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ABSTRACT: Dynamic effective stress analysis (ESA) is performed to back-analyze the seis-
mic responses of a liquefiable site in Christchurch during the 2010-2011 Canterbury earth-
quake sequence. Different amounts of ejecta were observed at this site after earthquakes of
different intensities and durations. The severity of liquefaction manifestations is used to assess
the capability of ESA for estimating the likelihood and amount of ejecta. The ESA employs
the PM4Sand and PM4Silt constitutive models after they were calibrated to capture the con-
tractive-dilative response of liquefiable materials at the site. The simulation results show there
is a unique trend between the computed excess pore water pressures and total head distribu-
tions to the severity of ejecta observed. The different patterns of the total head distribution
generated by the earthquakes show promise as the basis for developing a methodology to esti-
mate the amount of ejecta.

1 INTRODUCTION

The 2010-2011 Canterbury Earthquake Sequence (CES) produced numerous cases of build-
ings experiencing large differential settlement caused by sediment ejecta (e.g. Bray et al. 2014).
Quantitative methods to estimate the amount of ejecta are not available. Early work examined
the mechanisms producing liquefaction ejecta focusing on solutions of the diffusion equation
(e.g. Housner 1958, Ambraseys & Sarma 1969). Later, empirical data were used by Ishihara
(1985) to estimate the likelihood of ejecta occurring based on non-liquefiable crust thickness,
liquefiable layer thickness, and peak ground acceleration (PGA) of earthquake shaking. His
recommendations, however, are limited to sites with thick deposits of liquefiable clean sand. It
does not address stratified soil sites. Moreover, it does not quantify the severity of the surface
manifestation.

The amount of ejected sand at a site likely depends on the amount of excess pore water
pressure that must be dissipated to reach steady-state condition. A free-field site at Shirley
Intermediate School (Shirley) site in Christchurch, New Zealand is examined in this study to
investigate the conditions leading to different amounts of ejecta during major events of the
CES. The geological characteristics of the Shirley site are interpreted to enable one dimen-
sional (1D) fully-coupled dynamic effective stress analyses (ESA) of the site using robust con-
stitutive soil models that can capture pore water pressure generation and migration within the
soil profile.

2 SITE DESCRIPTION

2.1 Site, earthquakes, and surface manifestations

The central and eastern areas of Christchurch are underlain predominantly by alluvial sands
and silts. The depositional environment produced thick fine clean sand layers with increasing
relative density at deeper elevations. The Shirley site (-43.510408, 172.661995) is a clean sand
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Figure 1. Aerial photographs (source: New Zealand Geotechnical Database) of soccer field at Shirley
site after major events of the 2010-2011 CES events. The yellow mark indicates areas covered by ejecta.

free-field site in the eastern quadrant of Christchurch. Figure 1 shows aerial photographs of
the Shirley site several hours after shaken by the 2010 M,, 7.1 Darfield, 2011 February M,, 6.2
Christchurch, and 2011 M,, 5.6 and M, 6.0 (separated by 80 minutes) June earthquakes. The
classification of the manifestation is based on the total area covered by ejecta relative to the
total area under assessment, which is within 20 m radius from SCPT-57366. The manifestation
classification is divided into 5 categories: None, Minor, Moderate, Severe, and Extreme for
0%, 0-5%, 5-20%, 20-50%, and 50-100% covered area, respectively. A larger covered area indi-
cates more severe surface manifestation that induces more ground subsidence due to ejecta.
The computed median PGAs at the Shirley site using the Bradley (2013) ground motion
model are 0.19 g, 0.38 g, and 0.25 g for the Darfield, Christchurch, and June earthquakes,
respectively. These PGA values are similar to the recorded PGA values of 0.18 g, 0.33 g and
0.18 g, respectively, at the Shirley Library strong motion station (SHLC, -43.505, 172.6639),
located 600 m to the north of the Shirley site.

2.2 Subsurface conditions

CPT and borehole data at the Shirley site are available from New Zealand Geotechnical Data-
base (NZGD) website (www.nzgd.org.nz). The data from the closest points of the several CPTs
at the site are presented in Figure 2. The dark and light red color background represents the
Robertson (2009) normalized soil behavior type index (SBT,, 1.) values of 1.31-1.8 and 1.8-
2.05, which correspond to clean sand and silty sand mixtures at this site, respectively. The
Shirley site is underlain by thick fine clean sand (> 15 m) with similar mean particle diameter.
The CPT interpretation is supported by data from an adjacent borehole (BH-57258). The
depth of the groundwater level (GWL) during the soil investigations and the earthquakes is
approximately 2.0 m and 2.5 m, respectively.

The first layer is a 50-cm thick brown organic silt fill followed by non-plastic, yellowish
brown sandy silt to silt until a depth of 3.5m. The soil above the groundwater table is categor-
ized as a non-liquefiable layer for the CES events. The soil above a depth of 3.5 m has finer
material and lower hydraulic conductivity than the underlying liquefiable clean sand soil so it
will be modeled differently than the liquefiable soil layer. The layer below a depth of 3.5 m is
the typical Christchurch Formation dark gray sand that forms a uniformly graded, very fine
to fine, alluvial clean sand (FC<10%) deposit, which extends to a depth of at least 20 m at the
Shirley site. The thick, clean sand layer does include some thin (up to 50-mm thick) interbed-
ded silt seams and some fine to medium gravel at some depths. The stress-normalized equiva-
lent clean sand tip resistance (g.incs) of the clean sand layer is 100 to 150 at depth of 3.5 to 9.5
m, which increases to 150 to greater than 200 at deeper elevation. Using the Boulanger &
Idriss (2016) CPT-based liquefaction triggering procedure (BI-16), the shallower and younger
alluvial fine sand unit from a depth of 3.5 m to a depth of 9.5 m is the critical layer (Figure 2).
In addition, this layer contributes the most to the calculated Liquefaction Severity Number
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Figure 2. Subsurface characteristics of Shirley site showing the borehole information, CPT-based lique-
faction triggering analysis based on BI-16 (P, = 50% & Cpc = 0.0) and computed LSN.

(LSN) value. Hence, this layer of sand is most critical to producing liquefaction manifest-
ations at the ground surface. LSN was found to distinguish between sites with and without
liquefaction manifestations (van Ballegooy et al. 2014) because it weighs more heavily shallow
liquefaction. In our study we found that sand ejecta is likely to occur for a thick clean sand
site if LSN exceeds 10. The details of this part of our study will be published separately due to
page limitations of this paper.

2.3 Engineering properties of soil

SCPT-57366, and CPT-56473 points are used to estimate the engineering properties of the soil
units until the end of their soundings (i.e. about 20 m deep). CPT-626 data at the nearby
SHLC strong motion station is used to extend the soil profile until the top of the dense Riccar-
ton gravel unit. Figure 3 summarizes the available data and its interpretation using available
empirical relationships. The most important parameters for the effective stress analyses are
relative density (D), shear wave velocity (V), and hydraulic conductivity (k). The empirical
relationship used to estimate these parameters are summarized in Table 1. The Shirley site
profile is subdivided into 6 major layers above the Riccarton gravel as shown in Figure 3. The
values and variations of & and Dz govern primarily the results of these simulations which
intend to capture hydro-mechanical interaction. The first layer (SM/ML) is treated as silt
deposit with lower k relative to the underlying clean fine sand layers SP-2 and SP-3 with a
range of higher values (107> to 1072 cm/s) and relative densities between 30% and 70%. The
lower SP-3 and SP-4 clean sand layers have similar values of hydraulic conductivity with rela-
tive densities between 40% and 60%. The CL layer is a 2-m thick firm clay layer, which lies
atop the dense Riccarton gravel.

2.4  Input ground motions

Nearby recorded outcropping rock or downhole ground motions are not available for the
CES events. Recorded surface motion at stiff soil sites that exhibit relatively linear site
response are used instead to deconvolve top of Riccarton Gravel motions. Markham et al.
(2016) produced a suite of deconvolved motions for sites in Christchurch for the major events
of the CES. Bradley (2013) is used to determine the amplitude scaling factor at the Shirley site
following the procedure used by Luque & Bray (2017). This study employed the fault normal
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Figure 3. Interpreted soil engineering properties used for FEA.
Table 1. Summary of model parameters used in the numerical simulation
Parameter SM/ML SP-1 SP-2 SP-3 SP-4 CL Ref
Soil Model PMA4Silt PM4Sand PM4Sand PM4Sand PM4Sand PIMY -
Thickness (m) 3.4 5.8 11.0 2.6 2.3 1.9 -
v (kN/m*) 17.3-18.3 17.8-19.3  18.6-19.8 193 19.3 18.5 RC(15)
I. 1.9-2.9 1.6-2.1 1.2-1.9 1.7-1.9 1.7-2.0 3.0-3.7 R(09)
JelNes 25-110 75-150 120-200 100-140 130-200 - BI(16)
Dk (%) N/A 30-60 55-70 40-50 50-60 - CPT
S. (kPa) 50 - - - - 80-100 CPT
V; (m/s) 100 115-195 170-290 230-260 260-300 150-200 Mc(15)
ky (cm/s) 107°-107* 10731072 1073-1072  1073-1072  1073-1072  1077-107°® RC(15)
# of elements 7 13 22 5 5 4
PM4Sand (other parameters are set to default as proposed by BZ-17)
hpo - 0.8 1.0 1.5 1.5 - Calibrated
ny, - 14 1.4 1.4 1.4 - T(15)
R - 1.0 1.0 1.0 1.0 - M(15)
PM4Silt (other parameters are set to default as proposed by BZ-18)
hpo 10.0 - - - - - Assumed

The Idriss and Boulanger (2008), Kulhawy and Mayne (1990), and Jamiolkowski et al. (2001) correlations with
weights of 0.4, 0.3, and 0.3, respectively are used to estimate Dg. References are designated as: RC(15): Robert-
son & Cabal (2015), Mc(15): McGann et al (2015), BZ-17: Boulanger & Ziotopolou (2017), BZ-18: Boulanger &

Ziotopolou (2018), T(15): Taylor (2015), and M(15): Markham (2015)

‘outcropping’ motion resulted from deconvolution analysis using surface motion recorded at
Riccarton High School (RHSC) strong motion station. The June 2011 event are two M,, 5.6
and M,, 6.0 separated by 80 minutes. For the purpose of this work, it is analyzed as one stron-
ger event (M,, 6.2) to consider the influence of previous smaller event in generating excess
pore water pressure. Figure 4 shows the calculated within motion, which is calculated at the

top of the Riccarton Gravel unit.
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Figure 4. Comparison of acceleration time history and 5% damped acceleration response spectra of
recorded instrumentation at SHLC and numerical simulation result at the Shirley site for each CES
event.

3 EFFECTIVE STRESS ANALYSIS

3.1 Finite element model

The 1D ESA is performed using the open-source finite element analysis (FEA) program
OpenSees v3.0 (http:llopensees.berkeley.edu) with an implicit solver. The analyses employ
2D fully-coupled quad u-p element based on Biot’s theory of porous media. The 4-node
quad mixed u-p element with reduced integration technique and stabilized single point (SSP)
with hourglass control (McGann et al. 2012) is used. The element solves the hydro-mechan-
ical governing equation and compute the nodal displacement and pore pressure based on
Zienkiewicz & Shiomi (1984) u-p formulation. With the SSP procedure, the resulting elem-
ent provide a free volumetric and shear locking element with faster analysis time compared
to full integration type of element.

The horizontal movement of each nodes at the same elevation is attached to move
together to better represent a 1D simple shear mechanism. To accommodate the compliance
of a linear elastic base, the Lysmer & Kuhlemeyer (1969) dashpot is used at the base of the
model to apply the shear stress-time history following procedure proposed by Joyner &
Chen (1975). The analysis involved 56 of the 4-node SSP quad elements stacked vertically
with the number of elements of each soil layer listed in Table 1. The height of each element
for each layer is set to be 0.5 m so that it can propagate motion with frequency lower than
the 10 Hz maximum frequency content of the within motion. Full Rayleigh damping formu-
lation is implemented in the analysis to construct the damping matrix with damping ratio of
2% at natural frequency (1.84 Hz) and at the fifth modal frequency of the soil deposit (9.2
Hz). The time-step selected for the analysis is 107> second and checked to ensure it fulfills
the CFL condition. The GWL for the simulation is 2.5 m.
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3.2 Constitutive model

The PM4Sand and PMA4Silt constitutive models (Boulanger and Ziotopoulou 2017, 2018) are
implemented in OpenSees by Chen et al. (2018). These bounding surface plasticity/critical state
models are used to capture the dynamic response of the clean sand and silt layers. User-defined
parameters for the models are defined in Table 1. The hy,, parameter for PM4Sand model is cali-
brated to give CRR at N_1;q=15 to be within the range of 15%-85% CRR value based on Bou-
langer & Idriss (2016). For the saturated silt layer, hy,, is set to 10.0 based on simple shear element
simulations using OpenSees. All secondary parameters not shown are set to default values.

4 SEISMIC SITE RESPONSE

The capability of 1D-ESA to capture the hydro-mechanical response of the Shirley site during
earthquake shaking is examined. The aspects of the problem that governed this phenomenon
are the generation of excess pore water pressure by the soil models, the resulting change of soil
stiffness during earthquake excitation due to the reduction of effective stress, and the
hydraulic conductivity of the soil layers which govern the flow of water and redistribution of
pore water pressures. Accordingly, the simulation should capture key features of site response
in liquefied sites such as dilation spikes due to temporary increase of stiffness as the soil trans-
form from contractive to dilative behavior. It should also capture the lengthening of the site’s
natural period due to loss of stiffness of the site, which will lead to amplification of spectral
acceleration at high periods. The flow of water during and after strong shaking should be also
captured.

Figure 4 summarizes the computed surface acceleration-time histories and the 5%-damped
acceleration response spectra during the CES events. For the Darfield event, the stiffness of
the soil system did not degrade significantly so that the natural period is relatively unchanged
and no liquefaction is expected. The computed time history has frequency content similar to
the base motion. The spectral acceleration is amplified across most periods of motion as com-
monly observed when there is little soil nonlinearity. The shapes of the computed spectra and
acceleration-time history at the surface are similar to the recorded motion at SHLC where
there is no evidence of liquefaction during Darfield earthquake (Wotherspoon et al. 2014).
There are reasonable differences because the upper part of the Shirley site differs from that of
the SHLC site (Figure 3) and the input motion is the deconvolved motion from RHSC.

The Shirley site experienced significant nonlinearity during the Christchurch event as indi-
cated by the computed surface acceleration-time history that shows dilation spikes followed
by long period motion after strong shaking as typically recorded at liquefied sites (Kramer
et al. 2011). The amplification of the spectral values at periods lower than 0.1 seconds is
caused by the dilation spikes. The site did not amplify the spectra at period of 0.1 to 0.3
seconds. However, for the periods greater than 0.3 seconds, amplification is seen, which indi-
cates a significant decrease of soil stiffness due to liquefaction. Similar observations are noted
for the June 2011 event. The SHLC station site experienced liquefaction during the 2011 Feb-
ruary Christchurch earthquake (Gingery et al. 2015). Thus, the response spectra shown in
Figure 4b are comparable for this event. The response spectra in Figure 4c differ slightly as
liquefaction was not observed at the SHLC site for the June 2011 event.

Figure 5 presented computed hydro-mechanical response showing the temporary increase
of stiffness which produces the dilation spikes and generation of pore pressure modeled by
different soil model. The cyclic shear strain generated during the Christchurch and June 2011
events concentrates at SP-1 layer due to the relatively high generation of excess pore pressure
in this layer, which reduces the effective confining stress and shear stiffness. The distribution
of the total head better represents the hydraulic conditions during the event, which in turn
helps discern the likelihood of vertical water flow as the result of the dissipation process after
strong shaking. The Christchurch earthquake generated higher total head difference than the
June and Darfield events (as shown in Figure 6). The maximum total head difference from
within the SP-1 layer to the groundwater table during Darfield, Christchurch, and June events
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Figure 5. Computed hydro-mechanical response of two elements at different elevations with PM4Silt
and PM4Sand) for M6.2 22 February 2011 Christchurch event.
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Figure 6. Computed seismic responses of Shirley site for each CES events. Datum elevation is at 28.0 m.

is 2.5 m, 7.5 m, and 6.0 m, respectively with the datum elevation positioned at the bottom of
finite element model (28.0 m). The hydraulic gradients computed from the elevation of the
maximum computed total head within the SP-1 layer to the GWL elevation for the three
earthquake events are 0.23, 1.53, and 1.27. This is equivalent to the difference in water pres-
sures in this 1D simulation with only vertical flow. It is a proxy of the magnitude of total
unbalanced energy that must be dissipated to reach an equilibrium state.

The dissipation process induces vertical water flow towards the ground surface that brings
soil from the liquefied layer to be ejected at the ground surface. Its theoretical driving mechan-
ism as postulated by Housner (1958) is the magnitude of excess pore water pressure, which is
better represented in the general case by hydraulic gradient to quantify the unbalanced energy
and the direction of water flow. The computed hydraulic gradient can differentiate the differ-
ent amounts of ejecta observed at the Shirley site after the three different earthquakes. The
greater the hydraulic gradient, which is caused by more intense shaking, the more likely the
induced-vertical water pressure will cause more severe surface manifestations of liquefaction.
The greater supply of water from the medium dense fine sand (SP-2) unit below SP-1 also
enhances the formation of ejecta for the Christchurch event.

5 CONCLUSION

Dynamic finite element effective stress analysis is performed to back-analyze a well-investi-
gated free-field liquefiable site at the Shirley Intermediate School during the 2010-2011
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Canterbury earthquake sequence. The Shirley site profile contains a thick alluvial clean sand
deposit, which governs its seismic site response and performance. The simulation results show
reasonable agreement with the recorded motions at the nearby SHLC station which also did
not liquefy during the Darfield event but did liquefy during the Christchurch event. In terms
of the site’s hydro-mechanical response, 1D-ESA captures the fundamental mechanics of soil
liquefaction triggering and post-liquefaction soil response as shown in the computed surface
motion, element behavior, and acceleration response spectra. Importantly, the differing
hydraulic regimes calculated by the analyses for three earthquake events help explain the dif-
ferent amounts of ejecta observed at the Shirley site. The computed hydraulic gradient from
the maximum total head in the liquefiable layer to the GWL elevation quantifies the total
unbalanced energy in the form of vertical water flow which produces ejecta. The observed
trends in the analytical results suggest this approach may serve as the basis for developing an
alternative approach for estimating the severity of the surface manifestations of liquefaction.
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