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a b s t r a c t

Awidely used one-dimensional nonlinear effective stress site response analysis program is used to model
the response of potentially liquefiable soils during strong shaking. Ground motion records from six
events of the 2010–2011 Canterbury earthquake sequence and the extensive site investigation data that
have been obtained for the Christchurch area provide the basis for the analyses. The results of the
analyses depend significantly on the input motions and soil profile characterization, so these important
aspects are examined. Deconvolved Riccarton Gravel input motions were generated, because recorded
rock or firm layer motions were not available. Nonlinear effective stress seismic site response analyses
are shown to capture key aspects of the observed soil response through the comparison of acceleration
response spectra of calculated surface motions to those of recorded surface motions; however,
equivalent-linear and total stress nonlinear analyses capture these aspects as well. Biases in the com-
puted motions compared to recorded motions were realized for some cases but they can be attributed
primarily to the uncertainty in the development of the input motions used in the analyses.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The 2010–11 Canterbury earthquake sequence devastated
much of Christchurch, New Zealand and its surrounding areas.
Liquefaction during the 4 SEP 10 (moment magnitude, Mw7.1)
Darfield event affected approximately 10% of the Christchurch
area; whereas the 22 FEB 11 (Mw6.2) Christchurch event affected
over 50% of the developed land (see Fig. 1). Including these two
events, there were a total of seven events with moment magni-
tude (Mw) greater than or equal to 5.5 between 4 SEP 2010 and 23
DEC 2011 which caused varying degrees of liquefaction in and
around Christchurch.

The Canterbury earthquake sequence provides a great oppor-
tunity to examine soil response during strong seismic shaking,
particularly as it relates to the effects of liquefaction. During the
events discussed above, some sites within Christchurch liquefied
as many as five times, other sites only liquefied once or twice, and
other sites never experienced soil liquefaction. By taking advan-
tage of the dataset provided by these earthquakes, our under-
standing of the performance of critical infrastructure during major
shaking events with extensive and damaging liquefaction can be
arkham),
du (J. Macedo),
improved. Understanding the effects of liquefaction, however,
starts with being able to capture reliably the seismic response of
free-field sites that develop significant pore water pressures dur-
ing earthquake shaking. Moreover, building codes commonly
require that seismic site response analyses be performed to
develop design earthquake ground motions at liquefiable sites.
Improved methods for estimating earthquake ground motions at
sites that contain liquefiable soils are required. However, there are
relatively few recordings of ground motions at liquefied sites to
evaluate current or new methods. Thus, the Canterbury earth-
quake sequence dataset is invaluable.

Previous studies, such as those by [1–5], have provided useful
insights regarding the effects of soil liquefaction on ground
response during strong shaking. This research focuses on evalu-
ating the capabilities of one-dimensional (1D), nonlinear effective
stress seismic site response analytical procedures to capture the
seismic response of sites with and without significant earthquake-
induced pore water pressure generation. Specifically, the widely
used seismic site response program DEEPSOIL [6] was utilized to
perform the analyses for this evaluation. The research capitalizes
on the data provided by the GeoNet network of strong motion
station recordings taken throughout the greater Christchurch area
during the Canterbury earthquake sequence [7]. The site investi-
gation data that have been collected by researchers and practi-
tioners throughout Christchurch over the past several years were
used in the estimation and selection of soil properties for the
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Fig. 1. Observed liquefaction maps for the 4 SEP 10 and 22 FEB 11 events [10].

Table 1
Information for events examined from Canterbury earthquake sequence.

Event Date NZ Local Time Mw Hypocentral Latitude Hypocentral Longitude Strike (°) Dip (°) Ztor (km)

1 4 SEP 10 04:35:46 7.1 �43.5382 172.1635 85 82 0.0
2 26 DEC 10 10:30:15 4.7 �43.5544 172.6615 74 84 2.0
3 22 FEB 11 12:51:42 6.2 �43.5644 172.6915 50 64 0.5
4 13 JUN 11 14:20:50 6.0 �43.5638 172.7431 162 67 1.4
5 23 DEC 11 12:58:36 5.8 �43.4862 172.7957 45 63 0.0
6 23 DEC 11 14:18:02 5.9 �43.5300 172.7428 57 51 1.5

Moment magnitudes obtained from GeoNet (www.geonet.org.nz) regional Centroid Moment Tensor (CMT) solutions [14].
Strike, dip, and Ztor values are based on Metadata received from Bradley (2013) via personal communication, except for the 22 FEB 11 event; the 22 FEB 11 values are based on
[12].
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analyses presented in this paper. More in-depth information and
results are presented in the final technical report that was sub-
mitted to the U.S. Geological Survey [8]. That report provides all
characterization data considered for each strong motion station
site, input parameters for seismic site response analyses, and
analytical results.
2. Canterbury earthquake sequence

Seven events between 4 SEP 10 and 23 DEC 2011 had a Mw

greater than or equal to 5.5 during the Canterbury earthquake
sequence. Of these seven events, seismic records from five earth-
quakes were examined in this study. In addition to these events
with MwZ5.5, the Mw4.7 earthquake that occurred on 26 DEC
2010 was included in this study, because the shaking intensities
resulting from this event were such that soil response was largely
linear. Table 1 provides relevant information for each of the events
studied. The horizontal acceleration records and respective 5%
damped pseudo-acceleration response spectra from each event at
each strong motion station were employed to evaluate the results
of the seismic site response analyses presented in this paper. All
records were rotated to fault normal and fault parallel components
based on the strike values listed in Table 1. Uniformly processed
acceleration records for the 4 SEP 10 Darfield and 22 FEB 11
Christchurch events were available from the Pacific Earthquake
Engineering Research (PEER) center [9]. Processed records for the
remaining events were obtained from the GeoNet strong motion
acceleration-time series database [7].

Fig. 1 provides a map overview of the locations of the strong
motion stations from which the seismic records for this study
were obtained. Some of these sites showed signs of liquefaction in
multiple events, which was evident in surface manifestation (i.e.,
sediment ejecta—see [11]) or distinct features of the surface
recording (e.g., dilation spikes within the acceleration-time series
—see [12]). Table 2 provides a detailed overview of relevant
parameters for each strong motion station for the events studied.
The 4 SEP 10 Darfield event had the largest moment magnitude of
all the events shown in Table 1. However, it was the 22 FEB 11
Christchurch event that caused the most intense shaking in the
greater Christchurch area, which is evidenced by the generally
higher recorded peak ground accelerations for the stations pre-
sented in Table 2. The relatively lower source-to-site distances of
the Christchurch event compared to the Darfield event is the

http://www.geonet.org.nz


Table 2
Characteristics of event parameters at strong motion stations.

Station 4 SEP 10 Mw7.1 26 DEC 10 Mw4.7 22 FEB 11 Mw6.2 13 JUN 11 Mw6.0 23 DEC 11 Mw5.8 23 DEC 11 Mw5.9

PGA (g) Rrup (km) PGA (g) Rrup (km) PGA (g) Rrup (km) PGA (g) Rrup (km) PGA (g) Rrup (km) PGA (g) Rrup (km)

CACS 0.2 11.7 0.02 13.1 0.21 12.8 0.14 16.2 0.07 19.4 0.08 16.7
CBGS 0.16 14.4 0.27 4.4 0.5 4.7 0.16 7.6 0.16 12.9 0.21 10.2
CCCC 0.22 16.2 0.23 2.6 0.43 2.8 – – 0.13 11.1 0.18 8.7
CHHC 0.17 14.7 0.16 3.5 0.37 3.8 0.22 6.8 0.17 12.5 0.22 10.0
HPSC 0.15 21.7 0.05 6.6 0.22 3.9 0.26 5.5 0.2 6.12 0.26 3.2
KPOC 0.34 27.6 0.01 19.8 0.2 17.4 0.1 19.4 – – – –

NNBS 0.21 23.1 0.04 7.8 0.67 3.8 0.2 5.6 – – – –

PPHS 0.22 15.3 0.09 8.2 0.21 8.6 0.12 10.4 0.12 13.4 0.14 10.5
PRPC 0.21 19.3 0.09 3.7 0.63 2.5 0.34 3.7 0.29 8.1 – –

REHS 0.25 15.8 0.25 4.4 0.52 4.7 0.26 6.8 0.2 11.5 0.25 8.8
RHSC 0.21 10.0 – – 0.28 6.5 0.19 11.8 0.16 17.2 0.16 14.6
SHLC 0.18 18.6 0.16 5.6 0.33 5.1 0.18 6.3 0.26 9.1 0.28 6.1
SMTC 0.18 17.5 0.03 10.5 0.16 10.8 0.09 12.0 0.07 13.2 0.15 10.4

PGA values from [15] for Darfield, Christchurch, 13 JUN 11, and 23 DEC 11 (Mw5.9) events; values for 23 DEC 11 (Mw5.8) and 26 DEC 10 events are from metadata provided by
Bradley (2013) pers. comm.
Rrup values from [15] for Darfield, Christchurch, 13 JUN 11, and 23 DEC 11 (Mw5.9) events; values for 23 DEC 11 (Mw5.8) and 26 DEC 10 events are from metadata provided by
Bradley (2013) pers. comm.

Table 3
Site investigation information for strong motion station sites.

Station ID Latitude Longitude Depth to Riccarton
Gravela (m)

Available site investigation data

Geophysical testingb CPTuc Boreholesc

CACS �43.4832 172.5300 6/14 SWd – BH-11529A
CBGS �43.5293 172.6199 21.0 SWd CBGS_CPT1d CBGS_BH1d, BH11793(CGD)
CCCC �43.5381 172.6474 25.0 SWd CPT484(CGD), CPT24862(CGD),

CPT24865(CGD)
BH1759(CGD)

CHHC �43.5359 172.6275 22.0 SWd CPT425(CGD), CPT12257(CGD),
CPT12258(CGD)

BH1756 (CGD),BH12255(CGD),
BH26682 (CGD)

HPSC �43.5016 172.7022 36.0 SWe CPT47(CGD), CPT89(CGD),CPT18940
(CGD)

BH16910 (CGD)

KPOC �43.3764 172.6637 18.5 SWd – KPOC_BH1d

NNBS �43.4954 172.7180 41.0 SWd CPT33695(CGD),CPT1461(CGD)
CPT17254(CGD)

BH30210 (CGD), BH2685 (CGD),
BH30211(CGD)

PPHS �43.4928 172.6069 20.0 SWd CPT1497(CGD) BH34717(CGD),
PRPC �43.5258 172.6828 28.0 SWd CPT1396(CGD), PRPC_CPT2d BH23529 (CGD)
REHS �43.5219 172.6351 20.0 SWd REHS_CPT1d, REHS_CPT2d,CPT386

(CGD),
BH1735 (CGD), BH21735 (CGD)

CPT9215(CGD),CPT9217(CGD)
RHSC �43.5362 172.5644 11/16 SWd, SWe – BH11529 (CGD)
SHLC �43.5053 172.6634 27.0 SWd CPT626(CGD),CPT17584(CGD) BH20985(CGD), BH20992(CGD),

BH23531(CGD)
SMTC �43.4675 172.6139 28.0 SWd – BH14315(CGD)

Notes:

a Depth to Riccarton Gravel estimated from the site investigation data presented by [11] and Bradley (2014) pers. comm.
b SW¼surface wave testing.
c CPT and borehole data from [16] unless otherwise noted.
d Data and results from [11].
e Data and results from [18].
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primary cause of its more intense shaking, which is illustrated in
Table 2 (see [13] for further discussion).
3. Subsurface characterization of strong motion station sites

Over 18,000 cone penetration tests (CPT) have been completed
in the greater Christchurch area. Much of these site investigation
data can be obtained directly through the Canterbury Geotechnical
Database [16]. In addition to these data, much of the site investi-
gation information necessary to characterize the strong motion
stations of interest was obtained through the work of other
researchers, particularly Prof. Wotherspoon of the Univ. of
Auckland and his research collaborators [11]. Table 3 provides a
summary of the site investigation data for each site. The infor-
mation obtained from CPT data was crucial in defining the strati-
graphy of the sites and in estimating the engineering properties of
the subsurface materials through established correlations. The
McGann et al. Christchurch specific CPT–Vs correlation [17] pro-
vided the primary means for estimating the shear wave velocity
(Vs) profiles of the strong motion station sites. Table 3 shows that
no CPT data were available at the time of writing for the strong
motion station sites at CACS, RHSC, SMTC and KPOC (primarily due
to the presence of near surface gravelly soil). For such cases, Vs

profiles calculated and presented in [11] (which were based on the
surface wave testing results of [18]) were used for site
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characterization purposes. All site characterization data and
information, including CPTs, considered Vs profiles, and assumed
soil properties for analyses presented subsequently can be found
in [8].

A simplified subsurface profile for Christchurch is shown in
Fig. 2. The subsurface is comprised generally of surficial deposits
varying in thickness from less than 10 m to over 40 m. These
materials form the Springston Formation (primarily alluvial grav-
els, sands, and silts) in the western area of Christchurch and the
Christchurch Formation (comprised of estuarine, lagoon, beach,
dune, and coastal swamp deposits of sand, silt, and some clay, and
peat) in the eastern part of the city [19]. Below these deposits lies
the dense, well-graded Riccarton Gravel layer [20]. Most site
investigations characterize only the soils that overlie the dense
Riccarton Gravel. The estimated depth to the Riccarton Gravel
layer at each site studied is also listed in Table 3.
4. Selection of input ground motions for site response analyses

All of the strong motion station sites of interest are situated
within the Canterbury Plains. The general geology of this area
Russley
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comprises distinct layers of gravels interbedded with layers of
primarily sands and silts, with some pockets of clays and peats, to
a depth of over 500 m below the ground surface [20–22]. Fig. 2
provides a simplified geologic profile of the Christchurch region.
The depth to “basement” rock for soils underlying the Canterbury
Plains can be over 2 km below the ground surface [23,24]. These
deep sediment deposits coupled with the presence of the volcanic
rock that makes up the Port Hills and Banks Peninsula to the
southeast of central Christchurch create a basin structure.

The deep basin structure that underlies the studied sites makes
the selection of representative “rock” input motions difficult due
to the absence of outcropping “rock” recordings on the north side
of the Port Hills (i.e., within Canterbury Plains side of the Port
Hills). The Lyttelton Port strong motion station (LPCC) has a Vs30 of
about 792 m/s according to the work of [18], placing it in the
category of engineering bedrock (i.e., B/C rock boundary for
VsE760 m/s [25]). However, the location of LPCC with respect to
the locations of the events of interest and seismic energy propa-
gation from these events make it a non-ideal input motion for
seismic site response analyses in the Christchurch area (e.g., LPCC
is located on the southern side of the Port Hills as opposed to the
northern side, it is a significant distance from downtown
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Christchurch, and it is on the hanging wall as opposed to the
footwall for several events).

4.1. Deconvolution of surface motions

With the lack of representative “rock” input motions, as well as
the difficulty in reliably characterizing the stratigraphy beneath
the studied sites to the depth of engineering bedrock, deconvol-
ving recorded surface motions to obtain input motions for a “firm”

base material is required. An alternative would be to use synthetic
“rock” motions for each event, but they are not currently available,
and they will contain significant uncertainty when produced.
Deconvolution consists of inputting an outcropping motion at the
surface of a 1D soil column and using an equivalent-linear analysis
to calculate the acceleration-time series at a point beneath the
ground surface (see [26–28]). This within motion can be converted
Fig. 3. Assumed Vs profiles fo
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to an outcropping motion for use in subsequent convolution
analyses.

Silva [27] outlines a procedure to help avoid the situation of
unrealistic motions being calculated at depth due to the propa-
gation of the total surface motion via an equivalent-linear analysis
during the deconvolution process. These steps were adhered to
and are as follows:

1. A low pass (LP) filter was applied to the recorded surface
motion to be used for the deconvolution analysis at 15 Hz and
scaled by 0.87; SeismoSignal™ [30] was used to perform a 4th
order, LP Butterworth filter.

2. The filtered and scaled motion from step 1 was input at the
surface of a 1D soil column.

3. This motion is transferred through the soil column to a pre-
determined half-space.
r (a) CACS and (b) RHSC.
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4. The final iteration values of shear modulus reduction (G/Gmax)

and material damping (λ) for each layer during the deconvo-
lution process is obtained.

5. The deconvolution process was performed again by using a
linear analysis with the final values of G/Gmax and λ from step
4 for each layer of the 1D soil column and inputting the LP fil-
tered (15 Hz) full surface motion (i.e., not scaled by 0.87) at the
top of the column to obtain a final within motion. This within
motion was then converted to a final outcropping deconvolved
motion for use as an input motion in convolution analyses.

SHAKE2000 was utilized to perform all deconvolution analyses
[31].

The dense Riccarton Gravel unit (see Fig. 2b) was used as the
“firm” half-space for deconvolution analyses and subsequent
seismic site response analyses. The impedance contrast between
the Riccarton Gravel and the softer overlying surficial deposits was
on average two for the sites studied. The presence of this firm layer
below the potentially liquefiable soils in the Christchurch area
supported using the Riccarton Gravel unit as the half-space for
deconvolution.

4.1.1. Deconvolution at selected strong motion station sites (CACS
and RHSC) and scaling of input motions

The Canterbury Aero Club (CACS) and the Riccarton High
School (RHSC) strong motion sites were used for the deconvolu-
tion procedure (see Fig. 1). These sites are located on sites that did
not show surface manifestations of liquefaction during any of the
events of interest and are believed to have shown minimal non-
linear response during strong shaking. These points are important,
because the required equivalent-linear approach to deconvolution
cannot capture fully the nonlinear response of soils. Furthermore,
as can be seen in Table 3, the depth to the Riccarton Gravel layer
for these sites is the lowest among the 13 strong motion station
sites studied, which requires the surface motion to be deconvolved
over a relatively shallow profile.

For the deconvolution process, the strain-dependent normal-
ized shear modulus reduction and material damping relationships
presented by [32] were used for all material above the Riccarton
Gravel. Two different Vs profiles were initially considered for both
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the CACS and RHSC sites to account for the epistemic uncertainty
in the site characterization of these stations. For CACS, both Vs

profiles were assumed based on the information presented by
Wotherspoon et al. [11] and mostly differed by the assumed depth
and Vs of the Riccarton Gravel (see Fig. 3a). For RHSC, one Vs profile
was estimated based on the work of Wood et al. [18] while the
other was assumed from the work presented by Wotherspoon
et al. [11]. Fig. 3 provides the estimated Vs profiles for the decon-
volution sites. It was found that for a given deconvolution site, the
input motions generated from the consideration of two different Vs

profiles yielded similar results for subsequent convolution ana-
lyses. The authors considered the Woth1 Vs profiles for both the
CACS and RHSC sites to be more representative of field conditions
than the alternative Vs profiles. Consequently, results presented
hereafter are based on the use of input motions CACS_Woth1 and
RHSC_Woth1, which are named based on their respective Vs

profiles.
Deconvolved ground motions were scaled to account for dif-

ferences in the site-to-source distance and Vs of the Riccarton
Gravel between the deconvolution sites and the sites where con-
volution analyses were performed. This scaling was completed
using the New Zealand specific ground motion prediction equation
outlined in Bradley (2013)—referred to as Bradley GMPE herein
[33]. This model uses source, path, and site input parameters to
generate period dependent pseudo-spectral acceleration (Sa)
values. For a given event the source parameters (e.g., Mw, Ztor, dip)
were the same; however, the shortest distance between sites and
the event rupture plane (path parameter Rrup) varied between
deconvolution and convolution sites, as did the shear wave velo-
city of the Riccarton Gravel due to its differing depth across
Christchurch. To account for these differences, a single scale factor
was calculated to transfer outcropping deconvolved Riccarton
Gravel motions from deconvolution sites to convolution sites. This
scale factor was calculated by averaging (arithmetic mean) the
period dependent factors of median Sa at convolution sites to
deconvolution sites predicted by the Bradley GMPE across all
periods considered in the GMPE. A single factor was used to scale
input motions as opposed to spectrally matching deconvolved
motions to a smooth target response spectrum to retain the event-
specific characteristics of the input acceleration-time series.
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As stated previously, the only parameters that were varied in
the Bradley GMPE between the convolution sites and the decon-
volution sites for a given event were Rrup and Vs30, where Vs30 was
used as a proxy to account for the varying Vs of the Riccarton
Gravel. Shear wave velocity values for the Riccarton Gravel were
estimated based on the work of Wotherspoon et al. [11] and ran-
ged from 300 to 460 m/s for the sites studied. Representative
deconvolved input motions are provided in Fig. 4. These motions
represent outcropping Riccarton Gravel motions that were used as
input motions for analyses completed at the Christchurch Hospital
(CHHC) strong motion station site; the scale factors used for this
site were 2.61 and 1.47 for the input motions that resulted from
the deconvolution process at the CACS and RHSC sites, respec-
tively. Scale factors for all stations and all events are provided in
Markham et al. [8].

Equivalent-linear analyses were carried out at the deconvolu-
tion sites for the events studied to examine the ability of the
deconvolution process to generate input motions capable of cap-
turing key characteristics of recorded surface motions. The input
motions for these analyses corresponded to deconvolved Riccarton
Gravel motions from the other deconvolution site (e.g., CACS
deconvolved motion was used as the input motion for a convolu-
tion analysis at RHSC). Fig. 5 provides representative results of
analyses completed for the 13Jun2011 Mw6.0 event at the decon-
volution sites. As will be discussed further in Section 6, residuals
can be calculated to compare the pseudo-spectral acceleration (Sa)
values of recorded motions (Sa-Recorded) to those of calculated sur-
face motions (Sa-Predicted) using equivalent linear analyses. These
residuals are defined as the difference between the natural loga-
rithm of Sa-Recorded and Sa-Predicted (i.e., δ¼ ln(Sa-Recorded) – ln(Sa-Pre-
dicted)). Based on average residual (μδ) values and standard devia-
tion of residuals (σδ), the results of the equivalent linear analyses
generally capture the key characteristics of the recorded surface
motion. The response spectra presented in Fig. 5 and in Section 6
are plotted from periods of 0.067 s to 10 s, because a low-pass
filter at 15 Hz was applied during the deconvolution procedure.
The maximum shear strains calculated during the deconvolution
analyses were less than about 0.1% for the Christchurch event and
lower for the other events. Hence, the use of equivalent-linear
analysis was judged to be acceptable for the deconvolution.
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5. Seismic site response analyses overview

Nonlinear effective stress, nonlinear total stress, and
equivalent-linear 1D seismic site response analyses were per-
formed for each station listed in Table 2 that recorded shaking for
each event of interest (see Table 1). The seismic site response
program DEEPSOIL was used to perform these analyses [6]. It is a
widely used nonlinear time domain site response analysis pro-
gram that utilizes a discretized multi-degree-of-freedom lumped
parameter model of the 1D soil column. The hysteretic soil
response is captured by a pressure-dependent hyperbolic model
that represents the backbone curve of the soil along with the
modified extended unload-reload Masing rules [6]. Some addi-
tional pertinent details are discussed below.

5.1. Representation of strain dependent soil response

Correlations proposed by Darendeli were used to obtain initial
estimates of normalized shear modulus reduction (G/Gmax) and
material damping (λ) curves for each site where seismic site
response analyses were completed [32]. In general, the soils for
each subsurface profile were considered to be non-plastic (PI¼0)
and normally consolidated (OCR¼1). The mean confining pressure
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Fig. 8. Acceleration response spectra comparisons for
for each layer (σ’m) was estimated based on assumed unit weights
of 17.3 kN/m3 for all soils above the groundwater table and
19.6 kN/m3 for all soils below the groundwater table and an
assumed Ko value of 0.5 (i.e., σ’m¼2/3σ’v). Event specific ground-
water table depths for each strong motion station site were esti-
mated from the Canterbury Geotechnical Database [34].

The Darendeli [32] relationship tended to underestimate the
assumed shear strength of the soils studied. The procedure pro-
posed by [35] was utilized to remedy the potential mis-
representation of a soil’s shear strength. This procedure allowed
for the calculation of a “strength corrected” hybrid shear modulus
reduction curve that transitions from the G/Gmax curve computed
from the Darendeli [32] relationship to a strength based G/Gmax

curve at a specific strain level. Due to a lack of published guidance
in correcting the material damping curve to capture large strain
response, a hybrid damping curve was calculated that transitioned
from the damping curve calculated from the Darendeli [32] rela-
tionship to a strength based material damping curve using a linear
(in semi-log space) approximation. Fig. 6 illustrates the corrections
made to the target shear modulus reduction and material damping
curves for the performed seismic site response analyses. Shear
strength estimates for the subsurface soils at the strong motion
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sites were primarily based on correlations from in-situ site
investigation data (i.e., CPT and SPT data from [11,16]).

The MRDF-UIUC pressure dependent, hyperbolic fitting proce-
dure proposed by [36], which is implemented in DEEPSOIL, was
used to fit the target (corrected) shear modulus reduction and
material damping curves for all nonlinear (effective and total
stress) analyses. The procedure proposed by [37] was followed for
all nonlinear site response analyses to ensure that the implied
shear strength of the fitted shear modulus reduction curve for a
given material was approximately equal to the assumed shear
strength. This procedure requires an iterative adjustment of the
target shear modulus reduction curve to capture the assumed
shear strength for a given material. The frequency independent
small strain damping formulation proposed by [36] was used to
calculate viscous damping for all nonlinear site response analyses.

Normalized shear modulus reduction values calculated via the
procedure outlined in [35] were used directly at discrete values of
shear strain for each layer of a given 1D soil profile for equivalent-
linear analyses. The final material damping curves that resulted
from the MRDF-UIUC fitting procedure discussed above for non-
linear analyses were used to define values of material damping at
discrete values of shear strain for equivalent-linear seismic site
response analyses. The reason for the use of the fitted material
damping curve versus the material damping curve obtained
directly from the strength correction procedure is due primarily to
the hyperbolic representation of the material damping curve that
the fitted procedure provides as well as a better representation of
material damping at large strains via the fitting procedure
implemented in DEEPSOIL. The effective shear strain ratio (γref)
proposed by [38] and the frequency independent complex shear
modulus discussed in [6] were used for all equivalent-linear
analyses.

5.2. Parameters for nonlinear effective stress analyses

This study consisted of primarily non-plastic, cohesionless soils.
These soils were modeled using the pore water pressure genera-
tion model for sands originally developed by [39], modified by
[40], and presented in [1]. Eq. (1) provides the governing equation
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of this model:

u�
N ¼

p � f � F � N � γc�γtvp
� �s

1þ f � F � N � γc�γtvp
� � ð1Þ

The parameters for the pore water pressure generation model
would ideally be selected based on curve fitting site specific,
undrained, cyclic test results. Due to a lack of site specific infor-
mation for the strong motion stations sites, the D-MOD2000
manual (see [41]) and the work of [42] were used in the selec-
tion of parameters. Based on this information, the following logic
was used in the selection of parameters:

� f was assumed to be 2 for all analyses; this value was used to
better represent 2D shaking in the pore water pressure generation
model (analyses were also performed with f¼1 and 1.5 to evaluate
the sensitivity of the results to this parameter); the maximum ru
value was set to 0.99p was assumed to be 1 for all analyses

� γtvp was chosen based on the value of shear strain (γ) at G/
Gmax¼0.65

� In general, F was chosen based on the guidance of the correla-
tion presented by [42] that uses the soil information from [41]
to correlate F to shear wave velocity (Vs in m/s). In some cases F
was adjusted to prevent unrealistic large shear strains or
unexpected high pore water pressure generation (e.g., in a layer
of silty clay material directly above the Riccarton Gravel). The
correlation used for F is:

F ¼ 3810 � V �1:55
s ð2Þ

s was chosen based on a similar correlation from [42] which
relates this parameter to fines content (FC in percent):

s¼ FCþ1ð Þ0:1252 ð3Þ
where FC was correlated from CPT data using the average CPT Ic–
FC correlation proposed by [43], which largely enveloped the
Christchurch data presented by [44].

The degradation of both the stiffness and strength of a liquefied
soil is then represented through the modification of the MKZ
Mw6.2
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hyperbolic model as proposed by [1,45] through the use of the above
pore water pressure generation model. The additional exponent ν
considered by [1] in the calculation of the degradation parameter
was incorporated into the analyses. A value of ν equal to 3.8 was
assumed for all materials based on the recommendation of [1].

Excess pore water pressure dissipation and redistribution can
be accounted simultaneously with the generation of excess pore
water pressure in a nonlinear effective stress analysis. The dis-
sipation and redistribution of excess pore water pressure is mod-
eled using Terzaghi's 1D consolidation theory. The solution process
of DEEPSOIL assumes dissipation only in the vertical direction [6].
This model requires only the specification of the coefficient of
consolidation (cv), which was estimated based on CPT correlations.
Additionally, a permeable boundary was used for the bottom layer
within DEEPSOIL to represent the Riccarton Gravel. Its cv value is
set by the program to be that of the bottom soil layer, which was at
least 0.1 ft2/s for all sites.
6. Results and discussion

The results presented and discussed herein correspond to
analyses completed using input motions from the deconvolution
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Fig. 10. Acceleration response spectra comparison
of the CACS and RHSC surface motions using the Vs profiles named
Woth1, as discussed in Section 4.1.1. Analyses were completed for
each event and SMS site listed in Table 2. No analyses were
completed for cases where there were no recordings for a parti-
cular station (e.g., CCCC for the 13 JUN 2011 earthquake—Table 2).
For the 26 DEC 2010 event only input motions generated from
deconvolution at the CACS site were considered as no recordings
were taken at the RHSC site for this event.

The recordings at each station for each event provide a means
for assessing the results of the calculated surface motions from the
seismic site response analyses completed at each site. Pseudo-
acceleration response spectra (5% damped; abbreviated as accel-
eration response spectra hereafter) were used to simplify the
comparisons between recorded surface motions and those calcu-
lated from analyses. As a low-pass filter was applied at 15 Hz to
the motions used in the deconvolution process (see Section 4.1),
response spectra are plotted with a minimum period of 0.067 s
when comparing analytical results to the response spectra of
recorded motions. Spectral acceleration residuals (referred to as
residuals hereafter) were considered on a period-by-period basis
to quantify the “fit” of acceleration response spectra calculated
from analyses to those of recorded surface motions. The residuals
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are calculated as:

δðTiÞ ¼ ln Sarecorded
� �

Ti
� ln Sapredicted

� �
Ti

ð4Þ

Fig. 7 shows the calculated surface acceleration-time series for
analyses completed at the CHHC strong motion station site using
the fault normal component (FN) of the CACS Woth1 input motion
for the Christchurch event. The recorded motion is also shown.
Fig. 8 shows the calculated acceleration response spectra of these
motions as well as those from the effective stress analysis com-
pleted using the RHSC Woth1 input motion. The plots on the right-
hand side of Fig. 8 show the period dependent residuals for each
analysis. Also displayed is the average (arithmetic mean) residual
across all periods as well as the standard deviation of residuals for
each analysis. Based on the average residual, it can be seen that the
analyses resulting from the use of the CACS Woth1 input motion
compare better to the recorded surface motion (as opposed to
those from the use of the RHSC Woth1 input motion). This better
matching with input motions that were a result of deconvolution
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Interestingly, the acceleration response spectra of the surface
motions calculated at the CHHC site by the equivalent-linear (EQL),
total stress (TS), and effective stress (ES) nonlinear analyses were
similar, as shown in Fig. 8. Fig. 9 shows plots of the maximum
calculated shear strain, maximum pore water pressure ratio (ru),
and maximum acceleration with depth for each analysis of the
CHHC site in the fault normal direction using the CACS Woth1
input motion. The excess pore water pressure ratios calculated
with the effective stress analysis are in excess of 0.94 at depths of
17–19 m. The calculated maximum shear strain at these depths of
higher maximum ru are considerably larger than maximum shear
strains calculated using the total stress nonlinear analysis and the
equivalent-linear analysis.

Sensitivity analyses were completed to examine the effects of
pore water pressure generation on the calculated soil response by
using values of f (see Section 5.2) equal to 1 and 1.5 for the pore
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water pressure model implemented in DEEPSOIL. Lower values of f
yielded lower values of ru and lower shear strains but did not have
an appreciable effect on the calculated response spectra. Further-
more, as was typical for analyses conducted in this study, there
were only slight differences between the acceleration response
spectra of calculated surface motions that resulted from nonlinear
total stress and effective stress analyses, as well as equivalent-
linear analyses, for a given 1D soil column using the same input
motion.

Fig. 10 provides a comparison of response spectra of surface
motions from analyses completed at the PPHS site for the Darfield
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acceleration response spectra of the surface motions calculated
from effective stress and total stress analyses are similar, it can be
seen from Fig. 11 that significant excess pore water pressures are
indicated at a depth of about 3–5 m, with a max ru of 0.95 calcu-
lated at a depth of 4 m. The Boulanger and Idriss CPT-based sim-
plified liquefaction triggering procedure [46] generally agreed well
with the effective stress analyses' calculated excess pore water
pressure with depth (i.e., layers with ru values over 0.5–0.6 gen-
erally had FSliqr1).

To examine trends in the results of seismic site response ana-
lyses performed for a given event, one can examine plots of resi-
duals as a function of period for all stations where analyses were
completed for a particular event. Fig. 12 summarizes the results of
the nonlinear effective stress analyses of all sites for the
Christchurch event using the CACS Woth1 input in the fault normal
direction. As was previously mentioned, residuals are only pre-
sented for periods greater than 0.067 s due to the use of a low-pass
filter during the deconvolution process. In general, the results of
the effective stress analyses compared well with the recorded
motions at the sites studied, which can be seen in Fig. 12 via the
fact that most of the residuals are between 70.5 across the period
range of interest.

In addition to effective stress analyses completed using DEEP-
SOIL, a series of 1D analyses were completed using the finite-
difference code FLAC (Fast Lagrangian Analysis of Continua—see
[47]). The constitutive model PM4Sand developed by [48] was
utilized to model the dynamic response of the soil. This model is a
critical-state compatible, stress-ratio based, bounding-surface
plasticity model for sands that modifies the model outlined in
[49,50] to better capture the response of liquefiable soils. These
analyses were completed only for a selection of sites for the
Christchurch event to further examine the capability of the gen-
erated input motions to capture soil response using a different
analysis procedure.

Fig. 13 shows the computed response spectra for the calculated
surface motions from the analyses completed using DEEPSOIL and
FLAC at the Christchurch Botanical Gardens strong motion station
(CBGS) using the CACS Woth1 FN input motion. As can be seen for
this case, the FLAC analysis resulted in a better match of both the
shape and amplitude of the recorded motion’s response spectrum,
especially from 0.1 to 1 s. The variation in the calculated response
spectra presented in Fig. 13 could be due to the representation of
the soil's stress–strain behavior via the PM4Sand constitutive
model implemented in FLAC versus the MKZ model implemented
in DEEPSOIL. A comparison of shear stress vs. shear strain response
of a soil layer due to the differing pore water pressure models is
shown in Fig. 14. The more advanced PM4Sand model appears to
capture the nonlinear response of the liquefied soil better. How-
ever, a more exhaustive study would need to be completed to
confirm the reasons for these differences.

Fig. 15a shows a plot of residuals for all nonlinear effective
stress analyses using the CACS Woth1 input motion for the Darfield
event. There is a consistent positive “bump” in the residuals across
all stations for periods between 1 s and approximately 6 s. The
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consistent underestimation of the spectral accelerations within
this period range is most likely due to the input motion’s inability
to fully replicate the forward directivity effects or basin response
experienced at the strong motion stations in the eastern stations
during the Darfield event. Fig. 15b presents the residuals for the
effective stress analyses completed using the RHSC Woth1 FN input
motion. Now there is a general underestimation of the spectral
acceleration values for periods greater than 1 s, but on a much less
pronounced scale compared to those shown in Fig. 15a. The RHSC
recording is classified as a velocity-pulse-type motion for the
Darfield event based on the Hayden et al. (2014) procedure [51];
whereas, the CACS recording is not. Consequently, the RHSC Woth1
motion should be superior to the CACS Woth1motion at estimating
the response for periods in the 1 to 6 s range for those sites that
were also identified as having velocity-pulse-type motion for the
Darfield event. A proper characterization of the input motion is
thus critical for calculating reasonable responses at the ground
surface.
7. Conclusions

The 2010–11 Canterbury earthquake sequence provides an
exceptional opportunity to investigate how the same ground
responded to several significant earthquakes that delivered dif-
ferent intensities and durations of strong shaking. The ground near
some of these strong motion station sites liquefied multiple times
during the sequence; whereas other sites never liquefied. The
seismic recordings at these sites were utilized to evaluate the
capabilities of nonlinear 1D effective stress seismic site response
analyses.

One of the greatest sources of uncertainty with most seismic
site response analyses is the characterization of input motions. The
deep basin structure that underlies much of Christchurch and the
lack of recorded “rock” motions in the area of interest makes the
selection of input motions for site response analyses in Christch-
urch challenging. This study generated deconvolved surface
motions from two firm soil sites to provide input motions at the
top of the dense Riccarton Gravel unit for the analyses. With the
uncertainty introduced by using this procedure for generating
input motions, some consistent biases were evident in the results
of analyses compared to recorded surface motions for some events
using a particular input motion; however, reasonable trends in the
seismic response of sites that did or did not liquefy during the
Canterbury earthquake sequence were observed.

Effective stress analyses did capture the generation of pore
water pressure during strong shaking in critical layers. The gen-
eration of substantial excess pore water pressures in key layers
generally agreed with the results of the empirical CPT-based
liquefaction triggering procedures. However, even for cases
where substantial excess pore water pressures were indicated
within the subsurface of a given 1D soil column (i.e., ru values in
excess of 0.95), there were typically only minor differences
between the acceleration response spectra of surface motions
calculated using nonlinear total stress and effective stress analyses.

Given the wealth of subsurface data available, it would be
advantageous to install at least one down-hole array in Christch-
urch to measure accelerations at various depths within a soil
profile (including the top of the Riccarton Gravel layer and in
bedrock) as well as pore water pressures in the shallow liquefiable
soils to assist in the calibration of input parameters for future
analyses. Also, the generation of synthetic “rock” or “Riccarton
Gravel” motions for Christchurch to be used as representative
input motions for seismic site response analyses would be bene-
ficial to future studies.
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