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ABSTRACT: The Port of Wellington (CentrePort) is a key lifeline located on the Welling-
ton waterfront, New Zealand. CentrePort is situated on land reclaimed predominately with
end-tipped quarry fill (gravelly reclamation) and hydraulic fill pumped from the seabed.
During the M,,7.8 14 November 2016 Kaikoura earthquake, severe liquefaction of the gravelly
reclamation fill occurred. The focus of this study was characterising the liquefaction behaviour
of the gravelly fill. Extensive CPT and borehole data were used to scrutinize two aspects of
the simplified liquefaction triggering method in relation to its performance in gravelly soils.
Predictions of liquefaction manifestation obtained with the simplified method were compared
to observations. Ultimately, the simplified method is evaluated on its ability to model liquefac-
tion behaviour of the gravelly fill.

1 INTRODUCTION

The Port of Wellington (CentrePort) is a key lifeline located on the Wellington Waterfront,
New Zealand. CentrePort is situated on reclaimed land which varies in thickness (from 5 m up
to 22 m), type of reclamation (quarry fill and hydraulic fill), and age (1880s to 1970s construc-
tion period).

Liquefaction and associated damages have been recorded at CentrePort during recent New
Zealand earthquakes. Most notably, during the M,,7.8 14 November 2016 Kaikoura earth-
quake severe liquefaction of the gravelly reclamation fill occurred under moderate PGAs of
around 0.25 g. Ejecta was widespread across the port and significant lateral spreading was
recorded. Minor damages were observed during the smaller M,,6.5 Cook Strait and M,,6.6
Lake Grassmere earthquakes in 2013. Refer Cubrinovski et al. (2017) for more details on
liquefaction damage at CentrePort.

To date, there are limited case histories on liquefiable gravelly reclamations. As such, the
liquefaction behaviour of gravelly soils is poorly understood. Simplified empirical methods
(Robertson & Wride, 1998; Youd et al., 2001; Boulanger & Idriss, 2014) are based predomin-
antly on a clean sand case history database. It is not known if these empirically derived
models are suitable for predicting the behaviour of gravelly soils. To better characterise these
soils, rigorous site investigation data and laboratory testing is required. The work presented
herein contributes to this effort.
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2 GROUND CONDITIONS

The CentrePort Pipitea site is located on the Wellington Waterfront, in the central area of the
city. The land was reclaimed using end-tipped quarry fill and hydraulic fill pumped from the
seabed. The quarry fill constitutes the majority of CentrePort land. This was the primary
method used to reclaim the Harbour Quays area in the 1880s — 1910s and the newer Thorndon
reclamation in the 1960s - 1970s (Murashev & Palmer, 1998; Figure 1). The material for the
Thorndon reclamation was sourced from local quarries and constitutes, predominately, a
gravel-sand-silt mixture. The fill is loose except for a 3 m (approx.) dense compacted crust and
is prone to liquefaction as was observed during the 2016 Kaikoura earthquake.

Figure 2 illustrates particle size distribution curves for the Thorndon reclamation gravelly
fill. Samples were collected from boreholes (Figure 2a red lines) and from liquefaction ejecta
following the Kaikdura earthquake (Figure 2a black lines and Figure 2b). Figure 2a illustrates
that the particle size distribution of the ejecta samples is in good agreement with the borehole
samples indicating that the gravelly fill did indeed liquefy. Although the occasional large
gravel particle (> 100 mm) was observed in the liquefaction ejecta, most gravel particles are
less than 40 mm in size. The gravel content of the gravelly fill is typically 40% to 80% and the
fines content is approximately 5% to 20%.

The land along Aotea Quay and in the Log Yard (north of the seawall) was reclaimed with
hydraulic fill. This fill material was dredged from the adjacent seabed and constitutes loose
sands, silts and clays. CPT and borehole data indicate that this fill includes layers containing
non-plastic, low or moderate plasticity fine-grained soils. The hydraulic fill is also susceptible
to liquefaction, however, except for severe liquefaction in the hydraulic fill of the Log Yard,
only minor traces of liquefaction were observed in other areas of hydraulic fills during the
2016 Kaikoura earthquake.

Underlying the reclamation fill is a layer of marine sediment of varying thickness (0.5 m to
4 m). This material is sands and silts with shell fragments. Underlying the marine sediment is
the Wellington Alluvium comprising interlayered gravels, sands, silts and clays to bedrock at
approximately 100 m depth (Vantassel et al., 2018).
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Figure 1. CentrePort, Pipitea site showing port regions (text), seawalls (blue lines) and site investiga-
tions conducted in 2017 and 2018 (triangle symbols)
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Figure 2. Particle size distribution of the gravelly fill: (a) Particle size analysis for ejecta (collected 2016)
and borehole (collected 2018) samples; (b) Photo of liquefaction ejecta (November 2016)

Also present at the port is substantial buried infrastructure which are remnants of old aban-
doned structures. A buried concrete seawall is present along Harbour Quays, and piles from a
previous wharf structure are present within the Thorndon reclamation. The Thorndon reclam-
ation (herein referred to as ‘gravelly fill’) is the focus of this study as it sustained the most
severe damage in the Kaikoura earthquake.

3 SIMPLIFIED LIQUEFACTION ASSESSMENT

3.1 Method used and focus of scrutiny

The simplified CPT-based liquefaction triggering method of Boulanger & Idriss (2014) was used
for a preliminary assessment of liquefaction and associated damages. The simplified method
was employed using available site investigation data including borehole data collected between
2006 and 2018, and 121 CPTs conducted in 2017 and 2018 (Cubrinovski et al., 2017; 2018a;
Dhakal et al., 2019; Figure 1). The focus in this paper is the influence of two parameters in the
simplified assessment, the Crc factor correlating the fines content (FC) with the soil behavior
type index (Z.) and the probability of liquefaction (P;) (Boulanger & Idriss, 2014).

3.2 Back-calculated Cgc value for gravelly fill

Crc is the factor which controls the CPT-based fines content correlation in the absence of site-
specific laboratory data on fines content (Boulanger & Idriss, 2014). This factor was initially
calibrated for the CentrePort gravelly fill using correlations between adjacent borehole and
CPT pairs. A total of nine borehole and CPT pairs were identified for the calibration to give
more than 80 data points. The distance between borehole and CPT ranged from 4 m to 10 m.
All borehole-CPT pairs selected for this analysis were located in the Thorndon Reclamation.

For each borehole, a fines content range was estimated for each soil layer based on the soil
description in the borehole log. The correlation used in this study is outlined in Table 1 and is
based on the NZGS Field Guide to Soil and Rock Description (2005). The fines content from
the borehole was then associated with the soil behaviour type index (/) obtained from the
adjacent CPT. Crc was calculated using Equation 1 (Boulanger & Idriss, 2014):

FC =80(1. + Crc) — 137 (1)
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Table 1. Correlation between borehole log and fines

content

Borehole description Correlated fines content
No silt/clay 0-5%

Trace silt/clay 0-5%

Minor silt/clay 5% -12%

Some silt/clay 12% - 20%

Silty/Clayey 20% - 40%

Silt/Clay 40% - 80%

where FC is the fines content inferred from the borehole log and /. is calculated from the CPT
data and averaged for the soil layer. The estimated FC-I. pairs are illustrated with open circles
in Figure 3.

In view of the approximate and somewhat arbitrary definition of the fines content in
Table 1, the borehole-CPT fines content correlation was supplemented with data from 13 par-
ticle size analyses (PSAs) on borehole samples. These were conducted in 2012 (T&T) and 2018
(this study, Figure 2a) on samples collected from 10 boreholes at various depths. For this
dataset, the distance between borehole and CPT ranged from 6 m to 20 m. The fines content
measured in the PSA was associated with the /. value averaged over the depth sampled in the
adjacent CPT. Equation 1 was again used to back-calculate the Crc value. The results are
shown with solid red squares in Figure 3.

Figure 3 shows the PSA data (red squares) generally fell within the range Crc = 0 to Cpc =
-0.29 (one standard deviation beyond mean correlation in Boulanger & Idriss, 2014). How-
ever, the correlation inferred from the borehole log data (open circles) shows significant scat-
ter with no strong correlation. There is significant uncertainty in the Crc calibration due (at
least) to the following factors:

* The borehole and CPT pairs were often completed in different years and by different con-
tractors, sometimes with different drilling methods.

* There was no attempt to calibrate the vertical offset between the borehole and CPT (which
may exist due to the distance between pairs or recent earthquake effects).

* In some cases, there was up to 20 m offset between borehole and CPT. The site-wide CPT
data indicates some spatial variability in the fines content of the gravelly fill, hence the dis-
tance between borehole and CPT may be significant for the FC-I,. correlation.

* Even in the absence of the above, one may argue that a substantial scatter in the FC-I.. cor-
relation is expected to exist due to the complex composition of the gravelly fill, particularly
in relation to what FC and I, actually represent for the soil and their limitations in soil
material characterisation.

Silty/  SILT/

No - Trace Minor Some Clayey CLAY
} } |

————— CFc =+/-0.29
CFC = 0
] PSA data

o FC data inferred
from BH log

Fc ) 100

Figure 3. Site specific FC-I. correlation for CentrePort gravelly fill; CentrePort data shown with sym-
bols; Crc =0 and Crc = £0.29 relationships according to Boulanger & Idriss (2014) shown with lines

4706



As a result, the correlation established based on the borehole and CPT data was weak, as
expected. It is important to note that the empirical FC-I. relationship was derived for sands
with fines whereas the subject gravelly fill is a gravel-sand-fines mixture. As such, the apparent
bias in Cgc for the gravelly fill (when compared to sands) may reflect this additional complex-
ity due to the composition of the fill. For example, a certain percentage of fines in a sand-fines
mixture may not necessarily have the same effect in the soil matrix as the same percentage of
fines in a gravel-sand-fines mixture. Ultimately, the FC-I. relationship is known to be the
source of significant uncertainty in the assessment of liquefaction resistance of sandy soils,
and this correlation is further challenged in the interpretation of the gravelly fill.

3.3 Py assessment for gravelly fill

Further scrutiny of the simplified method was performed by assessing critical layer properties
against observed liquefaction manifestation in the 2016 Kaikoura earthquake. In this assess-
ment, g.;nes - CSRys7.5 1anm Pairs were computed from CPT data at 52 sites and grouped based
on liquefaction manifestation. For each CPT considered in the assessment, the critical layer
(the layer most likely to manifest liquefaction at the ground surface) was identified based on
the factor of safety calculated using the simplified method (Boulangr & Idriss, 2014). From
this, a critical layer q.;nes = CSRus7.5. 1a0m Pair was identified for each CPT. The symbols in
Figure 4 show the computed ¢.;nes - CSRas7.5.1a0m Pairs for all critical layers together with the
gc1nves-CRR relationships for P; = 15%, 50% and 85% in clean sands, as defined by Boulanger
& Idriss (2014) and reproduced in Equation 2. Crc = -0.29 was used in the ¢.; ., calculation.

- e\ 2 3 N
Rt = o555 ()" (‘) + (442)' - 26020 2

where CRR 7.5, 1a0m 18 the cyclic resistance for a M,,7.5 earthquake at an effective overbur-
den pressure of 100kPa, oi,r) is the standard deviation which is 0.2, and d~1(Py) is the
inverse of the standard cumulative normal distribution. The key result from this assessment
was that, for critical layer properties, there is no discernable difference between sites that did
and did not manifest liquefaction in the Kaikoura earthquake.

To assess the significance of using the Boulanger & Idriss (2014) simplified procedure, with
the inherent reliance on the FC-I. correlation, the analysis was repeated using the Robertson
& Wride (1998) simplified procedure. The two analyses are compared in Table 2. The main
differentiating parameter between the two simplified methods was the thickness of the critical
layer. For sites that both did and did not manifest liquefaction, estimates based on the Bou-
langer & Idriss (2014) procedure more than doubled the critical layer thickness as compared
to that of the Robertson & Wride (1998) procedure. However, neither procedure was able to
differentiate between sites that did and did not manifest liquefaction.
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Figure 4. Probability of liquefaction based on critical layer properties for the CentrePort gravelly fill;
error bars indicate uncertainty in CSR due to PGA and ground water table depth
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Table 2. Comparison of critical layer properties computed using the Boulanger & Idriss (2014) simpli-
fied procedure with Crc = -0.29 and the Robertson & Wride (1998) simplified procedure

Liquefaction Depth to critical Thickness of critical
manifestation Simplified Method qeiNes® layer* layer*

Yes B&I2014 73.3 4.1 4.6

Yes R&W 1998 73.9 5.0 1.9

No B&I 2014 77.0 4.4 44

No R&W 1998 76.3 4.9 1.2

* Median values

These results indicate that, for the seismic demand (CSR) induced by the Kaikdura earth-
quake, the simplified method predicts liquefaction manifestation in almost all the gravelly fill.
This implies that factors other than the CPT resistance of the critical layers may influence and
determine whether liquefaction will manifest or not at a given site (e.g. Cubrinovski et al.,
2018b). The following should also be considered in the context of this assessment:

* Absence of manifestation at the ground surface does not eliminate the possibility that lique-
faction did develop at some depth in the fill.

» Liquefaction ejecta maps (T&T, 2017) were used to determine which CPT sites manifested
liquefaction and which did not. Liquefied soil will follow the path of least resistance to the
surface. As such, it is possible that the observed ejecta was produced by a site some distance
from the manifestation.

» It should be noted that the different simplified procedures led to a different selection of crit-
ical layer for some sites, but eventually similar outcomes with regard to liquefaction
manifestation.

3.4 Predictions vs observations

Comparison between predictions made using the simplified method and observations of lique-
faction ejecta following the Kaikoura earthquake (T&T, 2017) indicate the simplified method
is relatively effective at predicting liquefaction manifestation in the gravelly fill, however it is
not as good at predicting where liquefaction did not manifest. This is consistent with the
results from the P, assessment in that the simplified method predicts liquefaction manifest-
ation in almost all the gravelly fill for the Kaikoura earthquake.

To illustrate this feature, Figure 5 shows predictions of Liquefaction Severity Number (LSN;
T&T, 2013) for the 2016 Kaikoura earthquake. Contours of LSN show a similar general trend

Figure 5. Predictions of LSN using the simplified procedure for the 2016 Kaikoura earthquake
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to soil ejecta observed following the Kaikoura earthquake, however, the computed LSN
values overpredict the observed liquefaction effects in most of the reclamation. The LSN con-
tours are consistent with the depth of fill (i.e. the most severe liquefaction effects are pre-
dicted where the fill is the thickest). While this is to be expected, it also indicates that the
simplified method is not representing other subtle factors related to the type of fill (e.g. dif-
ferent fines content of gravel-sand-silt mixture in different areas of the port) or interactions
throughout the fill that are ignored in the simplified procedure. These results suggest that
liquefaction should have occurred in the gravelly fill even at sites where liquefaction did not
manifest at the ground surface.

There are two plausible interpretations of these results: one is that the simplified method
provided somewhat conservative estimates for the liquefaction resistance of the gravelly fill
(i.e. it underestimated CRR of the fill), and the other is that liquefaction did occur within the
fill but did not manifest at the ground surface at some locations. A combination of the two is
also likely, as is the possibility that other factors of significance for the performance of the
gravelly fill might contribute to the deviations from the sand-based liquefaction triggering esti-
mates. These issues will be the subject of more detailed scrutiny using both simplified and
advanced analysis procedures in future studies.

4 CONCLUSIONS

The 2016 Kaikoura earthquake caused severe liquefaction of gravelly reclamation fill at the
port of Wellington (CentrePort). To understand the liquefaction characteristics of the gravelly
fill, and model this behaviour for design purposes, scrutiny of simplified liquefaction assess-
ment methods was undertaken. The preliminary findings were:

* The fines content correlation with CPT /. parameter indicates that the gravelly fill will be
interpreted to have a smaller fines content and hence lower liquefaction resistance (CRR) than
suggested by the mean clean sand Cgc- = 0 value. The FC-I. correlation was weak indicating
that there are additional complexities in the estimate of fines in a gravel-sand-silt mixture.

» There was little distinction between the critical layer characteristics of sites that did and did
not manifest liquefaction during the Kaikoura earthquake.

» Predictions of liquefaction-induced land damage using the simplified method show a similar
trend to the observed liquefaction manifestation, however the simplified method over-pre-
dicts liquefaction manifestation.

* The discrepancy between prediction and observation could be due to liquefaction being
triggered but not manifested, too much conservatism in the simplified method, the simpli-
fied method not adequately representing the liquefaction behaviour of a gravel-sand-silt
mixture, or other factors which currently are not considered in the simplified method.

* To further scrutinize these results, an effective stress analysis should be undertaken to
assess liquefaction development in the gravelly fill. Ultimately, the profession needs to
work towards a more robust gravelly soil database that can be used in future evaluations.
The findings from this study will contribute to this endeavour.

« At the time of writing, site investigations are underway at CentrePort. These include 16
boreholes (one to bedrock), crosshole geophysical testing and installation of downhole and
surface accelerometers (at four sites). Disturbed samples will be used for laboratory testing.
A key component of the testing schedule will be large-scale cyclic triaxial tests on the grav-
elly fill. The results from these tests will be used to validate the current correlations and for
calibration of more advanced models.
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