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ABSTRACT: Following the 2016 Kaikōura earthquake, severe and damaging liquefaction was observed at the port of Wellington in 
areas of reclamation fills built at the beginning of or mid-20th century. However, little or no damage was reported in areas of older 
reclamation, dating back to the 1850s, and in native (natural) soil deposits in central Wellington. Following these events, 
comprehensive field investigations have been performed to characterize the liquefaction resistance of the most recent liquefaction-

prone gravelly fills. Comparatively little attention has been paid so far to the performance of older reclamation fills. The paper 
discusses the characterization of hydraulic fills using cone penetration test data for liquefaction assessment purposes. Representative 
soil profiles are defined and representative values (25th-75th percentiles) of cone tip resistance are identified for characteristic soil 
layers. These soil profiles are subsequently employed to perform simplified liquefaction triggering analyses for different earthquake 
scenarios and return period ground motions for Wellington. Likelihood of liquefaction effects are discussed in the context of 
Wellington seismic hazard and of characteristic design return periods. 

RÉSUMÉ: Suite au tremblement de terre de Kaikoura en 2016, une grave et préjudiciable liquéfaction a été observée au port de 
Wellington dans les zones de remblais datant du début ou du milieu du XXe siècle. Cependant, peu ou pas de dommages ont été signalés 
dans les zones de remblais plus anciennes, remontant aux années 1850 et dans les couches naturelles du sol du centre de Wellington. A 
la suite de ces événements, des enquêtes approfondies de terrain ont été réalisées pour caractériser la résistance à la liquéfaction des 
derniers remblais de graviers sujets à liquéfaction. Jusqu’à présent, peu d’attention a été accordée à la performance des remblais plus 
anciens. Le document traite de la caractérisation de remblais hydrauliques à l’aide de données d’essai de pénétromètre statique («cone 
penetration test» CPT) à des fins d’évaluation de liquéfaction. Des profils de sol représentatifs sont définis et des valeurs représentatives 
(25e-75e percentiles) de la résistance à la pointe du cône sont identifiées pour chacune des couches qui les compose. Ces profils de sol 
sont ensuite utilisés pour effectuer des analyses de déclenchement de liquéfaction simplifiée pour différents scénarios de tremblement 
de terre et de période de retour pour Wellington. La probabilité des effets de liquéfaction est discutée dans le contexte de l’aléa sismique 
de Wellington et des valeurs caractéristiques des périodes de retour. 

KEYWORDS: liquefaction, reclamation, hydraulic fill, CPT. 

1  INTRODUCTION 

Part of the Central Business District (CBD) and all of the port of 
Wellington, New Zealand, sit on reclaimed land. These 
reclamations have been built since 1850s using different soils and 
different reclamation techniques. 

The 2016 Kaikōura earthquake triggered severe liquefaction 
in the 1960s-1970s end-tipped gravelly reclamations underlying 
the Container Terminal of the port of Wellington (CentrePort). 
Significant liquefaction manifestations were observed also in the 
1900s Log Yard sandy reclamation. Less liquefaction-induced 
damage was reported in other areas of older reclamation 
(Cubrinovski et al. 2017). 

Since 2017, 121 Cone Penetration Tests (CPTs), in 
combination with borehole sampling, have been performed by 
the University of Canterbury (UC) inside CentrePort, mostly in 
the Container Terminal and Log Yard areas (Cubrinovski et al. 
2018; Dhakal et al. 2020). In 2020, a new series of 51 CPTs has 
been carried out to obtain more data in the following areas 
(Figure 1): 1920s hydraulic fill reclamations along Aotea Quay; 
pre-1920 gravelly reclamations inside CentrePort; reclamations 
along the waterfront, outside CentrePort, dating from early 1900s 
to 1970s. 

This paper discusses the characterization of hydraulic fills 
along Aotea Quay using CPT. Representative soil profiles are 
subsequently developed, and the distribution of liquefiable fills 
mapped. Finally, simplified liquefaction triggering analyses are 
performed using Mw-PGA values representative of the seismic 
hazard in Wellington. The results are used to quantify the risk of 
liquefaction in the hydraulic fills along Aotea Quay. 

2  GEOLOGY OF CENTRAL WELLINGTON 

The city of Wellington is located at the southern tip of the North 
Island of New Zealand. Part of its CBD sits on reclaimed land, 
which was developed in different stages between 1852 and 1976 
(Figure 1). 

The first series of reclamations, of progressively increasing 
extent, was performed between 1852 and 1925. These 
reclamations were carried out by end-tipping materials from 
different sources, such as soil from excavation works, quarried 
rock and gravelly fill, and demolition rubble. Another round of 
reclamations was carried out between 1924 and 1932 in the 
railyard and Log Yard areas, along Aotea Quay, by hydraulic 
placement of sandy and silty sediments dredged from the harbour 
seafloor. The seafront perimeter of these first two series of 
reclamations, and their boundary with the subsequent 1960-
1970s reclamations, are delimited by a concrete gravity wall. The 
last round of reclamations was undertaken between 1960 and 
1976 and was carried out for the most part by end-tipping of 
quarried gravelly fill containing 40-80% gravel-size particles 
(Cubrinovski et al. 2017). Unlike the previous reclamations, 
these more recent gravelly reclamations are delimited along their 
seaside boundary by a sloping face protected by a layer of 
armouring rock. The gravelly reclamations reach a maximum 
thickness of about 20 m at the south-eastern corner of the 
Container Terminal. Reclamations inside the port area, and 
sometimes also in other parts of the CBD, are capped by a 2-3 m 
thick layer of compacted gravelly fill, often with presence of 
cobble-sized demolition rubble. 
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Figure 1. Areas of CPT investigations performed by UC in relation to 
reclamation fills in Central Wellington. 

The underlying native (natural) soil deposits are described by 
Murashev and Palmer (1998). Reclamation fills are underlain by 
a layer of Holocene beach and marine sediments (thickness 1-4 
m) consisting of sands, sandy gravels, and silts, with variable 
amounts of shell fragments. These younger sediments sit on 
Pleistocene alluvial and, in some locations, colluvial deposits 
with interbedded layers and lenses of marine sediments. The 
Pleistocene sediments comprise of dense silty sandy gravels with 
beds of stiff silt and organic clay. The Pleistocene alluvium 
increases in thickness to over 150 m as one moves from the 
foothills towards the waterfront, and is underlain by greywacke 
bedrock. 

3  GROUND DAMAGE OBSERVED DURING THE 2016 
KAIKŌURA EARTHQUAKE AND SUBSEQUENT 
GEOTECHNICAL INVESTIGATION PROGRAM 

Damage caused to the port of Wellington by the 2016 Kaikōura 
earthquake is described in great detail by Cubrinovski et al 2017. 
Fort this reason, only a brief summary of these observations will 
be provided herein. 

The Container Terminal was the area most severely affected 
by liquefaction, which resulted in widespread ground cracking, 
sandy-gravelly ejecta, ground surface settlements of over 0.5 m, 
and horizontal movements of the fill slopes of about 1 m. Ground 
deformations and manifestations of liquefaction became 
progressively less significant as one moved away from the 
Container Terminal. The hydraulic fills along Aotea Quay 
underwent some settlement and cracking parallel to the 
revetment line, but no ejecta were reported in this area. On the 
other hand, severe liquefaction manifestations, with sand and silt 
ejecta, cracking, and ground settlements were observed in the 

Log Yard hydraulic fill reclamation between the stadium and the 
Container Terminal. In the pre-1920s reclamations inside the 
port, in general, less liquefaction was observed as compared to 
the Log Yard. Outside CentrePort, observations of ground 
deformations, with cracking and subsidence, were confined to 
the area between the stadium and the Log Yard, and along the 
waterfront retaining wall between the port area and Queen’s 
Wharf; in general, no evidence of liquefaction was reported 
outside CentrePort (Orense et al. 2017). 

The University of Canterbury was directly involved in 
damage reconnaissance to port facilities in the days immediately 
following the earthquake, and subsequently led the efforts to 
better understand ground conditions at CentrePort by 
performing, between 2017 and 2019, a total of 121 CPTs. The 
majority of these CPTs was carried out in the areas most 
seriously affected by liquefaction, namely the Container 
Terminal and the Log Yard, with a relatively limited number of 
tests along Aotea Quay and in the other areas of older 
reclamation. The CPT data were corroborated by new and 
historic borehole data performed by engineering consultants to 
inform the design of port structures and infrastructure. Dhakal et 
al. (2020) used these data to carry out a detailed assessment of 
the Kaikōura earthquake case history focusing mostly on the 
Container Terminal area. 

In 2020, a new series of 52 CPTs was carried out by UC. 
These investigations targeted Aotea Quay and the pre-1920s 
gravelly reclamations at CentrePort, and areas of different 
reclamation age along the waterfront. This new round of 
investigations was performed with the goals of improving the 
geotechnical characterization and the definition of transition 
between soil units in areas with insufficient CPT coverage at 
CentrePort, and to provide basis for comparison of reclamation 
fills of different reclamation age and soil composition along the 
waterfront. 

4  SOIL PROFILES IN DIFFERENT RECLAMATION 
AREAS 

Figure 2 shows examples of typical soil profiles in different 
reclamation areas along the waterfront. In the hydraulic fills 
along Aotea Quay (Figure 2a), a compacted layer of gravelly fill, 
2-3 m thick, caps loose reclamation fills up to 9 m thick underlain 
by natural marine sediments and alluvial deposits. Liquefiable 
fill materials are usually located immediately underneath the 
compacted crust and comprise either gravelly silty sands, sandy 
soils with frequent presence of large shell fragments, or 
interbedded sandy silty soils of different plasticity. The lower 
part of the reclamation consists of dredged plastic silty seabed 
sediments. It is difficult to identify from CPT data and borehole 
cores the transition between dredged plastic silts and native 
harbour silty sediments. 

The general profile in Figure 2a is shown as reference for 
comparisons with other areas along the waterfront, but it is noted 
that the relative thickness of the liquefiable and non-liquefiable 
fill units on Aotea Quay exhibits significant variations from one 
location to another, with the total thickness of liquefiable fills 
ranging from 0 to 9 m. In this sense, different zones along Aotea 
Quay can be identified: areas where the reclamation consists 
mostly of plastic silty fills (i.e. negligible presence liquefiable 
layers); areas with significant presence of gravelly/sandy/silty 
fills, or of sandy fills; transition zones between these different 
areas. 

Figure 3 shows profiles of cone tip resistance, qc, and 
normalized soil type behaviour index, Ic (as defined by Robertson 
2009) for a location along Aotea Quay. The compacted crust 
extends to a depth of about 3.5 m and is underlain by a thin layer 
of silt. The coarser mixture of gravelly/sandy/silty reclamation is 
about 5.5 m thick, with qc values in the order of 4-5.5 MPa and 
Ic between 1.7 and 2.2. The silty unit of hydraulic fill and marine
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Figure 2. Example soil profiles for different areas of reclamation. 

sediments located from 9 to 11.5 m depth shows lower qc and 
higher Ic values (about 1 MPa and 2.8, respectively) and sits on 
top of the native alluvial soil deposits. 

The soil profiles in most of the Container Terminal area 
(Figure 2b) consist of a compacted gravelly cap layer on top of 
loose quarried gravelly fill. One area of the Container Terminal 
is known to include a substantial sandy fill, up to 10 m thick 
(Dhakal et al. 2020). For the Container Terminal area, the marine 
sediments on top of the alluvium have a thickness ranging from 
1 to 2.5 m., and the top of the alluvium is located between 10 and 
20 m below the ground surface. 

The top-to-bottom succession of soil layers in areas reclaimed 
in the early 1900s is similar to that encountered in the Container 
Terminal: gravelly crust-gravelly fill-marine sediments-alluvium 
(Figure 2c). However, the average thickness of the older 
reclamations is about half of the Container Terminal reclamation. 

The reclamation at Queen’s Wharf was carried out in different 
stages (Beca Carter Hollings & Ferner Ltd. 1988). The profile 
shown in Figure 2d refers to the south-eastern portion of the 
reclamation, which used random fill materials sourced from 
excavation works from around the city. The profile presents 
alternating layers, with thickness ranging from 0.2 to 2 m, of 
sandy fill and plastic silty fill underlain by marine sediments. As 
for the case of the hydraulic fills, CPT data do not allow to 
distinguish the silty reclamation fill from the underlying native 
marine sediments. 

For the remainder of the paper, the discussion will focus on 
fills and soil profiles encountered of the hydraulic fills along 
Aotea Quay (Fig. 2a). Individual soil layers were characterized, 
in a simplified manner, using CPT data. Following the 
identification and characterization of layers within each profile, 
the latter were classified in terms of thickness, depth, and 
properties of the liquefiable fills, and their distribution mapped. 
This profile classification scheme was adopted as reference to 
compare the performance of different reclamation areas in terms 
of liquefaction-induced reconsolidation settlements for different 
earthquake hazard scenarios. 

5  CHARACTERIZATION OF HYDRAULIC FILLS 

The CPT data collected since 2017 along Aotea Quay were used 
to develop simplified soil profiles following a procedure 
analogous to that followed by Dhakal et al. (2020) for the 
Container Terminal area. 

In the definition of the simplified profiles, layers of 
reclamation fill were first distinguished from the underlying 
older alluvium. The reclamation fill was then subdivided into 
layers with relatively constant values of qc and Ic. In this process, 
thin layers (of less than 20-30 cm thickness) were ignored, while 
highly interbedded layers and zones of transition from stiff to soft 
soils were classified as single interbedded or transition units. As 
previously noted, neither CPT nor borehole cores allow to 

distinguish the overlying silty fills from the underlying marine 
sediments. For this reason, layers with Ic > 2.6 above the 
alluvium were classified as hydraulic fill. 

For each layer with well-defined values of qc and Ic, 
characteristic values (25th-75th percentiles) of qc were 
determined. These values are summarized in Table 1 for the case 
of the hydraulic fills along Aotea Quay. In general, qc values are 
low, as the fills are usually loose, and tend to increase as Ic 
decreases. It is interesting to note that, for a given range of Ic, 
similar values of qc were observed in the reclamation fills in other 
areas of study. This means that empirical CPT-based liquefaction 
triggering procedures (such as Boulanger & Idriss 2016) would 
estimate similar liquefaction resistances in these layers, although 
these reclamations differ in their age, reclamation technique, and 
source of fill materials. 
 

 
Figure 3. Example CPT profile from location along Aotea Quay. 

 
Table 1. 25th-75th percentile values of cone tip resistance qc for hydraulic 
fills along Aotea Quay. 

Fill type* Ic qc [MPa] 

Clayey >3.0 0.5-1.0 

Silty-clayey 2.6-3.0 0.8-1.5 

Silty-sandy 2.2-2.6 1.8-3.0 

Sandy-silty 1.9-2.2 3.0-4.8 

Sandy 1.6-1.9 5-8 

*Soil description based on CPT-Soil Behaviour Type classification. 

Ō

the 2016 Kaikōura 

and Queen’s 

the Kaikōura earthquake case history focusing mostly on the 
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5.1  Classification of soil profiles 

The simplified profiles were classified on the basis of: 
cumulative thickness of liquefiable fill (i.e. layers with Ic < 2.6 
below the ground water table (GWT)); depth of liquefiable fill; 
Ic value of liquefiable fill. The adopted classification scheme is 
summarized in Table 2. 

The GWT in areas close to the waterfront is affected by tidal 
fluctuation (Dhakal et al. 2020). For this reason, the position of 
the GWT employed in the classification process and in the 
subsequent liquefaction-triggering analyses was obtained from 
the mean high water spring tide in Wellington Harbour estimated 
by Land Information New Zealand (LINZ). For locations of CPT 
testing in the hydraulic fill reclamation along Aotea Quay, the 
estimated upper-bound position of the GWT ranges from 2.1 to 
2.9 m below the ground surface. 

Figure 4 maps the distribution of liquefiable fills at CentrePort 
at locations of CPT testing outside the Container Terminal 
according to the classification given in Table 2. The different 
markers correspond to different soil profile classes previously 
defined. One can notice significant local variations over short 
distances in the total thickness of liquefiable fill materials along 
Aotea Quay. These variations could be due to segregation of the 
hydraulic fill during the deposition process, and to variations in 
the material sourced from the seabed during dredging. On the 
other hand, in the pre-1920s gravelly reclamations just north of 
the seawall, the thickness of liquefiable fill tends to increase with 
the depth of the alluvium (i.e. as one moves southwards towards 
the seawall), since most soils employed in this reclamation area 
have Ic < 2.6. The great non-uniformity in the spatial distribution 
of liquefiable fills along Aotea Quay, with lateral discontinuities 
in the soil profile, can be contrasted also against the relative 
homogeneity of soil profiles in the Container Terminal (the 
reader is referred to Dhakal et al. 2020 for the discussion of the 
soil profiles in this latter area of the port). 

6 EVALUATION OF LIQUEFACTION-INDUCED 
SETTLEMENTS IN HYDRAULIC FILLS 

Liquefaction triggering analyses were carried out using the CPT 
data collected along Aotea Quay using the empirical triggering 
relationship of Boulanger and Idriss (2016) procedure 
considering 16% probability of liquefaction (i.e. “deterministic” 
triggering curve). In these analyses, the upper-bound estimate of 
the ground water table previously defined was adopted. The 
following earthquake scenarios were considered: 
 
Table 2. Scheme for classification of soil profiles in areas of reclamation 
along the waterfront. 

Class Thickness of liquefiable fill Depth of liquefiable fill 

0 <0.5 m Shallow 

1 0.5-2.0 m Shallow 

2* 2.0-4.0 m Shallow 

3* 4.0-9.0 m Shallow 

4 2.0-4.0 m Deep** 

5 4.0-9.0 m Deep** 

*Classes 2 and 3 were further split into subclasses based on Ic values of 
liquefiable fill; (a) 2a and 3a: > 50% of liquefiable fill has Ic < 2.2; (b) 2b 
and 3b: > 50% of liquefiable fill has Ic = 2.2-2.6. 
**Significant portion of liquefiable fill at depth > 5 m, separated by at 
least 1.5 m of non-liquefiable fill from top liquefiable layers. 

• Moment magnitude Mw7.8, corresponding to the 2016 

Kaikōura earthquake, and peak ground acceleration (PGA) 

ranging from 0.05 to 0.50g; 

• PGA-Mw pairs corresponding to different return periods 

from the PGA hazard for Wellington (Cubrinovski et al. 

2021). 

For comparative purposes, results will be presented in terms 
of liquefaction-induced reconsolidation settlements of the 
reclamation fill only (i.e. ignoring deformations in the underlying 
alluvial layers). Deformations due to cyclic softening of soils 
with Ic > 2.6 will not be considered in the present analysis. 

6.1  Comparison between predicted and observed ground 
settlements during the 2016 Kaikōura earthquake 

Figure 5 shows estimated liquefaction-induced fill settlements at 
the ground surface for locations along Aotea Quay due to a 
Mw7.8 earthquake as a function of PGA. Results are plotted 
separately for six of the seven different soil profile classes 
defined in Section 5.1. The dashed vertical lines correspond to 
PGA = 0.24g, which is the geometric mean horizontal PGA 
recorded at the strong motion station PIPS, at the northern end of 
Aotea Quay, during the Kaikōura earthquake. The coloured 
symbols shown in each plot correspond to those used in Figure 4 
to map the total thickness of liquefiable fill layers (i.e. those 
layers below the GWT with Ic < 2.6) along Aotea Quay. 

Some variations are observed in the total settlement sv 
computed for individual CPT traces within each class. This 
scatter is due to differences between specific soil profiles 
encountered at each CPT location. Despite these differences, one 
can notice that the threshold PGA for settlement triggering is at 
approximately 0.10g for all CPTs. Predicted settlements 
significantly increase as PGA increase from 0.10g to 0.20 g, 
beyond which they generally attain values close to their 
maximum. 
 

 
Figure 4. Cumulative thickness of liquefiable fills at locations of CPT 
testing inside CentrePort. 
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Figure 5. Estimated settlements due to liquefaction-induced reconsolidation of reclamation fills for selected soil profile classes at locations on Aotea 
Quay for Mw7.8 earthquake event. 

Predicted maximum settlements progressively increase with 
increasing cumulative thickness of liquefiable fill, from Class 1 
(Figure 5a) to Classes 3a and 3b (Figs. 5c, 5e). Fill settlements in 
areas with significant amount of sandy-like liquefiable fill (Class 
3a, Fig. 5c) can be three-to-four times larger than in areas with 
only 0.5-2.0 m of liquefiable fill under the GWT (Class 1, Fig. 
5a). Considering the significant spatial variation in local ground 
conditions along Aotea Quay, one can anticipate significant 
potential for differential settlements in the area. Also, larger 
settlements are predicted in areas where the liquefiable fill 
consists mostly of sandy-like fill (i.e. fill with Ic < 2.2; Classes 
2a and 3a, Figs. 5b and 5c) as compared to areas with relative 
abundance of sandy/silty mixtures-like fill (Ic = 2.2-2.6; Classes 
2b and 3b, Figs. 5d and 5e). Finally, one can notice that the 
location within the profile of the liquefiable layers does not affect 
the magnitude of predicted settlements, as inferred from 
comparisons of Figures 5b and 5d (Classes 2a and 2b, with 
shallow liquefiable layers) with Figure 5f (Class 4 with deeper 
liquefiable layers but same total thickness as 2a and 2b). This 
outcome is not surprising given the characteristics of the 
methodology for calculation of settlements. However, it is well-
established from previous observations that shallow liquefaction 
is associated with larger damage near the ground surface. This 
aspect can be better captured by damage indices (e.g. LPI, LSN), 
as they reflect the effects of depth of liquefaction on the damage 
potential. 

In general, a layer with Ic < 2.6 may not necessarily liquefy 
under a given earthquake excitation. However, most of the 
reclamation fills under the GWT are loose (as suggested also by 
the relatively low values of qc summarized in Table 1). For this 
reason essentially all layers of liquefiable fill are predicted to 
liquefy, and a strong correlation between thickness of liquefiable 
fills and maximum settlements is observed. 

At CPT locations along Aotea Quay, maximum settlements 
observed after the Kaikōura earthquake were in the order of 5-10 
cm (Dhakal et al. 2020). However, predicted settlements for PGA 
= 0.24g (as recorded by the nearby PIPS strong motion station) 
range from 5 to 35 cm. This significant overestimation can be 
slightly reduced by considering the liquefaction triggering curve 
for PL = 50%, instead of PL = 16%, and using a 1 m-lower GWT, 
based on the tide at the time of the earthquake as opposed to the 
high water table adopted in the analyses. However, such changes 
in the analysis assumptions would not compensate for the 
difference between observed and predicted settlements. One 
should also note that this type of 1-D analysis does not consider 
the contribution to vertical displacements resulting from sand 
ejecta, deformations of the underlying native soil deposits, and 
lateral spreading, which potentially contributed to observed 
settlements. In principle, consideration of such issues may 
further increase the difference between predicted and observed 
settlements, though they are considered insignificant for Aotea 

Quay as no significant ejecta or lateral spreading were observed 
in the area. 

6.2  Settlements estimated for ground motions with different 
return periods 

Settlements along Aotea Quay were estimated for PGA-Mw pairs 
obtained from site-specific PGA hazard for Wellington 
(Cubrinovski et al. 2021). Figure 6 shows input PGA-Mw values 
for return periods (RP) of 25, 50, 100, 250, 500, 1000, and 2500 
years at sites with 30 m average shear-wave velocity Vs,30 = 300 
m/s. PGA values increase from 0.13g at 25 yrs RP to 1.27g at 
2500 yrs, while Mw takes values from 6.5 at 25 yrs to 7.7 at 500 
yrs and beyond. 

Liquefaction-induced settlements due to reconsolidation of 
the reclamation fill are shown in Figure 7 as a function of PGA. 
One should note that these PGA values correspond to different 
return periods of the seismic action, as emphasized by the labels 
on the plot. For the sake of clarity, results are presented only for 
the CPT with the largest total settlement in each of the seven soil 
profile classes previously defined. Although the magnitude of 
predicted settlements changes significantly from one CPT 
location to another, the threshold for reconsolidation settlement 
triggering is similar at all locations. Design events with RP = 25 
yrs are sufficient to trigger settlements at several locations, and 
for RP = 50-100 yrs settlements due to reconsolidation of the fill 
essentially reach their maximum. Earthquake scenarios with 
greater RP do not result in further increase in fill settlements, 
although they could be expected to result in more severe loadings 
on the underlying alluvial deposits according to the predictions 
of the simplified liquefaction assessment. 
 

 
Figure 6. PGA and Mw values for sites with Vs,30 = 300 m/s for different 
return periods of seismic action (values from Cubrinovski et al. 2021). 

•
Kaikōura earthquake

•

settlements during the 2016 Kaikōura earthquake

Aotea Quay, during the Kaikōura earthquake. The coloured 
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Figure 7. Predicted settlements along Aotea Quay at selected CPT 
locations for PGA values representative of Wellington seismic hazard for 
different return periods. 

7  CONCLUDING REMARKS 

The paper discussed the characterization of hydraulic fills in the 
waterfront area of Wellington using CPT data and subsequently 
presented the results of simplified liquefaction triggering 
analyses to assess land performance for different earthquake 
scenarios. 

Characteristic soil layers were identified and characterized 
using values of cone tip resistance qc and normalized Soil 
Behaviour Type Index, Ic. From here, characteristic 25th-75th 
percentiles values of qc were established for the hydraulic fills as 
a function of Ic. In general, qc tends to increase as Ic decreases. 

Simplified profiles were grouped on the basis of: cumulative 
thickness of liquefiable fill; depth of liquefiable fill layers; Ic 
values of liquefiable fill. These soil profile classes were used as 
basis to map the spatial distribution of fills, and to scrutinize the 
results of liquefaction triggering analyses. 

Significant variations in the thickness of liquefiable fills are 
observed along Aotea Quay, presumably due to segregation 
occurring during placement of the fill materials and variations in 
the soils used in the reclamation process 

Liquefaction triggering analyses were performed using the 
empirical triggering relationships of Boulanger and Idriss (2016) 
for 16% probability of liquefaction. Results were presented in 
terms of liquefaction-induced reconsolidation settlements due to 
deformation of fill layers. For a Mw7.8 earthquakes scenario, 
settlement triggering is estimated to occur at PGA of 
approximately 0.10g, and maximum reconsolidation settlements 
are attained for PGA = 0.20g. Settlements are expected to 
increase as the thickness of fills with Ic < 2.6 increases. Locations 
with prevailing sandy-like fill (Ic < 2.2) are anticipated to 
undergo larger settlements than those with more abundance of 
fines-containing-like soils (Ic = 2.2-2.6). Predicted settlements 
for PGA = 0.24g are significantly larger than those effectively 
measured following the Kaikōura earthquake. This can be 
ascribed to some extent to the conservative assumptions adopted 
in the triggering analyses (use of deterministic relationship for 
CPT-based liquefaction resistance, high position of GWT). In 
addition to this, triggering and manifestations of liquefaction 
along Aotea Quay may have been mitigated by different 
phenomena associated with the significant variability in the 
vertical and horizontal direction of the hydraulic fill deposits, 
such as system response effects (Cubrinovski et al. 2019) and 
lateral constraint provided by non-liquefiable plastic soils. 

Liquefaction-induced settlements were estimated also for 
different earthquake excitations (expressed as PGA-Mw pairs) 
corresponding to the seismic hazard specific to Wellington. 
Settlement triggering is predicted to take place for a RP = 25 
years event, with maximum reconsolidation deformations in the 
fills being attained already at RP = 50-100 years. The results of 

the simplified analyses suggest that liquefaction episodes in the 
fills of Aotea Quay will occur frequently and within the design 
life of existing structures. 

There are clear differences between the observed settlements 
during the Kaikōura earthquake and those predicted by the 
simplified analyses. To further scrutinize the response of the 
liquefiable fills, high-quality (“undisturbed”) samples have 
recently been recovered from the Aotea Quay fills for testing in 
the laboratory, and further analyses will be performed using 
results from the laboratory tests within effective stress analyses. 
Such more rigorous scrutiny will allow to investigate, further 
explain, and enhance our current understanding and 
interpretation of the liquefaction response of the fills obtained in 
the preliminary considerations using simplified liquefaction 
analysis procedures. 
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