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ABSTRACT: The aim of this paper is to evaluate the ability of an effective-stress analysis
method to provide insights into the seismic response of liquefiable deposits. This evaluation is per-
formed by comparing records observed at nine strong-motion stations (SMS) sites of urban
Christchurch during the M,,6.2 22 February 2011, Christchurch, New Zealand earthquake with
effective-stress analysis predictions. Simplified (soil-column) models for effective stress analysis
are developed primarily based on data from cone penetration tests, and an advanced state-con-
cept based constitutive model is used to simulate the complex dynamic response of liquefiable
soils. The input motion at the base of the numerical models is defined by deconvolution analyses
of surface motions recorded during the February event at properly selected SMSs. The analysis
results compare well with the observations, and importantly details of the response throughout
the deposit including the main effects of liquefaction on the surface ground motion are elucidated.
Limitations of the method and areas of improvement are also identified and discussed.

1 INTRODUCTION

The series of strong earthquakes that hit Christchurch between September 2010 and December
2011 caused widespread and repeated liquefaction that affected nearly 60,000 residential
buildings and properties. Liquefaction significantly affected the eastern suburbs of the city
along the Avon River, whereas the part of the city west of the Central Business District
(CBD) remained largely unaffected. The spatial variability in the surface manifestation of
liquefaction appears to be primarily related to differences in the deposit characteristics and
soil stratigraphy which gave rise to different response mechanisms that either mitigate or
intensify liquefaction manifestation at the ground surface (Cubrinovski et al. 2018).

A comprehensive study involving seismic effective stress analyses of select Christchurch
sites of varying liquefaction performance (i.e. varying levels of severity of surface liquefaction
manifestation) is currently under way to quantify the aforementioned system-response mech-
anisms. Given the complexity of numerical analyses used in these studies, rigorous validation
studies against experimental tests or field observations are essential for the credibility of the
results. In particular, a key requirement of the analysis for the purpose of quantification of
system response mechanisms of liquefiable deposits is to ensure that the level of excitation to
which the critical layers for liquefaction (and other key layers in the deposit) were subjected
during the 2010-2011 Canterbury earthquakes is well represented in the analysis. In other
words, a reasonable prediction of liquefaction manifestation at the ground surface can be
obtained only if the response throughout the entire liquefiable deposit is accurately simulated.
This quality in the predictions would also allow associating different levels of severity of sur-
face liquefaction manifestation, as observed during the Canterbury Earthquake Sequence
(CES), with different characteristics of the soils response and seismic demand.

In this paper, we present results from a validation study which involves seismic effective stress
analyses of nine strong motion station (SMS) sites in the Christchurch urban area under the shak-
ing induced by the M,,6.2 22 February 2011 earthquake. The locations of the SMS sites relative
to the source of the February earthquake are presented in Figure 1. The objective of the study is
to evaluate the capability of the adopted effective stress analysis method to capture key aspects of
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Figure 1. Location of the 13 strong motion stations in the urban area of Christchurch that recorded
motion during the 22 February 2011 earthquake, and location of the finite fault plane for this event. Pink
markers denote the reference (de-convolution) sites and yellow markers denote the SMS sites at which
effective stress analyses are performed.

the soil response by examining the analysis results in comparison with the observations (ground
motion recordings and surface liquefaction manifestation) at the SMS sites. In this regard, the
dense and spread-out SMS network of urban Christchurch with recordings from multiple events
allows for rigorous validation of the analysis at different soil conditions as well as different levels
of shaking intensity and excitation characteristics.

2 OBSERVED GROUND MOTIONS

Figure 2 illustrates (with the black markers) the horizontal-component geometric mean
pseudo-acceleration response spectra (SA) amplitudes of the ground motions recorded at the
13 SMSs shown in the map of Figure 1, at periods of 0.0 (PGA), 0.2, 0.5, 1.0, 3.0 and 5.0 s.
The observations are compared with the respective ground motion prediction equations devel-
oped by Bradley (2013) specifically for New Zealand conditions (NZ-GMPE), and the predic-
tions of the effective stress analysis (ESA-predictions; colored markers). The latter are shown
here for completeness, but are further discussed in section 5 of this paper. For each of the
different vibration periods considered, the median (solid line), 16" and 84" percentiles
(dashed lines) of the empirical prediction for site class D (shear wave velocity, V; 30 = 250 m/s)
conditions are shown. It is emphasized that a rigorous evaluation of the predictive capability
of the NZ-GMPE is not attempted here and the aim of this illustration is merely to identify
anomalies in the spatial distribution of the ground motion intensity. A scrutiny of the NZ-
GMPE using the multiple recordings from the CES is provided by Bradley (2015).

The results of Figure 2 illustrate that, by and large, the observed SA amplitudes are consistent
with the overall distance attenuation suggested by the NZ-GMPE, but also allude to the signifi-
cant variability in the observations for a given set of model parameters. In several cases, the
observed ground motion amplitudes depart from the 16™ to 84" percentile range of the NZ-
GMPE. For the majority of the SMSs considered, the empirical model has small bias for vibra-
tion periods of 0.0, 0.2, 0.5 and 1.0s, but there is a notable under-prediction of SA(3.0s) and SA
(5.0) amplitudes.

In the near-source region, ground motions may exhibit forward directivity effects which are
known to lead to strong velocity pulses and increased geometric mean SA amplitudes. However,
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Figure 2. Comparison of observed pseudo-acceleration spectral amplitudes (SA) with the empirical pre-
diction equation (NZ-GMPE) proposed by Bradley (2013), and the effective stress analysis (ESA) results:
(a) PGA; (b) SA (0.1s); (c) SA (0.3s); (d) SA (1.0s); (e) SA (3.0s); (f) SA (5.0s). Geometric mean SA ampli-
tudes of the observed ground motions are shown with the black markers whereas the colored markers
indicate the geometric mean SA amplitudes predicted by the effective stress analysis.

based on analysis of the fault rupture and scrutiny of velocity time-histories from ground motion
recordings at various SMS sites, Bradley & Cubrinovski (2011) concluded that the effects of for-
ward directivity in the case of the 22 February 2011 earthquake are relatively small and important
only over a limited surface area close to the fault (e.g. PRPC site). In fact, the large amplitude long
period ground motion observed in Figure 2 is more likely the result of basin-generated long-period
surface waves but also near-surface soil effects which are not adequately accounted for in the NZ-
GMPE.

As aforementioned, certain SMS recordings deviate significantly from the overall distance
attenuation suggested by the NZ-GMPE. In particular, the CMHS station, in contrast to all
other SMSs considered in this study, recorded very low accelerations at long periods (3.0 and
5.0 s) whereas the HPSC recording showed small SA amplitudes (smaller than the 16" per-
centile of the NZ-GMPE) for vibration periods less than 1 s. On the other hand, the Christ-
church Resthaven (REHS) station recorded notably higher acceleration amplitudes than
nearby stations in the period range from 0.5 to 3 s.

Although not explicitly shown here, effects of liquefaction and cyclic mobility were evident
in the acceleration time-series recorded at the SMSs in the Central Business District (CBD)
(CBGS, CCCC, CHHC, REHS) and other stations in the eastern suburbs (HPSC, NNBS,
PRPC, SHLC), with characteristic reduction in the high frequency content and acceleration
spikes indicative of strain hardening deformation during cyclic mobility. However, as can be
seen in Figure 2, the SA amplitudes of these stations (with the exception of the stations
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discussed in the previous paragraph) do not deviate significantly from the SA amplitudes of
other stations west of CBD (CACS, PPHS, RHSC, SMTC) which did not show any signifi-
cant signs of liquefaction in the ground motions.

3 GEOTECHNICAL CHARACTERIZATION

Christchurch is primarily situated upon a low relief, alluvial landscape on the east coast of New
Zealand’s South Island. The central and eastern suburbs are predominantly underlain by alluvial
sands, silts and drained peat swamps deposited during overbank flows of the Waimakariri River
(Springston formation) which are interlayered with beach, estuarine, lagoonal, dune, and coastal
swamp deposits comprising gravel, sand, clay, shell and peat (Christchurch formation, Brown &
Weeber 1992). Fluvial sands, silts, gravels and peats of the Springston formation are present to
the west of the central city (Brown & Weeber 1992). Below these shallow surface deposits lies the
firm, dense, well-graded Riccarton Gravel layer at a depth from about 10 m in the western area
of Christchurch to over 40 m along the east coast. The water table in the majority of Christchurch
urban area is shallow at about 1 to 3 m depth from the ground surface.

Following the 2010-2011 Canterbury earthquakes, comprehensive geotechnical investiga-
tions including surface wave testing (using active and passive methods), cone penetration tests
(CPTs), standard penetration tests (SPTs), borehole logs, and laboratory index tests were per-
formed to characterize the SMS and nearby sites (Wotherspoon et al. 2014). In this study, the
SMS sites were characterized using predominantly the CPT data. Information obtained from
the CPT data is crucial in defining the soil stratigraphy and estimating the soil properties
required for effective stress analysis. At the time of writing, no CPT data were available for
CACS, RHSC and SMTC sites primarily due to the presence of near surface gravelly soils at
these sites. For the same reason, at the CBGS site, CPT data for the gravelly soils at the top
10 m were missing. Therefore, these sites were not included in the effective stress analyses pre-
sented in this paper. Instead, total stress analyses were performed at these sites and the results
will be discussed in future publications.

4 METHODOLOGY

Fully-coupled nonlinear effective stress analyses were carried out for each station site for which
CPT data were available. Simplified one-dimensional (1D) “soil-column” models (i.e. 1D vertical
wave propagation with two-dimensional quadratic elements constrained to deform in simple
shear) were developed based on the CPT data by identifying depth intervals over which the cone
tip resistance, q. and the soil behavior type index, I. can be approximated by constant values, as
illustrated in the example of Figure 3 for the Christchurch Hospital (CHHC) site. For each layer
with constant q. and I. values, shear wave velocities, V; were estimated using the Christchurch-
specific empirical correlation proposed by McGann et al. (2015) correlating shear wave velocity
and CPT data. V; measurements from surface wave testing were also used as supporting informa-
tion for defining the V¢-profile (Figure 3). All surface sediments were included in the soil column
model which was extended from the ground surface to the upper boundary of the Riccarton
Gravel layer. All soil layers within the top 11 m from the ground surface with I, < 2.6 were mod-
elled as liquefiable layers whereas soils with I, > 2.6 and all layers below 11 m depth, irrespective
of their soil behavior type index were modelled as non-liquefiable soils (i.e. changes in the pore
water pressure were not permitted). Assumptions regarding the above definition of the 1D soil
profile at each station (e.g. soil behavior type, liquefaction resistance, Vs- and CPT- profiles) were
tested in a companion study. By and large, the adopted assumptions were shown to have little
impact on the computed motion at the ground surface for the majority of the examined cases,
despite the fact that the responses throughout depth of the soil profile may often be significantly
different from a liquefaction manifestation viewpoint. An analogous conclusion was drawn in a
similar study by Markham et al. (2016). Detailed results of the aforementioned sensitivity analysis
will be presented in future publications.
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Figure 3. Determination of a simplified soil profile (Vs, 1., and q. profiles) for the CHHC site: (GS =
gravelly sand, I. < 1.3; CS = clean sand, 1.3 < I, < 1.8; SWFC = sand with small amount of fines, 1.8 < I
< 2.1; NP silt = sandy silt and non-plastic silt, 2.1 < I < 2.6).

An elastic-plastic constitutive model tailored for liquefaction problems was employed in the
effective stress analyses (Cubrinovski and Ishihara 1998a, 1998b). The so-called Stress-Density
model (S-D model) is a state-concept based model that accounts for the combined effects of dens-
ity and confining stress on sand behavior through the state-concept framework. The S-D model
parameters were determined through a combined use of empirical relationships and generic data
for sandy soils. More specifically, Christchurch sands were modelled using model parameters
established from laboratory tests on Toyoura sand as a basis (Cubrinovski and Ishihara 1998a,
1998b). The dilatancy parameters of the model were then slightly modified to simulate target
liquefaction resistance curves (LRCs) established using the CPT-based liquefaction triggering pro-
cedure of Boulanger and Idriss (2014). The same set of model parameters was used to simulate
the target LRCs across all different density states of liquefiable soil layers with the initial void
ratio being the only parameter to change as a function of the equivalent clean sand cone tip resist-
ance, (cines- Non-liquefiable layers were also modelled with the S-D model except that the pore
pressure generation feature was turned off for these layers. The shear stress-shear strain relation-
ships were defined in these layers based on model simulations of the generic stiffness degradation
and damping ratio curves proposed by Darendeli (2001) and modified for strength compatibility
at large strains according to the procedure described in Yee et al. (2013). Further details on the
adopted modelling approach can be found in Cubrinovski et al. (2018).

Due to the absence of representative “rock™ outcrop motions in the CES, input motions at the
base of the 1D soil column models were obtained from deconvolution analyses of the surface
motions recorded at CACS and RHSC stations (Figure 2). The CACS and RHSC sites were con-
sidered appropriate sites for deconvolution analysis, as they did not show any surface manifest-
ation of liquefaction during any of the events and is believed to have exhibited low-levels of
nonlinear response during the shaking. The soil profile at these sites is characterized by the shallow
depth to the Riccarton Gravel layer (the lowest among the 13 SMS sites shown in Figure 1) and
the prevalence of stiff gravelly soils (Vs = 280 m/s) in the upper part of the deposit (above the
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Riccarton Gravel layer, Figure 4). The recorded horizontal surface motions at these two stations
were deconvoluted to the underlying Riccarton Gravel layer using the procedure described in
Markham et al. (2015). Figure 4 shows the adopted V; profiles for the two deconvolution-sites as
well as the input (ground motion at the surface) and output motions (ground motion deconvoluted
at the depth of Riccarton Gravel) of the deconvolution analysis. To account for differences in the
site-to-source distances between the deconvolution sites and the sites where site response analyses
are performed, the deconvoluted motions were appropriately scaled using the NZ-GMPE as a
basis. More specifically, a single scale factor was calculated as the ratio of the predicted spectral
acceleration at the site of interest over the predicted spectral acceleration at the deconvolution site,
averaged across a period range from 0.5 to 2.0 s. The resulted scale factors varied from 1.46 for
PPHS (the furthest from the source analyzed site) to 3.61 for CMHS (the closest to the source
site), for the input motion derived from the deconvolution process at CACS, and from 0.80 for
PPHS to 1.98 for CMHS, for the input motion resulting from the deconvolution process at
RHSC.

5 RESULTS AND DISCUSSION

Effective stress analyses were completed at each SMS site using input motions from the decon-
volution of the CACS and RHSC surface motions in both horizontal directions; however, for
the sake of brevity, results are shown here for the analyses in the fault-normal direction only.
A typical output of the analyses is shown in Figure 5, where the site response observations
and predictions at CHHC, using the input motion obtained from the deconvolution process at
CACS, are presented: (a-b) acceleration time-series, (c) Husid plot, (d) pseudo-acceleration
response spectra, and (e) pseudo-acceleration response spectra residuals. The Husid plot is
herein defined as the temporal accumulation of the Arias Intensity I5(t) normalized by the
(maximum) Arias intensity of the observed ground motion IA,maX°bS' (Kaklamanos and Brad-
ley 2018). In this way, the Husid plot of the observed ground motion (target motion) always
tends to unity; whereas I values of the simulated motion greater than 1.0, indicate over-pre-
diction of the observed Arias intensity and I, values smaller than 1.0 indicate under-
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Figure 4. Assumed V; profiles, input (surface) and output (Riccarton Gravel) motions of the deconvo-
lution analyses in the fault-normal direction, for (a) CACS and (b) RHSC stations.
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prediction. The response spectra residuals are expressed as the difference between the loga-
rithm of the observed and simulated spectral ordinates. Therefore, negative and positive resid-
uals correspond to over-prediction and under-prediction, respectively. Also displayed with the
dashed line in Figure 5e is the average (arithmetic mean) residual across all periods. Note that
the response spectra and the response spectra residuals presented in Figures 5 and 7 are plot-
ted from periods of 0.067 s (instead of 0.01 s) to 10 s, because a low-pass filter at 15 Hz was
applied during the deconvolution procedure.

It can be seen from Figures 5a and 5b that both the observed and simulated acceleration time
series at CHHC show a reduction in the high frequency content with time, a common feature of
many recordings at liquefied SMS sites in Christchurch. In contrast, there is no clear reduction in
the high frequency content in the accelerograms at CACS (Figure 4a). Therefore this reduction
can be reasonably attributed to nonlinear response and consequent liquefaction in the subsurface.
This is further supported by Figure 5d which presents the pseudo-acceleration response spectra at
the base and top (surface) of the soil column as well as the pseudo-acceleration response spectra
of the recorded (observed) surface motion at CHHC. The generation of excess pore water pres-
sure in liquefiable soils of the subsurface seems to have reduced the amplitude of high-frequency
ground motion components (~ < 0.2 s) and increased the amplitude of longer periods (~ 0.3-2.0s).

The effective stress site response analysis slightly under-predicts the amplitudes of the observed
ground motion at CHHC, as clearly shown in the acceleration time-series and Husid plots
(Figure 5c). However, the main site effects described above are well captured by the analysis result-
ing in near-zero response spectra residuals for the majority of the periods of interest (Figure Se).

Figure 6 shows plots of the maximum calculated shear strain, yn.x, evolution of excess pore
water pressure with time, Au, and maximum acceleration, a,.., with depth for the top 10 m of
the deposit at CHHC. Also shown in this figure are the simplified I. and g¢ines profiles used for
defining the stratigraphy and soil properties at CHHC. The CHHC site has a shallow critical
layer (i.e. the layer that is most likely to trigger liquefaction manifestation at the ground surface)
of low resistance (qcines = 83) from 3.3 to 3.8 m depth as well as other two low-resistance liquefi-
able layers at about 6 and 10 m depth. The shaking causes rapid development of excess pore
water pressures within the weaker layers and liquefaction occurs first at t = 11 s in the shallow
critical layer. This time coincides with an abrupt change in the frequency content of the simulated
surface motion as shown in Figure 5b. The subsequent cycles cause liquefaction also in the other
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Figure 5. Example site-response observations and predictions at CHHC station using the CACS-based
fault-normal input motion: (a) acceleration time-series of the observed (recorded) motion; (b) acceler-
ation time-series of the simulated motion; (¢) Husid plots; (d) pseudo-acceleration response spectra; (e)
pseudo-acceleration response spectra residuals.
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two susceptible layers (at 6 and 10 m depth) and high excess pore water pressure (but no liquefac-
tion) in the layers between. As demonstrated in Figure Se, the excess pore water pressures in these
(non-liquefied) layers continue to increase after the end of strong ground shaking (~ 14 s), due to
upward flow of water from the liquefied layers. This eventually results in strong seepage action
and upward water flow into the shallow liquefied critical layer and towards the ground surface,
and consequent soil ejecta. The results are consistent with moderate liquefaction manifestation
(i.e. moderate size and extent of sand boils on the ground surface) observed at the CHHC site
after the 22 February 2011 earthquake (Wotherspoon et al. 2014).

Summary results of the site response analyses for all the nine analyzed SMS sites are shown in
Figure 7, in terms of pseudo-acceleration response spectra residuals as a function of vibration
period. For clarity purposes, the plots of the residuals are shown in three separate groups for the
CACS (Figure 7a) and RHSC (Figure 7b) input motions. In general, the results of the effective
stress analyses compare well with the recorded motions at the sites studied, as demonstrated by
the fact that most of the residuals are between % 0.5 across the period range of interest. The two
sites at which the simulated motions exhibit the largest deviations from the recorded (observed)
motions over a considerable range of periods are indeed the CMHS and HPSC sites. These sites
are the only two SMS sites for which severe liquefaction manifestation was observed after the 22
February 2011 earthquake. Therefore the large deviations from the observed ground motion at
these sites may be related to the pronounced effects of liquefaction manifestation that may not be
represented in the site response analysis, but also due to some effects on the recordings at such
sites. Clear anomalies in the observed spectral ordinates of these two SMS sites were also pointed
out in Figure 2. Among the rest of the examined sites, the PPHS site, located northwest of the
CBD, exhibits near-zero residuals for vibration periods less than 0.2 s (particularly when using
the RHSC-based motion as an input) and positive residuals indicating under-prediction of the
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Figure 6. (a) simplified soil profile; (b) soil behavior type index, I; (c) equivalent clean sand cone tip
resistance, geines; (d) maximum acceleration, ap,,y; (€) excess pore water pressure, Au; and (f) maximum
shear strain, yp,.x, With depth (top 10 m), for the analysis completed at CHHC using the CACS-based
fault-normal input motion.
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Figure 7. Pseudo-acceleration response spectra residuals for the analyses completed using (a) the
CACS-based fault-normal input motion and (b) the RHSC-based fault-normal input motion.

spectral ordinates of the observed motion for periods greater than 1.0 s. In the period range
between 0.2 and 1.0 s, the residuals vary but there is a general increasing trend from negative
(over-prediction) to positive values (under-prediction). On the other hand, the three sites in the
CBD (CCCC, CHHC, and REHS) show a slight underestimation of the spectral accelerations
(positive residuals) across the majority of the vibration periods of interest with the exception of
the longer periods (~ > 6.0 s) for some of the sites. The largest (positive) residuals are observed
within the period range from 0.6 to 3.0 s. Similarly, in the eastern suburbs (sitess NNBS, PRPC,
and SHLC) residuals are positive for small vibration periods (~ < 0.2 s), gradually decreasing up
to a period of approximately 0.4 s (in Figure 7a; CACS-based motion) or 0.7 s (in Figure 7b;
RHSC-based motion), followed again by positive residuals at longer periods.

To evaluate the predictive capability of the effective stress analysis relative to that of the empir-
ical model (NZ-GMPE), results from the effective stress analysis are superimposed (with the col-
ored markers) on Figure 2, together with the pseudo-acceleration response spectra ordinates of
the observed ground motions at various periods and the NZ-GMPE (see discussion in section 2).
It can be seen that the site-specific effective stress analysis provides a better prediction of the long-
period spectral amplitudes (Figures 2e, f) for the vast majority of the examined SMS sites. On the
other hand, the peak ground acceleration (Figure 2a) is severely underestimated by the analysis.
There at least three factors possibly contributing to this effect, namely the low-pass filtering of the
input motion, the numerical damping, and the ‘base isolation’ effect related to the 1-D assump-
tion (i.e. high-frequency energy cannot propagate around weak layers as would occur in reality).
At moderate periods (Figures 2b, c, d) the response vary from site to site, but it can be appreci-
ated that the results of the effective stress analysis are more consistent with the observations if the
‘most representative’ input motion for each site and vibration period is considered.

6 CONCLUSION

The capability of an effective stress analysis method to capture the main aspects of the seismic
response of liquefiable deposits was assessed by analyzing a number of strong motion station sites
in Christchurch, New Zealand, under the shaking induced by the M,6.2 22 February 2011 earth-
quake. The site response models were validated by primarily examining the observed and pre-
dicted pseudo-acceleration response spectra ordinates of the surface motions and their residuals,
expressed as the difference between the logarithm of the observed and simulated spectral ordinates
across the period range of interest. By and large, the predicted ground motions compare well with
the recorded ones at the SMSs considered, confining the residuals between * 0.5 for the majority
of the vibration periods of interest. Most importantly, the effects of liquefaction on the ground
motion (e.g. reduction in the amplitude of high-frequency components and increase in the ampli-
tude of longer periods) seem to be well captured by the effective stress analysis. At the same time,
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close inspection of the response spectra residuals alludes to the significant deviations of the pre-
dicted ground motions from the observed ones for specific sites and range of periods. Clearly, a
combination of factors related to the definition of seismic input (e.g., gross modelling of path
effects), the representativeness of in-situ data and their interpretation (e.g. spatial variability,
undetected soft layers, soil behavior type) and modelling assumptions and limitations (e.g. 1D
wave propagation, free-field, semi-empirical model calibration, post-liquefaction soil behavior
and crust effects) is at work preventing perfect match of the recorded motions across the whole
spectrum of vibration periods and distances from the fault.
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