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ABSTRACT:  The Aotea Quay reclamation was constructed in the north west corner of 
the Wellington Harbour in the 1920’s and 1930’s.  A 10m high mass concrete seawall 
was constructed 300m from the foreshore.  The 300m wide lagoon formed was filled by 
pumping in silt and sand dredged from the harbour seaward of the seawall. 

Under the ultimate limit state design earthquake (rupture of the Wellington fault or 
similar) extensive ground damage of this reclamation could be expected, including 
toppling of the seawall, widespread liquefaction of the hydraulic fill, and lateral spreading 
of the reclamation toward the sea by a number of metres. 

The reclamation is currently occupied by port facilities, a road (Aotea Quay) and railway 
yards.  Mainfreight proposes to construct a 150m x 80m freight handling building on the 
landward side of the reclamation.  This paper discusses the assessment of potential 
ground deformation under serviceability and ultimate limit state design earthquakes and 
how these effects can be mitigated. 

Options considered included base reinforcement to limit differential lateral displacement 
of the building platform, and ground improvement of the reclamation to reduce the 
potential for liquefaction.  The selected option comprises ground improvement of an 8m 
wide strip along the seaward side of the building by driving 300mm diameter timber piles 
on a 1.2m x 1.2m grid.  These timber piles stiffen the ground reducing the potential for 
liquefaction, and penetrate the dense old seabed providing restraint against lateral 
spreading.  The design of the ground improvement and its expected performance are 
discussed. 

1 INTRODUCTION 

The Mainfreight Ltd freight handling building on Aotea Quay is currently being constructed.  The site 
is part of the Aotea Quay reclamation constructed in the 1920’s and 1930’s.  The reclamation was 
constructed by hydraulic filling behind a mass concrete seawall.  Silt and sand dredged from the 
harbour was pumped behind the seawall.  A cap of granular fill was placed over the hydraulic fill. 

The geotechnical investigations and assessment of the site indicated that under the ultimate limit state 
design (ULS) earthquake extensive ground damage as a result of liquefaction and lateral spreading 
could be expected.  

The preferred foundation option was to support the building on screw piles.  However, ground 
improvements were required to limit the damage to the building from lateral spreading to meet 
building code requirements.  These ground improvements consist of a 150m long, 8m wide strip of 
300mm diameter timber piles driven to a depth of approximately 6.0m along the seaward side of the 
building.  The ground improvements are expected to control differential displacement across the 
building as a consequence of lateral spreading to within acceptable limits.  The building may be 
extensively damaged; however it would not be expected to collapse. 
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2 SITE DESCRIPTION 

The site is located within the Wellington rail yards between Thorndon Quay and Aotea Quay, 
Wellington.  The site is 200 m west of the Aotea Quay Seawall.  It has been used as a freight container 
handing facility until recently.  A new freight handling building is currently being constructed at the 
site.   

The property to the south of the site is occupied by Westpac Stadium.  Extensive ground 
improvements were undertaken as part of the Westpac Stadium construction to mitigate liquefaction 
and lateral spreading.  Land to the east of the site contains buildings freight handling.  Land to the 
north is used as a freight facility.  Land to the west is railway yard.   

3 HISTORY OF RECLAMATION 

The site was constructed by reclamation between 1924 and 1932. A mass concrete retaining wall was 
constructed along what is now Aotea Wharf.  Sand and silt dredged from the harbour was pumped as a 
slurry behind the wall to form the reclamation.  The silt and sand settled out of the slurry.  The water 
was allowed to drain from the fill. This construction method resulted in a fill consisting of layers of 
silty clay, silt and sand.  The clays and silts are very soft to soft and range from highly plastic to non 
plastic. The sand is uniform, fine, loose. The hydraulic fill was capped with silty sandy gravel sourced 
from excavations in the adjoining weathered greywacke rock hills.  Construction of the reclamation is 
shown in Photographs 1 and 2. 

 
Photograph 1. Land reclamation, Thorndon, Wellington, circa 1925. Taken by an unidentified 
photographer. Evening Post Collection. Reference number: EP-0114-1/2-F. Alexander Turnbull Library, 
Wellington, New Zealand. 

4 PROPOSED DEVELOPMENT 

A new freight depot is proposed within the Wellington rail yards, adjacent to Aotea Quay.    The 
building has a total area of 11,400m², and the wider site that will be subject to works has a total area of 
2.4ha.  An airfreight pallet store will also be constructed at the southern end of the site, and a small 
workshop building will be constructed in the south-eastern corner.   
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Photograph 2. Newly reclaimed land, Thorndon, Wellington, 1930. Photographer unidentified. 
Evening Post Collection, Reference number: PAColl-6301-66, Alexander Turnbull Library, Wellington, 
New Zealand. 

5 GEOTECHNICAL INVESTIGATIONS 

Site investigations were undertaken between 12 May and 27 May 2010 and consisted of the following: 

• Boreholes to depths between 3.5m and 15.0m below ground level. Standard Penetration Tests 
(SPT) carried out at 1m centres. 

• Two standpipe piezometers where installed 

• Eleven Cone Penetration Tests (CPT) tests to refusal (between 2.5m and 6.5m depth).  Pre 
auger of the surface material (top 1.5m) was required at some locations to allow the CPT test 
to be undertaken. 

• Six test pits  

6 SOIL PROFILE 

Figure 1 presents a typical cross section of the site.  Table 1 summarises the soil profile. 

 
Figure 1. Typical Cross Section  
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Table 1.  Soil profile 

Layer Description Thickness 
(m) 

1 Surface fill; 

Silty GRAVEL, dense, fine to coarse, angular to sub angular.. 
1 - 1.5 

2a Hydraulic fill; 

Silty CLAY, SILT and SAND.   Clays and silts are very soft to soft and range from 
highly plastic to non plastic. Sand is uniform, fine, loose. 

3.5 - 4 

2b or Uncontrolled fill; 

Sandy silty GRAVEL.  Typically loose to medium dense. Contains wood, glass  and 
ceramic fragments. 

4 - 5 

3 Harbour bed deposits; 

Fine to medium SAND and sandy GRAVEL with shell fragments 
1-4 

4 Wellington Alluvium; 

Silty sandy GRAVEL.  Fine to medium, angular to sub angular.  Lenses of highly 
plastic compressible SILT. 

approx. 200 

5 Greywacke rock na 

7 SEISMIC PERFORMANCE  

7.1 Serviceability limit state earthquake 

Published data for historical earthquakes in the region (Refer Downes (1995)) since the construction of 
the reclamation includes records of 6 earthquakes since 1930 in the Wellington area which are 
assessed to have intensity greater than that for the serviceability limit state (SLS) design earthquake 
(25 year return period, peak ground acceleration 0.12g).   

The Modified Mercalli Intensity in Wellington during the 24 June 1942 (Masterton) earthquake has 
been assessed to be MMVI-VII by Downes (1995).  Newspapers reported subsidence of reclaimed 
land along the waterfront which caused cracks in walls of goods sheds and the decking of the wharves.  
There were no reports of widespread liquefaction (Refer Dellow and Perrin (1991)). 

The peak ground acceleration felt in Wellington as a result of the June 1942 earthquake (Masterton) 
has been assessed based on the felt intensity to be between 0.13g and 0.24g (Refer Wald et al (1999)).  
A value of 0.185g (60 year return period) was adopted in the comparative analysis which has been 
undertaken for the Mainfreight project.  The peak ground acceleration for the serviceability limit state 
earthquake (25 year return period) is assessed to be 0.12g (Refer NZS 1170.5:2004).  Based on this 
historical information it is concluded that under the SLS design earthquake liquefaction is expected to 
be unlikely. 

7.2 Ultimate limit state earthquake 

Under the ultimate limit state earthquake (ULS) 500 year return period (0.45g) widespread 
liquefaction could be expected.  The onset of liquefaction could be expected at a level of shaking 
equivalent to a 50 to 100 year event (0.16g to 0.22g).  

The potential consequences of liquefaction at this site include: 

• failure of foundations 

• uplift of buried services 

• sand boils 
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• settlement 

• lateral spreading 

During the initial cycles of the earthquake failure of the seawall adjacent to Aotea Wharf could be 
expected. As shaking leads to liquefaction of the reclamation fill, during later cycles of the earthquake, 
movement of the reclamation towards the harbour is likely.  This could be expected to appear as a 
scalloping type process back from the reclamation edge. 

An empirical method of predicting the magnitude of lateral spreading has been proposed by Youd et al 
(2002).  Lateral displacement at the site of greater than 1m could be expected as a consequence of 
ULS design earthquake. 

8 GROUND IMPROVEMENT DESIGN 

8.1 Foundation and ground improvement 

Due to the size of the site, the cost of ground improvement to mitigate liquefaction across the full 
extent of the site was cost prohibitive.   The preferred foundation and ground improvement option for 
the building was to support the building on screw piles extending through the liquefied soil layers, and 
to provide a strip of ground improvements to provide sufficient resistance to lateral spreading. 

With this option it was assessed that during the ULS design earthquake there was a high risk of 
liquefaction outside the area of ground improvements.  Differential settlement of the floor slab of the 
building could be expected.  The building would be supported on the screw piles.  Lateral spreading of 
the reclamation could be expected but differential lateral displacements would be limited to less than 
200mm across the width of the building.  It could be expected that the building may be extensively 
damaged during the ultimate limit state earthquake but the building would not collapse. 

8.2 Ground improvement design 

The concept for the ground improvement design was to stiffen the soil mass by driving a grid of 
timber piles so that during the design earthquake the shear strains in the soil were limited to prevent 
liquefaction.  

The cyclic shear stresses in the soil were estimated from the simplified procedure developed by Seed 
and Idriss (1971): 

τcyc 0.65
amax

g
⋅ σv⋅ rd⋅:=

 

where:  amax is the peak ground acceleration 

g is the acceleration of gravity 

σv is the total vertical stress 

rd is the value of stress reduction at the depth of interest 

The shear stains (γcyc) have been assessed by dividing the shear stress by the shear modulus of the soil 
at the cyclic strain G(γcyc): 

 
γ cyc

τcyc
G γ cyc( ):=

 
The shear modulus for the soil was estimated from CPT data using the empirical relationship 
developed by Rix and Stokoe (1991): 

Gmax 1634 qc( )0.25
σ'v( )0.375

:=  
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where:   qc is the CPT cone resistance in kPa 

σ’v is the effective stress in kPa 

A reduction factor (G/Gmax) of 0.5 for strains of 0.02 to 0.04 percent was used to estimate shear 
modulus at the cyclic strain level. Refer Figure 6.42 Kramer (1996). 

For the improved ground the shear modulus used in the analysis was the weighted average (by area) of 
the shear modulus for the soil between the timber piles and the shear modulus for timber piles.  A 
shear modulus of 0.71 GPa was used for timber piles.   

The spacing of the timber piles was determined to limit the assessed cyclic shear strains during ULS 
design earthquake (0.45g) in the improved ground to be less than those assessed during the Masterton 
earthquake (0.185g) where wide spread liquefaction was not observed.  The required stiffness of the 
improved ground was determined such that the shear strains during a 0.45g event were less than shear 
strains in unimproved ground during a 0.185g event.  The spacing of timber piles was determined to 
achieve this stiffness.  A 1.2m triangular grid spacing of the 300mm piles was concluded. 

8.3 Lateral spreading assessment 

The extent of the ground improvement was designed to provide sufficient lateral restraint to the 
ground to limit displacements during the ULS earthquake from lateral spreading.  The structural 
designer indicated that differential lateral displacements for the building should be limited to less than 
200mm. 

 
Figure 2. Lateral displacement Ambraseys and Menu 
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Lateral displacements were assessed using Newmark sliding block type analysis.  Ambraseys and 
Menu (1998) indicated that the yield acceleration needed to be greater than 0.17g to limit 
displacements to 200mm for the ULS design earthquake (0.45g) (Refer Figure 2).  Stability analysis 
indicated that an 8m wide strip of ground improvement was required to provide a yield acceleration of 
greater than 0.17g and thus limit lateral displacement to less than 200mm.   

8.4 Timber pile design 

The shear strength for the base of the ground improvements used in the stability analysis included the 
shear strength provided by the timber piles.  The piles are embedded into the dense seabed and alluvial 
deposits underlying the reclamation.  A laterally load pile analysis using the computer software L-Pile 
was undertaken to assess embedment requirements and design actions in the timber piles.  

To analyse the piles the ground adjacent to the piles was displaced and the design actions in the pile 
assessed.  The shear force provided by each timber pile was assessed for increasing ground 
displacements.  These shear forces and displacements where then used in the lateral spreading 
assessment. 

9 GROUND IMPROVEMENT CONSTRUCTION 

The simplicity of the construction was a major advantage of this method of ground improvement over 
other methods.  Readily available construction equipment was used and the construction was 
completed in approximately four weeks.   

To construct the timber pile ground improvements the contractor pre-augered through the surface fill.  
Then the piles were vibrated to the top on the dense harbour bed deposits.  The contractor then drove 
the timber piles with a drop hammer to achieve the required 1.2m embedment into the dense harbour 
bed deposits.  The top of the piles was then cut off to level. 

Due to the large number of timber piles used (approximately 1000) availability of timber piles was an 
issue.  A number of piles delivered to site had only recently been treated and were still very moist.  
Significant damage occurred to the top of the moist piles as they were driven.  However removal of 
one of these damaged piles revealed that the base of the pile was undamaged.  The damaged section of 
piles was above the cut off level. 

 
Photograph 3: Timber Pile Ground Improvements 
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10 CONCLUSIONS 

Liquefaction of the reclamation fill and lateral spreading towards the harbour could be expected at this 
site during the ULS design earthquake.  Without ground improvements lateral spread was expected to 
result in displacement greater than one metre.  Ground improvement over the entire site was not 
financially feasible.   

A 150m long, 8m wide strip of driven timber piles provided a cost effective means to mitigate the 
effects of liquefaction and lateral spreading at this site.  The objective of the design was to limit lateral 
spreading under the ULS design earthquake to the building tolerable limit of 200mm. The timber piles 
increase the stiffness of the soil mass reducing the shear strains during the design earthquake.  The 
design method compared the cyclic strains in the improved ground with a past seismic event where 
widespread liquefaction did not occur.   By embedding the timber piles into the underlying non 
liquefied soil layer the timber piles provided restraint against lateral spreading.   
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