeKaiser et al. (2011) for
more detail) during the Mw 6.6 Lake Grassmereearthquake (epicentre shown as yellow star). Location of
right figure detailedin left figure, and notethe changeof scalebetweerthe two figures.



