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ABSTRACT 
 
The February 22nd 2011, moment magnitude Mw 6.3 earthquake that struck beneath the city of 
Christchurch, New Zealand caused widespread damage and was particularly destructive to the 
central business district (CBD).  The shaking caused major damage including collapses of structures, 
and initiated ground failure in the form of soil liquefaction and its effects such as sand boils, 
surface flooding, large differential settlements of buildings, and lateral spreading of ground towards 
rivers were observed.  A research project underway at the University of Canterbury to characterise 
the engineering behaviour of the soils in the region was influenced by this event to focus on the 
performance of the highly variable ground conditions in the CBD. This paper outlines the 
methodology of this research to characterise the key soil horizons that comprise the CBD that 
influenced the performance of important structures during the recent earthquakes, and will 
influence the performance of the rebuilt city centre under future events. The methodology follows 
post-earthquake reconnaissance in the central city, a desk study on ground conditions, site 
selection, and mobilisation of a post-earthquake ground investigation incorporating the cone 
penetration test (CPT), borehole drilling, shear wave velocity profiling and Gel-push sampling; 
followed by a programme of laboratory testing including monotonic and cyclic testing of the soils 
obtained in the investigation. The research is timely and aims to inform the impending rebuild; with 
appropriate information on the soils response to dynamic loading, and the influence this has on the 
performance of structures with various foundation forms. 
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1 INTRODUCTION 
 
A recent sequence of significant earthquakes affecting Christchurch, New Zealand (Mw 7.1, 4 Sept 
2010; Mw 6.3, 22 Feb 2011; Mw 6.0, 13 June 2011; Mw 5.9, 23 Dec 2011) resulted in large damage to 
the city and nearby townships, including widespread liquefaction and associated ground damage to 
the eastern half of the city and affecting the Central Business District (CBD).  Significant effort is being 
undertaken to repair and redevelop the city and to increase its resilience against future earthquakes. 
The University of Canterbury has a research programme to characterise the engineering behaviour of 
Christchurch soils that in light of recent events has focussed on the performance of CBD soils. The 
ultimate aim is to provide both regulators and practitioners a more informed basis for decision making 
for the rebuild of the city over the coming decade. Lessons learnt from in depth studies in the CBD will 
be transferrable to other regions in New Zealand with potential for ground damage during significant 
earthquake shaking. This paper presents a review of the ground conditions encountered in the CBD, 
and the initial phase of research-focused investigations into soils of interest.   
 
2 CHRISTCHURCH CBD GROUND CONDITIONS 
 
2.1 Post-quake Reconnaissance Mapping 
 
Following the September, February and June earthquakes, mapping work was conducted at various 
scales (aerial photography, drive-by, on foot) to identify the occurrence, extent and severity of 
liquefaction manifestation (sand boils, lateral spreading toward rivers, differential settlement of houses 
and buildings).  The September event  (Mw 7.1), which occurred on a fault some 30 km west of 
Christchurch resulted in extensive liquefaction primarily in low-lying (and high water table) recent 
fluvial deposits associated with the Avon River. The CBD had small isolated areas of minor 
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liquefaction manifestation.  However, on 22 February 2011, a major aftershock (Mw 6.3) was triggered 
on a fault located directly beneath the south east of the city. The combination of the close proximity 
and upward north direction of the reverse-fault movement resulted in significantly high amplitude of 
shaking, particularly the centre-east of the city.  Peak ground accelerations (PGA) recorded in the 
CBD were approximately 2x the 475-year return period values specified in the loadings code (NZS 
1170.5).  Along with the devastation to buildings caused by shaking and rock-fall damage (resulting in 
182 deaths), significant extensive and severe liquefaction was observed across many parts of the city, 
including areas that had exhibited no or only minor liquefaction during the prior event.  Figure 1A 
shows a map of Christchurch with areas affected by liquefaction during the respective earthquakes, 
and Figure 1B a view of the CBD.  The ground conditions within the upper 20 m soil profile vary 
considerably across the CBD, with areas of interbedded sand and gravel deposits, shallow gravels 
overlying sand, silty-sands/ sandy-silts over clean sand, silty clay and peat over sands and gravels. 
These soil profiles have strongly influenced the ground response to earthquake shaking, and the 
observed impact on buildings and infrastructure. 
 

 
Figure 1. (A) Suburban zones affected by liquefaction: 4 Sept ‘10 (white outline, lt. grey); 22nd

 Feb ‘11 divided into 
severe (dk. grey), moderate (lt. grey); 13 June ‘11 (black). Dashed line demarcates fault plane surface projection 
of 22

nd
 Feb event. (B) CBD zones affected by liquefaction (coding as before). Map data: Cubrinovski & Taylor 

2011, Cubrinovski & Hughes 2011, Google Inc. 2011. 

 
2.2 Ground Investigation in the CBD 

 
Following the 13 June aftershocks, a Cone Penetrometer Testing (CPT) programme was organised 
within the CBD by the University of Canterbury, in conjunction with the University of California, 
Berkeley. The aim being to determine ground conditions at sites where observed effects of liquefaction 
and cyclic soil softening had caused significant foundation damage to structures during the February 
event, but also to detail the changes in ground conditions between various identified “zones”, 
discretised approximately based on known soil profile and observed ground behaviour. In addition 
high quality sampling using new Gel-push technology was undertaken at two trial locations in the CBD 
for subsequent laboratory testing.  This paper discusses the methodology by which the soils are being 
characterised for their response to loading. 
 
One region affected severely by liquefaction is referred to as “K1”, situated on Kilmore Street between 
Colombo and Manchester Streets. Here liquefaction occurred in September, February and June 
events, with observed effects including significant sand boiling, slumping and ground settlement, 
causing differential settlements of 6-7 storey modern RC frame structures; one on shallow and the 
other piled foundations.  Figure 2 presents CPT profiles from the corners of one such building, 
materials over the upper 8 m comprise loose to medium dense interbedded silty fine sands & sandy 
silts (reworked fluvial deposits of eroded greywacke/ argillite; comprising quartz, feldspar, trace mica, 
trace organics), with non-plastic fines contents ranging from 20-80%, below this level medium dense 
to dense clean medium sands (near-shore /marine origin, predominantly quartz) occur to approx. 20 m 

 
nd

“ ”

“ s”

CBD 

Waimakiriri R. 

Avon R. 

Heathcote R. 

(A) (B) 

Kilmore Street 

Moorhouse Ave 

F
it
zg

er
al

d 
A

ve
 

R
o

lle
st

o
n 

A
ve

 

Avon R. 

Site K1 

Bealey Ave 

C
o
lo

m
b
o
 S

tr
ee

t 

M
an

ch
es

te
r 

St
re

et
 

ANZ 2012 Conference Proceedings 723



depth where gravels occur with artesian water pressures. Material that comprises the sand boils at the 
ground surface was clearly from the silty-sand materials contained within the upper 8 m, however it is 
unclear the contribution of the cyclically generated excess pore water pressures in the medium dense 
and dense marine sands and artesian pressures within deeper gravels to the development of the 
upward hydraulic gradient that caused sand boiling/ post shaking. 
 

 
Figure 2. CPT profiles at the four corners of the building at site K1; cone resistance qc; cone friction fs; pore water 
pressure, u; friction ratio, Fr. The black CPT trace is closest to the sampling borehole at SE corner of the building. 

 
3 ELEMENT TESTING OF CHRISTCHURCH SOILS 

 
There has been little testing of the cyclic strength of Christchurch soils recorded in the literature, with 
none routinely carried out by engineering practitioners, an exception being the recent study by Rees 
(2010). Researchers and practitioners generally favour in situ penetration tests (i.e. CPT qc), in 
combination with well-known published correlations to cyclic resistance (CRR).  This is principally due 
to additional costs associated with sampling and testing, but also the known importance of in situ 
characteristics (age, gradation, structure, stress history) that contribute to a soil’s unique fabric 
(arrangement of particles).  In situ test methods may to some extent account for these effects 
inherently, unlike laboratory testing of reconstituted sand samples where an artificial fabric is 
recreated.  However, as noted by Ishihara & Harada (2008) there may be significant discrepancies in 
CRR-N and CRR-qc correlations between a specific soil, and the published empirical correlations.  
There is also debate in the literature over the effects of fines on the cyclic resistance.  This suggests 
that researching cyclic resistance from first principles rather than relying solely on published 
correlations should yield improvements in the characterisation of Christchurch soils that ultimately 
benefits modelling work.  This calls for the testing of high quality undisturbed samples to capture the 
effect of natural soil fabric effects on the cyclic and monotonic stiffness and strength characteristics. 
 
3.1 Gel-push sampling  
 

A new technique for obtaining high quality undisturbed samples using a “Gel-push” sampler was used 
for the first time in NZ during the investigation as a lower cost alternative to ground freezing. The 
technology has been developed over the last decade in Japan (Kazuo and Kaneko, 2006) and also 
trialled in Taiwan (Huang et al., 2008). A 70 mm ID Osterberg piston type sampler, modified for use 
with the gel-polymer, was used primarily in the loose to medium dense sands encountered in the 
upper 20 m of the profile at site K1. Figure 3 present photos taken during the operation. 
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Figure 3: Left to right: Drilling and sampling in Christchurch CBD August 2011; sampler retrieval; disassembly of 
sampler; extraction of PVC sample tube (note gel-polymer film).  

 
Huang et al. (2008) showed comparison of field (sCPTu) and lab (bender element) measurements of 
shear wave velocity, Vs, with good agreement; suggesting minimal disturbance using the technique. 
Unpublished data presented by Lee (2011) from cyclic testing of GP acquired samples of silty sands of 
fluvial origin in Taiwan suggest fabric of the soil is well preserved, with undisturbed samples exhibiting 
higher cyclic strengths than reconstituted samples tested at the same relative density. This is 
consistent with results from frozen samples in the literature. 
 
3.2 Proposed Characterisation Method 
 
The laboratory testing of samples is being conducted to calibrate an advanced constitutive soil model 
capable of modelling the salient features of cohesionless soil response to monotonic and cyclic 
loading (Stress-Density Model, Cubrinovski and Ishihara, 1998a, Cubrinovski and Ishihara, 1998b).  
The model utilises a critical state framework with the input stiffness parameters that define the stress-
strain curve dependant on the state of the soil (i.e. position relative to the Critical State Line (CSL) in 

e:p’ space), by means of the State Index Is (analogous to state parameter ). This enables the model 
to elegantly capture stress path and stress-strain response regardless of density and confining stress 
with a single governing set of parameters. The model requires derivation of the CSL, stress strain 
curves for varying soil state (i.e. both loose and dense), and the cyclic resistance curves (to calibrate 
stress-dilatancy parameters for cyclic loading).  These parameters are most readily obtained by 
performing monotonic and cyclic testing (either triaxial or direct simple shear).  The CSL may be 
classified from undrained tests on loose reconstituted specimens performed at varying confining 
stresses.  However stress-strain curves and liquefaction resistance are fabric-dependant and require 
calibration to undisturbed specimens in the first instance, supplemented with high quality in situ tests 
(e.g. sCPTu, sDMT).   
 
3.3 Testing Methodology 
 
3.3.1 Test Preparation 
The samples are extruded from the sample tubes and cut to length (~120 mm) for storage prior to 
testing (Figure 4).  The individual samples are assessed for sampling disturbance, described, 
weighed, measured, labelled, photographed, wrapped in cling-film, and stored in containers designed 
to maintain an even humidity and prevent the samples drying out.  Prior to testing, samples are 
trimmed to 100x50 mm cylinder (height x dia.) using a straight edge (sashimi knife).  Figure 4 shows 
the trimming operation and excellent preservation of the natural soil structure.   

  
Figure 4: Left to right: cutting samples to size with wire-saw; trimming with sashimi knife; final trimmed sample 
showing natural structure (silt laminations, sand horizons preserved). 
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The trimmed samples are weighted and measured with a vernier, and a sample membrane is placed 
over the sample, before placement in the triaxial apparatus. The apparatus is modified to allow for 
sensitive dynamic measurements and application of stress or strain controlled dynamic loading of a 
user specified frequency and amplitude. Samples are saturated, firstly with CO2, followed by de-aired 
water, with Skempton B values in excess of 0.97 being typical.  A back-pressure of 200 kPa was 
adopted to facilitate good saturation prior to testing. 
 
3.3.2 Consolidation and Testing 
For reasons of simplicity; to enable ease of comparison with existing reconstituted testing on 
Christchurch sands; uncertainty with in situ stresses; and recognised differences in loading regime 
between triaxial and simple shear condition, the testing was performed isotropically (i.e. Kc assumed to 
be unity). Figure 5 presents a typical test result for a single cyclic triaxial test, showing applied 
sinusoidal loading, and stress and strain response, including development of excess pore water 
pressure.  A typical suite of three tests performed on similar soils (composition, depth) at different 
cyclic stress amplitudes enables an indicative cyclic strength curve (CRR vs. N) to be developed (refer 
Figure 6A) 
 
4 INITIAL RESULTS 
Some 28 GP-acquired samples have been tested from site K1 under both monotonic and cyclic 
loading, principally between 2 and 4 m depth and 10-12 m depth. For comparison purposes, values of 
the CRR corresponding to 15 significant cycles (CRR15) have been derived from the curves developed 
for K1 series tests. They have been factored as recommended by Idriss and Boulanger (2008) to 
account for mode of testing (isotropically consolidated, unidirectional triaxial loading), vs. field 
condition (normally consolidated, bi-directional simple shear loading), and normalised to 1 atm. These 
corrected values are plotted and compared to the estimation of CRR15 from the empirical methods of 
both Robertson & Wride (1998) and Idriss and Boulanger (2008) based on CPT resistance, 
normalised for overburden stress and corrected for fines content by means of the soil behaviour type 
index Ic (R&W98) or measured fines content (I&B08).  The latter method has been plotted for 
probabilities of liquefaction of 15%, 50% and 85% after Idriss and Boulanger (2010), indicative of the 
level of conservatism in the deterministic empirical equations.  The laboratory test results plot above 
all empirical estimates in part due to this conservatism, but also due to some sampling induced 
disturbance. It is also notable that the R&W98 method is more conservative than the I&B08 method. 
 

 
Figure 5: Cyclic triaxial (CTX) results plotted for a silty sand (17% fines content) within upper 7m of K1. Plots 
include applied stress ratio, resulting effective stress-path, stress-strain response and development of strain and 
excess pore pressures with number of loading cycles. Dot indicates 5% double amplitude strain (cyclic strength 
criteria). 

 
5 DISCUSSION AND PROPOSED WORK 
The results and initial interpretation presented in this paper are preliminary only. On completion of the 
testing phase further detailed interpretation and characterisation for the SD model will follow, and 
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finally modelling past and potential future earthquakes on the soil profiles at selected sites in the CBD, 
and implications of different foundation form on structure performance will be investigated. Of 
importance highlighted in this paper is the interpretation of both lab and field based data for modelling 
must account for the inherent conservatism in empirical methods. 

 
Figure 6 (A): Cyclic strength curve comprising 3 No. CTX tests to 5% double amplitude strain. Silty-sand from 4m 
depth at K1. DR ~60% (54-70%), fines content 15-40%. (B) CRR15 est. from CPT empirical methods compared to 
CTX, and est. CSR15 from recent quakes (CBD recording station REHS). 
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