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ABSTRACT
Liquefaction-induced lateral spreading in large seismic events often results in pervasive and costly
damage to engineering structures and lifelines, making it a critical component of engineering
design. However, the complex nature of this phenomenon leads to designing for such a hazard
extremely challenging and there is a clear for an improved understanding and predicting
liquefaction-induced lateral spreading. The 2010-2011 Canterbury (New Zealand) Earthquakes
triggered severe liquefaction-induced lateral spreading along the streams and rivers of the
Christchurch region, causing extensive damage to roads, bridges, lifelines, and structures in the
vicinity. The unfortunate devastation induced from lateral spreading in these events also rendered
the rare opportunity to gain an improved understanding of lateral spreading displacements specific
to the Christchurch region.
As part of this thesis, the method of ground surveying was employed following the 4 September
2010 Darfield (Mw 7.1) and 22 February 2011 Christchurch (Mw 6.2) earthquakes at 126 locations
(19 repeated) throughout Christchurch and surrounding suburbs. The method involved
measurements and then summation of crack widths along a specific alignment (transect) running
approximately perpendicular to the waterway to indicate typically a maximum lateral displacement
at the bank and reduction of the magnitude of displacements with distance from the river. Rigorous
data processing and comparisons with alternative measurements of lateral spreading were
performed to verify results from field observations and validate the method of ground surveying
employed, as well as highlight the complex nature of lateral spreading displacements. The welldocumented field data was scrutinized to gain an understanding of typical magnitudes and
distribution patterns (distribution of displacement with distance) of lateral spreading observed in
the Christchurch area. Maximum displacements ranging from less than 10 cm to over 3.5 m were
encountered at the sites surveyed and the area affected by spreading ranged from less than 20 m to
over 200 m from the river. Despite the highly non-uniform displacements, four characteristic
distribution patterns including large, distributed ground displacements, block-type movements,
large and localized ground displacements, and areas of little to no displacements were identified.
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Available geotechnical, seismic, and topographic data were collated at the ground surveying sites
for subsequent analysis of field measurements. Two widely-used empirical models (Zhang et al.
(2004), Youd et al. (2002)) were scrutinized and applied to locations in the vicinity of field
measurements for comparison with model predictions. The results indicated generally poor
correlation (outside a factor of two) with empirical predictions at most locations and further
validated the need for an improved, analysis- based method of predicting lateral displacements that
considers the many factors involved on a site-specific basis. In addition, the development of
appropriate model input parameters for the Youd et al. (2002) model led to a site-specific
correlation of soil behavior type index, Ic, and fines content, FC, for sites along the Avon River in
Christchurch that matched up well with existing Ic – FC relationships commonly used in current
practice.
Lastly, a rigorous analysis was performed for 25 selected locations of ground surveying
measurements along the Avon River where ground slope conditions are mild (-1 to 2%) and
channel heights range from about 2 – 4.5 m. The field data was divided into categories based on
the observed distribution pattern of ground displacements including: large and distributed,
moderate and distributed, small to negligible, and large and localized. A systematic approach was
applied to determine potential critical layers contributing to the observed displacement patterns
which led to the development of characteristic profiles for each category considered. The results
of these analyses outline an alternative approach to the evaluation of lateral spreading in which a
detailed geotechnical analysis is used to identify the potential for large spreading displacements
and likely spatial distribution patterns of spreading. Key factors affecting the observed magnitude
and distribution of spreading included the thickness of the critical layer, relative density, soil type
and layer continuity. It was found that the large and distributed ground displacements were
associated with a thick (1.5 – 2.5 m) deposit of loose, fine to silty sand (qc1 ~4-7 MPa, Ic 1.9-2.1,
qc1n_cs ~50-70) that was continuous along the bank and with distance from the river. In contrast,
small to negligible displacements were characterized by an absence of or relatively thin (< 1 m),
discontinuous critical layer. Characteristic features of the moderate and distributed displacements
were found to be somewhere between these two extremes. The localized and large displacements
showed a characteristic critical layer similar to that observed in the large and distributed sites but
v

that was not continuous and hence leading to the localized zone of displacement. The findings
presented in this thesis illustrate the highly complex nature of lateral displacements that cannot be
captured in simplified models but require a robust geotechnical analysis similar to that performed
for this research.
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1.
1.1

INTRODUCTION

Overview

Large magnitude earthquakes have historically caused devastating damage to engineering
structures as a result of permanent ground deformations induced by soil liquefaction (e.g. 1964
Niigata Earthquake, 1995 Kobe Earthquake, 2011 Christchurch earthquakes). While liquefaction
can trigger a variety of ground failures resulting in settlements, sink holes, and sand boils,
liquefaction-induced lateral spreading is arguably one of the most severe consequences of this
phenomenon, and therefore it is a critical concern in geotechnical engineering. However, the
highly complex nature of lateral spreading makes the engineering designing for such a hazard quite
difficult and challenging task. Relatively simple empirical models which are commonly used in
current practice for predicting lateral spreading are associated with serious shortcomings and
relatively poor accuracy in the prediction, with accuracy of estimates typically about a factor of
two. Other more complex methods for predicting lateral spreading based on numerical modelling
have also been developed but are equally challenging for most engineering applications. There is
a clear need for an improved understanding and analysis approach to predicting liquefactioninduced lateral spreading for engineering purposes.
The extensive liquefaction triggered by the 4 September 2010 (Mw 7.1) and 22 February 2011 (Mw
6.2) Canterbury (New Zealand) Earthquakes throughout Christchurch and surrounding areas
provided a unique opportunity to document and analyze key characteristics of lateral spreading
that occurred along the streams and rivers in the area. Following these events, extensive lateral
spreading data was collected at 126 locations (transects) along the Avon and Heathcote Rivers of
Christchurch, and in the nearby township of Kaiapoi, as well as a small suburb area of Spencerville.
The employed method of ground surveying involved measuring ground cracks and their respective
location or distance to the river. The well-documented field data obtained in this study was
scrutinized to gain an understanding of typical magnitudes and distribution patterns (distribution
of displacement with distance) of lateral spreading observed in the Christchurch area as well as the
complex nature of these permanent ground displacements.
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As part of significant research efforts following the Canterbury Earthquakes, abundant highquality subsurface, topographic, and seismic data became available throughout the Christchurch
region (CGD, 2013f). The comprehensive high-quality datasets allowed for excellent
characterization of the geotechnical, topographic, and seismic demand conditions at many of the
locations investigated in the lateral spreading ground surveying efforts. These data could then be
used to perform in-depth analyses including comparisons of field observations with empirical
model predictions, and development of characteristic profiles leading to classification of various
observed ground-displacement patterns.
While a vast number of publications have been produced since the Canterbury earthquakes
highlighting various seismic, geologic, and geotechnical issues relating to these events, the
research presented in this thesis uniquely focuses on the abundant ground survey data collected as
part of this work, and subsequent analysis and interpretations of the lateral spreading data,
supplemented by additional relevant work from others.
1.2

Scope of Work, Contributions, and Objectives

1.2.1 Field Documentation of Lateral Spreading following the Canterbury Earthquakes
A major contribution of this work is the detailed ground surveying and resulting data at 126
locations throughout Christchurch and surrounding suburbs. The thorough documentation of
thousands of cracks and their respective location and distance from the river can be used to
understand the magnitude and distribution of permanent spreading displacements at the various
sites considered. In addition, the relatively simple method of ground surveying allows for physical
measuring of the ground distortion at the site and detailed crack mapping including widths, depths,
vertical offsets and extent of fissures encountered in the field.
The results of the ground survey data were verified through comparisons of additional field and
alternative measurements provided by others (where available) including results from geodetic
surveying, LiDAR (using pre- and post-quake LiDAR data), and aerial photogrammetry (using
pre- and post-quake aerial photographs). The scrutiny of these alternative datasets also highlighted
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advantages and shortcomings of each of these methods, as discussed in Chapters 3 and 4. The
fortuity of various forms of lateral spreading displacement measurements available in the vicinity
of many of the field observations helped to identify ground survey sites with more reliable and
high-quality field data that can be used in rigorous analysis as opposed to sites where complicated
spreading patterns or lack of sufficient information made them more difficult to interpret.
The ground survey data and field observations were used to identify characteristic distribution
patterns of lateral spreading. The subsequent analyses of these data in conjunction with
geotechnical data and liquefaction analyses were used to scrutinize possible links between the
observed spreading features and ground conditions including specific critical soil layers as
principal contributors to the spreading displacements.
1.2.2 Scrutiny of Empirical Models
Another objective of this work involved the scrutiny of empirical models currently used in practice
in lateral spreading evaluation, developed by Zhang et al. (2004) and Youd et al. (2002).
Comparisons of field measurements and model predications were performed at 72 locations where
the collated seismic, geotechnical, and topographic data was available. The analysis not only
offered an opportunity to assess model performance but also to investigate the sensitivity of
estimated displacements to various input parameters highlighting the relative influence of the
parameters and associated uncertainty.
One significant bi-product of this analysis was the development of an area-specific FC-Ic (fines
content – soil behavior type index) relationship. Namely, in order to apply the lateral spreading
model of Youd et al. (2002) to the investigated sites, a relationship was developed between the
CPT-based parameter, Ic, and fines content, FC, using data obtained along the Avon River in
Christchurch. This relationship is also used in liquefaction triggering analysis, e.g. Boulanger &
Idriss (2014), and hence the significance of the site-specific correlation developed herein for such
applications.
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1.2.3 Analysis of Critical Layers Contributing to Lateral Spreading
The principal objective of this thesis was to better understand and characterize lateral spreads for
the purpose of engineering evaluation. This involved identifying key geotechnical, seismic, and
topographic parameters potentially contributing to the observed liquefaction-induced lateral
spreading displacements patterns observed in the ground surveying. Rigorous analysis and
interpretation of site conditions were then performed at selected field measurement locations along
the Avon River in Christchurch to identify the relations between characteristic spreading features
observed in the field and critical soil layers that were associated with such lateral spreads. The
findings identify principal factors and provide guidance for geotechnical evaluation that allows to
separate conditions leading to large-displacement spreads from those resulting in negligible
spreading displacements including some intermediate cases.
1.3

Thesis Structure

This thesis is presented into eight chapters. Chapter 2 provides a literature review of liquefactioninduced lateral spreading discussing the mechanism of liquefaction and lateral spreading, and
factors affecting soil’s resistance to liquefaction and subsequent lateral spreading. Case histories
are presented including several involving the method of ground surveying adopted in this study.
Currently available predictive models are also discussed with an emphasis on the clear need for
improved methods for predicting lateral displacements.
As this thesis focuses on lateral spreading in the Canterbury Earthquakes, a background to the
topographic, geologic and seismic conditions in the area is provided in Chapter 3. This chapter
also summarizes the manifestation of liquefaction and consequential lateral spreading damage
observed in Christchurch and surrounding areas during the 2010 – 2011 Canterbury Earthquake
sequence. Extensive ground crack maps and evidence from other sources such as interpretations
from LiDAR data are presented and discussed with respect to a more global understanding of areas
affected by lateral spreading. The overview also underlines the effects of topography, historic site
conditions, and geology on the observed lateral displacements.
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With a general idea of the typical damage from lateral spreading and general areas affected
throughout Christchurch and Kaiapoi, Chapter 4 introduces the method of ground surveying which
yielded detailed documentation of lateral spreading at 126 locations following the September 2010
and February 2011 earthquakes. This data provides the foundation for understanding the
characteristics of spreading displacements, and then for the subsequent geotechnical analyses
presented in this thesis. The ground surveying method is described in detail and validated through
comparisons with alternative methods of measuring permanent lateral ground displacements.
Chapter 5 summarizes the findings from the ground surveying efforts with respect to each area
investigated, bringing attention to the magnitude and extent of spreading, topographic conditions,
and the distribution of measured displacements with distance from the waterway. The results
indicated several types of distribution patterns observed from the field data and exemplify the
complex nature of lateral spreading.
Chapter 6 looks at two empirical models commonly used in current practice to predict lateral
displacements and compares model predictions with field observations at a number of locations.
Shortcomings of the models and possible reasons for disagreement are discussed including
parameter sensitivity and associated uncertainties.
Chapter 7 rigorously examines groups of selected transects along the Avon River (similar geologic
and seismic demand) which exhibited similar deformation patterns (similar spreading
distributions) during the earthquakes. Transects including large distributed spreads, moderate
spreads, small to negligible movements, and localized failures are considered. Potentially critical
layers likely to have caused the observed displacements (or lack of movement) are identified and
defined in terms of layer thickness, continuity, relative density, and factor of safety against
liquefaction triggering. Characteristic profiles are then developed which aim to depict in simplified
fashion key soil profile characteristics associated with different spreading features. Lastly, the
significant findings from the sequence of analyses explored in the proceeding chapters are
summarized in Chapter 8.
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Appendix A through H provide supplemental data used to develop the findings presented in this
thesis and are referenced throughout the document. Most of the appendices are provided as part of
the thesis body with the exception of the electronic Appendix B which provides details of the field
data obtained at each location investigated by ground surveying.

6

2.
2.1

LITERATURE REVIEW

Introduction

Liquefaction can be one of the most severe causes of damage to structures and lifelines in an
earthquake. As the soil deforms or “liquefies,” several effects can occur such as ground distortions,
global and differential settlements, sand boils, flow failures, and lateral spreading. This thesis study
will focus on the lateral spreading that occurred in the 2010 Darfield and 2011 Christchurch
earthquakes proximate to the streams and rivers within the liquefied areas of Christchurch and
surrounding suburbs. As stated above, in order for lateral spreading to occur, the subsurface soils
must liquefy. Thus, it is important to first have an understanding of the initial liquefaction process
before beginning to understand its damaging effects such as lateral spreading. This chapter
presents an overview of the liquefaction process and lateral spreading mechanisms, current
methods used in predicting such lateral displacements, and investigates several case histories
where lateral spreading occurred.
2.2

Liquefaction Evaluation Procedures

Records of liquefaction date back more than 100 years. Liquefaction-induced failures during the
1906 San Francisco Earthquake caused significant damage to many of the pipelines in the central
city which contributed to the devastating fires that broke out after the earthquake (Youd & Hoose,
1976). In New Zealand, the effects of liquefaction records date back to the 1901 Cheviot
earthquake as found in newspaper records (Brown & Weeber, 1992). However, it was the events
of 1964 which sparked significant world-wide interest and concern for this geotechnical hazard.
The 1964 Niigata (Japan) and the 1964 Alaska earthquakes induced widespread liquefaction,
unprecedented within the recent years. The large-scale liquefaction which occurred in these events
lead to failures of building foundations, collapse of bridges like the Showa Bridge (Japan), sand
boils, and floating of buried tanks and light-weight structures (Hamada et al., 1987). Subsequent
seismic events around the world have resulted in similar detrimental effects. As a result, the study
of liquefaction has evolved over the years in an attempt to comprehend and prevent this
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phenomenon from future destruction of engineering structures and include, for example, earlier
works such as Seed and Idriss (1971) and Seed and Idriss (1982) to more recent publications such
as Boulanger and Idriss (2014).
2.2.1 General Process
Liquefaction occurs in saturated cohesionless soils as a result of undrained cyclic loading. In a
drained condition, loose sand is prone to densify under shaking and consequently a reduction in
volume. However, when water drainage is prevented (as in an undrained condition), the particles
attempt to push the water away in order to realign in a denser state and, in turn, generate excess
pore water pressure. This extra pore pressure reduces the effective stress in the soil and eventually
causes the soil particles to fully separate and be in suspension, creating a zero effective stress
condition referred to as liquefaction (excess pore pressure = vertical effective stress). During this
process, shear strains begin to develop in the soil, becoming large at the point of liquefaction.
Figure 2-1 (Haskell et al., 2012) exemplifies this behaviour with a time history of pore pressure
development in a liquefied soil during shaking and the corresponding cyclic stress-strain (τ - γ)
behaviour of the soil at different phases. As pore pressure begin to rise, the soil begins to lose
strength and small shear strains develop (b) and become large at the point of liquefaction (c).
Because of the significant loss of stiffness and strength during liquefaction, the process can lead
to very large ground deformations which can be extremely damaging to engineering structures and
lifelines. Extensive research has been dedicated to identifying key factors influencing a soils
resistance to liquefaction, a few of which are discussed below.

8

Figure 2-1. Illustration of excess pore water pressure in liquefied soil during seismic shaking and
corresponding stress strain behaviour of soil at different stages during the process (Haskell et al., 2012)

2.2.2 Soil Susceptibility to Liquefaction
There are many factors that affect a soils resistance to liquefaction in a significant seismic event
including the demand on the soil, or the induced cyclic shear stress, and the soils ability to resist
liquefaction based on the geotechnical, geologic, and in-situ conditions. It is important to
understand what factors influence a soil’s susceptibility to liquefaction, as this directly relates to
the potential for subsequent damaging effects such as lateral spreading.
Relative Density
One of the most obvious factors affecting soil’s resistance to liquefaction is relative density. As
presented in Idriss and Boulanger (2008), results of laboratory tests reported by De Alba et al.
(1976) show the number of cycles required to induce liquefaction for several samples of varying
relative densities and same initial confining pressure increased with relative density for a given
cyclic stress ratio. Not only does the relative density affect the liquefaction resistance, but also the
associated deformations. Ishihara and Yoshimine (1992) summarizes the results of laboratory
testing on clean sands of varying relative densities subject to liquefaction; the post-liquefaction
volumetric strains are presented with respect to maximum shear strains in Figure 2-2 and indicate
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a significant reduction in deformation (volumetric strain) with increasing relative density. It is
important to note that, while the figure infers sands of up to 90% relative density to liquefy, these
results reflect a laboratory testing setting, where the soil specimens are subject to repeated uniform
cycles of high amplitude loading. The applied high demand combined with the laboratory sample
preparation methods and consequent fabric result in liquefaction of the higher relative density soils
(Dr = 90%) that would likely not occur in nature. In a natural setting, sands with sufficient density
will not reach complete liquefaction or zero effective stress due to the dilatant properties of the
material and relatively lower demand of actual ground motions as compared to uniform-amplitude
loading employed in laboratory tests. The results such as those presented in Figure 2-2, along with
others relating maximum shear strains and factor of safety against liquefaction, are discussed in
subsequent sections with respect to semi-empirical modelling and laboratory testing to improve
understanding and prediction of lateral spreading.

Figure 2-2. Post-liquefaction volumetric strain versus maximum shear strains of clean sands at varying
relative densities (Ishihara & Yoshimine, 1992)

In addition, many empirical procedures for evaluating a soil’s liquefaction resistance are based on
penetration testing (e.g. SPT, CPT) which indirectly provide an indication of the soil’s relative
density. Details of some these triggering procedures, such as Idriss & Boulanger (2008), are
discussed in Section 2.2.3.
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Effects of Soil State and Soil Type
The effect of initial confining stress has also shown to influence soil resistance with a higher cyclic
stress required for liquefaction in samples with higher consolidation stresses as seen in laboratory
test results provided by Vaid and Sivathayalan (1996) and presented in Idriss and Boulanger
(2008). The data also showed that while the cyclic stress to cause liquefaction increased, the actual
soil resistance decreased with increasing effective consolidation stress. The effects of overburden
stress and its effects on the soil resistance is an important factor that is typically taken into account
(via correction factors) in calculating liquefaction resistance.
Studies have shown that soils with a very wide range of particle sizes, from gravels to silts, are
susceptible to liquefaction. Many studies have been performed to determine the effects of fines
content on liquefaction resistance, e.g. Bray & Sancio (2006), Boulanger & Idriss (2006),
Cubrinovski et al. (2010b). Common practice considers a fines correction factor in liquefaction
resistance calculations in order to modify parameters, such as SPT blow counts or CPT tip
resistance, to an equivalent “clean-sand” resistance. This typically involves increasing the
resistance used in the calculation for a given soil with significant fines content. In general, high
plasticity soils (clay) behave differently given their different soil structure and are considered nonliquefiable.
Initial Shear (Gravity-Induced Shear Stresses)
Topographic conditions or the existence of static shear stress will also affect a soils response to
liquefaction. For example, Figure 2-3 provides the results of test data from Boulanger et al.
(Boulanger et al., 1991), as presented in Idriss & Boulanger (2008), from a medium dense sand
specimen with an initial static shear stress subject to undrained cyclic loading. The results show a
significant increase in the magnitude of shear strain developed over a relatively short time, with a
maximum shear strain of about 12% occurring at just over 25 cycles.
The presence of an existing static shear stress is clearly influential and must be taken into account
when assessing liquefaction on steep sloping ground or with a significant free-face condition where
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static shear stresses are large, such as embankment dams. Correction factors, typically referred to
as Kα factors, have been developed for adjusting liquefaction resistance as a function of the initial
static shear stress ratio resistance to account for such biased stress conditions; Idriss & Boulanger
(2008) and Youd et al. (2001) provide recommendations for such factors. However, for the
majority of lateral spreading cases, where ground conditions are level or mildly sloping and freeface heights are relatively small, static shear stress ratios are typically small and their effects are
commonly omitted in the liquefaction factor of safety analysis (Idriss & Boulanger, 2008).

Figure 2-3. Undrained cyclic loading of saturated medium dense sand with initial static shear stress ratio
of 0.31 based on test data from Boulanger et al. (Boulanger et al., 1991), as presented in Idriss and
Boulanger (Idriss & Boulanger, 2008)

Geologic Conditions (Soil Fabric, Aging Effects)
Soil fabric refers to the arrangement of soil particles. It is a state parameter that can be difficult to
quantify as it is influenced by a number of factors including the deposition environment, particle
size, stress history, aging (small changes in the microstructure of sand particles and cementation
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over time), among other factors. The effect of fabric on the behaviour of sand subject to shearing
has been studied in the laboratory through various sample preparation methods, analogous to the
method of deposition of soils in nature. The results have shown a clear influence of soil fabric on
soil response (Jefferies & Been, 2006; Vaid & Sivathayalan, 2000). However, it should be noted
that, as discussed by Olson and Mattson (2008), the influence of fabric is only apparent at small
strains and as the soil undergoes large deformations, such as in lateral spreading or flow failure,
these effects of fabric are erased in the soil undergoing large strains.
Groundwater and the distribution of pore pressures during cyclic loading is a key factor in
triggering liquefaction. The presence of impermeable clay layers versus a permeable gravel layers
among a liquefiable sand will create very different drainage scenarios during seismic shaking and
therefore different liquefaction potentials. Research has shown that in some cases the presence of
“crust” layer, or non-liquefiable soil overlying the liquefied material, can minimize the ground
surface disruption from liquefaction, e.g. Ishihara (1995), Youd & Garris (1995). The thickness of
this layer with respect to the thickness of the liquefied zone has shown some trend in the observed
damage resulting from liquefaction and can be a function of the depth to groundwater (because the
unsaturated material above the groundwater table is not liquefiable) or material type overlying the
liquefiable layer (dense soils or high plasticity material). However, it is important to note that these
crust-effect related findings are limited to level-ground liquefaction where hydraulic fracturing
may occur and where there is no potential for lateral spreading.
In addition, specific geologic processes such as alluvial deposition, often result in widespread
deposits of granular materials susceptible to liquefaction. The age of the deposit also affects its
resistance to liquefaction. Youd and Perkins (1978) provide a summary table of soil susceptibility
for various geologic deposits with respect to age, provided in Table 2-1. The table indicates a
general decreasing risk of liquefaction with increasing age of the deposit with the majority of soils
with moderate to high susceptibility corresponding to Holocene and more recent deposits. As
described in Chapter 3 of this thesis, the geologic environment of Christchurch predominantly
consists of Holocene and younger alluvial, flood plain, and dune sand deposits, shown in Table
2-1 to have generally a medium to high potential for liquefaction.
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Table 2-1. Summary of liquefaction susceptibility based on soil deposition and age after Youd and Perkins
(1978), as presented in Idriss and Boulanger (2008)

2.2.3 Triggering Analysis
As discussed above, there are many factors to be considered when determining whether a soil will
liquefy in a given seismic event; this makes for predicting liquefaction a difficult task. Though
countless laboratory tests have been performed to help in understanding the liquefaction process
and observed deformations, the conditions in the field are much more complex and results from
laboratory testing cannot always be directly applied in the field. However, advancements in
research over the years as well as documentation of a number of case histories has led the
development of several relatively effective methods in predicting liquefaction.
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The simplified method for determining liquefaction resistance is the most common method used
to assess liquefaction potential at a site. The simplified method has been developed to define soil
resistance to liquefaction in terms of factor of safety, FSliq, where:
௨ =




( 2.1 )

CRR is the soil’s cyclic resistance ratio, while CSR is the cyclic shear stress ratio applied to the
soil; thus the factor of safety is simply a function of resistance/demand. In the laboratory, CSR can
be quickly calculated based on the cyclic shear stress applied and consolidation stress. Shake table
tests have shown that the CSR required to cause liquefaction, CSRliq, decreases with increasing
number of cycles (e.g. results from De Alba et al. (1976), as presented in Idriss and Boulanger
(2008)). In other words, the amount of stress required to induce liquefaction in the soil decreases
as the number of cycles subjected to the sample increases. In the natural environment, CSR is best
defined as a function of earthquake magnitude and peak ground acceleration (PGA) in order to
account the number of cycles (magnitude) and amplitude of cyclic shear stress (PGA). Seed and
Idriss (1971) proposed the following equation, which is typically used in the simplified method of
liquefaction analysis, to determine CSR:
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Where amax = peak horizontal acceleration at the ground surface (PGA); g = acceleration of gravity;
σv and σ’vo = total and effective vertical stresses; and rd = stress reduction factor which accounts
for the non-rigid effects of the soil column and associated translation of shear stress. There are
several relationships proposed for calculating rd (Idriss & Boulanger, 2008; Youd et al., 2001)
which implies the variability associated with this factor. In addition, determining an appropriate
peak ground acceleration can be extremely complex. The many factors influencing PGA
estimations at a given site are beyond the scope of this thesis, but its complexities should be noted.
Typically, the calculated CSR is adjusted by a magnitude scaling factor (MSF) which indirectly
accounts for the duration of shaking (and number of cycles to cause liquefaction). Such
recommendations are provided in the literature (Idriss & Boulanger, 2008; Youd et al., 2001) and
generally adjust the CSR value to an equivalent magnitude (Mw) of 7.5, referred to as CSR7.5.
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The CRR is a function of many factors unique to the soil including geotechnical, geologic, and
topographic properties. Various researchers have proposed methods for calculating CRR (Idriss &
Boulanger, 2008; Robertson & Wride, 1998; Youd et al., 2001) based on observations of liquefied
sites from previous seismic events and computed CSR values. Thus, the simplified method is
largely empirical and was developed, in general, as follows:
The CSR was determined for each event based on the maximum acceleration at the site and
earthquake magnitude. Site-specific data at locations that did or did not exhibit liquefaction in the
given event were characterized by various resistance parameters determined in the field such as
SPT blow count, cone penetration test (CPT), or shear wave velocity (Vs). The resistance parameter
was corrected for various factors (described in more detail below) and then plotted versus CSR in
order to indicate the boundary between the liquefied and non-liquefied soil deposits. This boundary
line, referred to as the triggering curve, is used to define the cyclic resistance ratio (CRR) and the
CSR required to induce liquefaction (CSRliq). Several researchers (e.g. Moss et al. (2006),
Robertson and Wride (1998)) have developed curves for determining CRR, or CSRliq, as a function
of penetration resistance, as shown in Figure 2-4 (modified from Boulanger and Idriss (2014)) with
respect to normalized corrected CPT tip resistance, qc1N .

Figure 2-4. Examples of various triggering curves with respect to normalized CPT tip resistance
(modified from Boulanger and Idriss (2014))
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The triggering curves can be used to compute CRR for various resistance values which is then
compared to the CSR to determine factor of safety against liquefaction. Figure 2-4 illustrates an
example of the discrepancies between various methods that can arise for a given resistance value.
The various methods presents plot nearly on top of one another at qc1N values less than about 7080, but then begin to diverge to yield different CRR values. For example, given a resistance qc1N =
120 and a CSR = 0.25, the Robertson and Wride curve (shown in green) would indicate a factor
of safety of about 1 (CSRliq = CSR), whereas the Idriss and Boulanger curve (shown in red), would
result in a factor of safety less than one (CSRliq < CSR). Note that these differences decrease and
penetration resistance becomes smaller with much smaller differences in factor of safety when qc1N
(in clean sand) is less than about 100.
In the simplified method, the resistance value under consideration is corrected for a number of
factors, such as fines content and over-burden pressure, in order to compute an equivalent,
normalized resistance. The computed CRR value is then adjusted for over-burden pressure with a
correction factor, as described previously, the over-burden stress can affect not only the resistance
parameter at hand (blow count or tip resistance) but also the resistance to liquefaction. Detailed
calculations for computing factor of safety using the simplified methods of Youd et al. (2001),
Idriss and Boulanger (2008), and Boulanger and Idriss (2014) are provided in Appendix G of this
thesis and consist of a number of equations and correction factors for determining factor of safety.
These methods are used in liquefaction-induced lateral spreading analysis in subsequent chapters
of this thesis.
Despite the many variables and uncertainties involved in the calculation, from both demand and
resistance, this method has proven to be relatively effective in predicting liquefaction in recent
events (Dobry & Abdoun, 2011), and more specifically in the recent Canterbury earthquakes
(Green et al., 2014). Alternative measures for determining the liquefaction hazard at a sight consist
of more in-depth ground response analysis using various computing programs, e.g. Anderson et
al. (2007).
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Ground Deformations
Liquefaction manifests in different forms including ground distortions, global and differential
settlements, sand boils, sink holes, flow failures and lateral spreading. Sand boils are a result of
excess pore pressures generated in a confined liquefied layer and subsequent seepage and
dissipation of water pressures. Liquefaction-induced settlements are a result of the dissipation of
excess pore pressures as well as the loss of material below the ground surface that was ejected
during the liquefaction process and subsequent re-solidification/reconsolidation. The subsidence
process creates very uneven terrain and potentially large sinkholes, as seen in Figure 2-5 taken in
a liquefied zone in Christchurch, New Zealand, following the 22 February 2011 Christchurch
Earthquake (Cubrinovski, Green, et al., 2011).

Figure 2-5. Large sinkhole resulting from liquefaction following the 22 February 2011 Christchurch
earthquake (Cubrinovski, Green, et al., 2011).

In addition, the associated volumetric changes from liquefaction result in differential settlements
causing damage to foundations, pipelines, roads, and bridges, among others. While typically not
life-threatening, liquefaction-related settlements can be extremely damaging, in terms of repair
costs, as observed in the Canterbury Earthquake sequence (discussed in more detail in Chapter 3
of this thesis).
The extent and severity of the observed ground deformations has been related to the soil’s
resistance to liquefaction and relative density. Figure 2-6 presents laboratory testing results from
Ishihara and Yoshimine (1992) relating maximum volumetric strain (an indication of ground
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deformation) with factor of safety against liquefaction (denoted Fl in the figure) for various relative
densities (Dr) of sand. The data indicated a significant reduction in the maximum volumetric strain
in very dense sand (e.g. Dr = 90%, εv_max = 1.3% when Fl < 0.4) versus loose sand (e.g. Dr = 30%,
εv_max = 5.5% when Fl < 1). Similarly, for a given factor of safety, for example Fl = 0.9, maxim
shear strains were estimated to be about 10% in very loose sand, compared to only 4% in very
dense sand.

Figure 2-6. Recommendations from Ishihara and Yoshimine (1992) for determining post-liquefaction
strains as a function of factor of safety and relative density

Arguably the most catastrophic form of liquefaction damage is associated with flow failures that
can occur in steeply sloping ground such as embankment damns. The failure of the Lower San
Fernando Dam in the 1971 San Fernando earthquake is an example of such large-scale damage, as
well as the Sheffield Dam in 1925 and others detailed in Seed (1987). These failures typically are
a less common effect of liquefaction but considered the most hazardous.
Liquefaction-induced lateral spreading, the focus of this thesis, occurs as a result of liquefaction
in gently sloping ground or a free-face condition (such as river bank) where static shear stresses
exist and can lead to wide-spread and costly damage. As reiterated by Rauch and Martin (2000),
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the National Research Council (National Research Council Committee on Earthquake
Engineering, 1985) stated “damage caused by lateral spreads, though seldom catastrophic, is
severely disruptive and often pervasive. … Cumulatively, more damage has been caused by lateral
spreads than by any other form of liquefaction-induced ground failure.” Lateral spreading
proximate to streams and rivers typically results in severe damage to bridges, structures, and
lifelines in the vicinity. Chapter 3 will discuss the extensive damage associated with lateral
spreading observed throughout Christchurch in the Canterbury Earthquake sequence. The
following section summarizes several case studies of lateral spreading, followed by an
understanding of the mechanics of lateral spreading, and current methods used in predicting such
deformations.
2.3

Selected Case Histories of Lateral Spreading

Liquefaction-induced lateral displacements resulting from a large seismic event are generally
documented through either (1) ground surveying consisting of actual ground measurement of
visible cracks; (2) geodetic surveying using survey equipment with a reliable reference point; (3)
GPS; or (4) comparing remote imagery data (aerial photographs or LiDAR) taken before and after
the earthquake.
Hamada et al. (1987) provides details on the aerial photogrammetry method of documentation
which was used to estimate permanent lateral ground displacements in Noshiro City following the
1983 Nihonkai-Chubu, Japan earthquake (Mw 7.7) and in Niigata following the 1964 Niigata,
Japan earthquake (Mw 7.5). The results in both cases were verified through traverse and plane
surveys and distortion of physical structures such as pipelines and piles and are discussed below.
2.3.1 1964 Niigata, Japan (Mw 7.5)
The 1964 Niigata earthquake induced significant liquefaction throughout Niigata City, manifesting
as abundant sand boils, settlements, ground cracking, and heaving, and causing extensive damage
to lifelines and structures (Hamada et al., 1987). Horizontal and vertical displacements throughout
Niigata City were estimated from comparing about 400 points from 1962 aerial photographs and
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post-event photographs taken days after the earthquake (Hamada et al., 1987). The Niigata
displacement measurements have a rather large associated error, on the order of +/- 72 cm
horizontally and +/- 66 cm vertically, which is likely due to the large scale and quality of the aerial
photographs used in the analysis.
Regardless, the results from imagery comparisons provided valuable data and indicated large
lateral movements occurred along the Shinano River banks, with displacements of up to 8.8 m
measured at the banks. The large displacements were oriented perpendicular to the river and were
concentrated in areas of former river channels. Some locations, outside the old river channel,
indicated small movements with random orientation and did not exhibit significant ground failure,
i.e. cracking. Scrutiny of subsurface conditions at several profiles in the vicinity of measured
displacements indicated that the larger movements correlated with thick liquefiable deposits and
also in areas where this liquefiable layer was sloping towards the river. A significant decrease in
displacement was observed where the liquefied layer became thinner and levelled off, as shown in
Figure 2-7 (Hamada et al., 1987).
One of the most damaging features from this event included the failure of the Showa Bridge due
to displacement of its piers in an area of large lateral spreading. Eye witness reports of the failure
claim it occurred a short time (~ one minute) after the shaking had stopped (Hamada et al., 1987),
implying that lateral spreading does not only occur during the earthquake but can continue once
shaking has stopped and pore pressures are still elevated.

Figure 2-7. Interpreted subsurface conditions (thickness and slope of liquefied layer) and associated
permanent displacements estimated from aerial photogrammetry in Niigata (Hamada et al., 1987)
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2.3.2 1983 Nihonkai-Chubu, Japan (Mw 7.7)
The Noshiro City lateral displacements following the 1983 Nihonkai-Chubu earthquake were
measured from comparison of about 2000 points on aerial photographs taken in 1981 and days
after the event and have an estimated horizontal accuracy of about +/- 20 cm. Abundant sand boils
were observed in the region, indicating that wide-spread liquefaction occurred. The results of the
aerial photogrammetry analysis in Noshiro highlighted the concentration of lateral spreading in
areas of sloping ground with gradients as little as 0.3%. Displacements were maximum at the top
of the slope, decreasing to near negligible at the base; displacement vectors were typically oriented
perpendicular to observed ground cracking (Hamada et al., 1987). Maximum displacements of up
to 5 m were measured along sloping ground with an inclination of about 1.8%. Inspection of well
pipes in this area of large movement extracted after the earthquake showed that the distortion was
concentrated at the depth of the groundwater table, indicating permanent lateral movement of the
overlying crust layer, as shown in Figure 2-8. This mechanism is similar to what has been observed
in laboratory testing attempting to mimic lateral spreading, e.g. Fiegel and Kutter (1994).

Figure 2-8. Schematic of well pipe displacement observed following the 1983 Nihonkai-Chubu
earthquake as a result of lateral displacement downslope (Hamada et al., 1987)
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Subsurface investigations at many of the locations subject to significant lateral movements
indicated that not only was ground slope a factor in the magnitude of displacement, but areas of
thicker liquefiable layers again correlated with areas of larger movements. Thus, the magnitude of
lateral displacement is not only a function of the ground slope conditions (as indicated by the
Noshiro displacement vectors) but is also correlated to the thickness of the liquefied layer and/or
base slope of this layer, which is reflected in the Hamada et al. (1987) empirical model.
While the method of aerial photogrammetry can be extremely useful in estimating displacements
on a more global scale, the accuracy depends on available low-altitude aerial photos taken before
and after the event. In addition, it lacks physical details of the deformations. The following section
presents several case histories documenting lateral spreading through the method of ground
surveying, which provides site-specific, high quality measurements of lateral displacement and
ground distortion. Similar techniques were used for the subject research project to document the
lateral spreading throughout Christchurch, as detailed in Chapter 4 of the thesis.
2.3.3 1995 Hanshin-Awaji (Kobe) earthquake (Mw 7.2)
Extensive lateral spreading occurred in the 1995 Hanshin-Awaji (Kobe), Japan earthquake as a
result of the large amount of liquefaction in the reclaimed soils in the port and harbour area of
Kobe. Peak ground accelerations were estimated to be about 0.6-0.7 g (Cubrinovski & Ishihara,
2003b). Cubrinovski and Ishihara (2003a) characterize the subsurface conditions consisting of fill
soils (referred to as Masado soils) with thickness of about 15-25 m in Port Island and Rokko Island
and less than 15 m in other reclaimed areas. The fill is underlain by the seabed consisting of
Holocene clay. The grain-size composition of the Masado materials generally consists of 37-63%
gravel (D> 2mm) and 4-12% fines, a surprising amount of gravel given the extensive liquefaction
and lateral spreading typically associated with sandier materials. The caisson walls were estimated
to be about 8 to 18 m high and underlain by sand placed in the vicinity to provide appropriate
bearing capacity for the walls.
Ishihara et al. (1997) provides details of lateral spreading displacements along the waterfront
assessed through ground surveying following this event. The method involves the physical
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measurement of crack widths and vertical offsets along a specified alignment running parallel to
the direction of movement (or perpendicular to the free-face and general crack orientation) and
extending to the point of little to no ground distortion. Cumulative summation of the crack widths
at their corresponding distances from the free-face allows for an understanding of the distribution
of lateral displacement with distance from the free-face.
The results of the ground survey concluded damage induced by lateral spreading was generally
limited to within about 100 m, with the most significant damage occurring within 30 m of the
waterfront. Displacements up to 4 m at the quay walls were reported, though some of this is
attributed to the inertial force of the walls. Average distributions of displacement with distance
from the waterfront are provided in Figure 2-9 with respect to the general direction of the ground
survey alignment (Ishihara et al., 1997).

Figure 2-9. Distribution of lateral ground displacements from ground survey measurements following the
1995 Kobe earthquake (Ishihara et al., 1997)

The method of ground survey for the Kobe earthquake study was verified through comparison of
the GPS method at nearby locations along the quay walls (Ishihara et al., 1997). The comparison
indicated fairly consistent results for ground survey measurements less than about 2.5 m and
generally higher GPS-based horizontal displacements at locations where field measurements were
greater than 2.5 m. The under-estimation of field measurements for these larger displacements may
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be associated with movement of the “zero” displacement datum used in the ground survey,
indicating that although no evidence of lateral movement was observed in the field, the area likely
moved as a uniform unit; this explanation is supported by interpretations of aerial photographs in
the vicinity (Ishihara et al., 1997). Based on these results from aerial photogrammetry and GPS,
Ishihara et al. (1997) described the lateral spreading as a combination of two components: (1) a
distortion-related component which can be easily measured from ground survey of cracks and is
associated with non-uniform distribution of cracks and vertical settlements and (2) a uniform
component which is not apparent at the ground surface and is likely associated with lateral
movement along a deeper liquefied strata (which could therefore affect piles embedded at such
depths) and can only be quantified through remote imagery analysis or GPS.
Understanding of the spreading distribution patterns is of critical importance in engineering design
as it defines the spatial extent of structures subject to large displacements. Cubrinovski and
Ishihara (2003a) characterized the observed lateral ground displacement distributions observed in
the Kobe earthquake (e.g. Figure 2-9) with respect to zoning areas suggesting ground
displacements closer to the waterway (< 50 m) were predominantly associated with large lateral
spreading movements, while observed ground distortions beyond about 100 m from the bank were
predominantly associated with cyclic displacements, estimated to be up to about 35 – 40 cm of
movement. Observed ground cracks between 50 – 100 m were associated with either lateral
spreading or cyclic displacements.
The 1995 Kobe earthquake also caused significant damage to pile foundations in the areas of
spreading. Cubrinovski and Ishihara (2003a) performed detailed field investigations and analytical
modelling of piles damaged by lateral spreading. Observations of pile damage found cracks
concentrated at the interface of the liquefied layer and underlying denser materials. Analytical
modelling of the pile performance indicated the lateral displacement of the piles to accumulate
with depth within the liquefied layer, suggesting the thickness of the liquefied layer is related to
the magnitude of lateral displacement.
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In addition to highlighting key features of lateral spreading distributions, the documentation of
lateral spreading following the Kobe earthquake verified the efficient and detailed method of
ground survey, highlighting its benefits and shortcomings. This method has been applied at many
locations subject to lateral spreading in subsequent seismic events. Two of these case studies
include the 1999 Taiwan earthquake (Chu et al., 2006), and the 1999 Turkey earthquake (Cetin,
Youd, et al., 2004), summarized below. Though the method has been applied at numerous location,
these studies were selected as they also provide comparisons with empirical and semi-empirical
predictions discussed in Section 2.5.3.
2.3.4 1999 Chi-Chi, Taiwan earthquake (Mw 7.6)
The 1999 Chi-Chi, Taiwan earthquake (Mw 7.6) resulted from movement along the Chelungpu
fault and caused a surface rupture of nearly 105 km (Hsu et al., 2002). The epicentre was located
near the centre of the island and triggered extensive liquefaction throughout the region (Chu et al.,
2004; Hsu et al., 2002). Following this event, Chu et al. (2006) documented the consequential
lateral spreading at five locations within Wufeng and the nearby city of Nantou, both located within
the fault rupture zone. Details regarding the findings of their study are summarized below and are
based on data provided in Chu et al. (2006).
The method of ground survey was used to document the lateral movement along adjacent creeks
at four locations in Wufeng and one location in Nantou through detailed crack mapping including
measuring the crack widths and their location with respect to the free-face, estimated to have a
height of about 3 m at all locations considered. The sites consisted of either rice paddies (Site WC, Site C, Site C1), paved parking lots (Site B, Site M), and an alluvial flood plain (Site N).
Documentation at one location (Site N) was based on review of abundant photographs and reports
of visual observation of cracks (no detailed crack mapping performed). Results of the field
reconnaissance indicated maximum lateral displacements (Ug_max) ranging from about 0 - 3 m,
concentrated within about 100 m of the free-face. Nearby ground motion stations in each city were
used to estimate mean peak horizontal ground accelerations at the surveyed locations
corresponding to about 0.67 g in Wufeng and 0.39 g in Nantou. Geologically, the surveyed
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locations are situated on relatively flat alluvial planes (sloping at about 0.1 – 3% to the channel)
and are comprised of interbedded layers of silt, clay, sand, and gravels of Holocene age.
As part of the research, Chu et al. (2006) performed subsurface explorations consisting of SPT and
CPT testing in the vicinity of ground survey measurements to provide cross-sectional information
along the spreads. A summary of each of the sites considered is presented in Table 2-2 indicating
maximum displacement, Ug_max, and key findings from the subsurface investigation. The collated
data provides an understanding of the general soil conditions leading to the observed displacements
of various magnitudes ranging from 0 to 3 m.
Table 2-2. Summary of locations surveyed by Chu et al. (2006)
XSection

Ug_max
(m)

GWT1
(m)

ɵg (%)2 Note

A-A

2.05

1-1.5

0.125

3.5 – 4 m clay layer overlying liquefied strata, underlain by silty
to clayey sand to 15 m depth – loose becoming medium dense
with depth, upper 5 m of silty sand continuous across the site

B-B

0.5

1-1.5

0.3

< 2 m clay layer above silty/clayey sand layer

C-C

0

1-1.5

0.125

< 2 m clay layer above silty/clayey sand layer

W-C1

A-A

1.2

2

0.2

4.5 m thick silty sand at bank (at 1 m depth), not continuous at
about 45 m from bank where Ug = 0

W-B

A-A

3.0

1.5

0.3

5.5-8 m thick layer of loose to medium dense sand at 1.2-2.5m
depth continuous across site

W-M

A-A

1.62

2

1.1

3.5 - 4 m loose to medium dense silty sand at 1 m depth, with
some silt

N-N

A-A

0.25

1

3.8

Ug_max based on visual observation (not measured);
3-5 m thick gravel layer encountered at about 4 m depth
underlying silty sand, medium dense to about 2 m, loose from
~2-4 m

Site

W-C

1

depth to groundwater encountered in field exploration

2

average ground slope along the cross-section (sloping towards the river)

As inferred in the table, sites with minimal displacement were typically underlain by clay and
silty/clayey sand (Site W-C, X-section B-B’ and C-C’) or a thick gravel layer underlying about 2
m of liquefiable material (Site N-N). The larger spreading sites (Site W-C, X-section A-A’ and
Site W-B) with maximum displacements of about 2 – 3 m appeared to be associated with a thick
(> 5 m) deposit of loose silty sand that appeared continuous across the site. Interestingly, sites with
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steeper ground slope conditions (Site N-N) did not show larger displacements, implying the
subsurface conditions to be more influential on lateral displacements for the range of ground slopes
considered.
The case studies documented by Chu et al. (2006) demonstrate the effectiveness of the method of
ground survey and also provide valuable information regarding the geotechnical and topographic
conditions at the locations investigated. The collated data was used to determine appropriate input
parameters for several simplistic empirical models commonly used in current practice and will be
discussed in more detail in Section 2.5.3.
2.3.5 1999 Kocaeli (Izmit)-Turkey earthquake (Mw 7.4)
Liquefaction-induced lateral spreading damage from the 1999 Kocaeli (Izmit)-Turkey earthquake
(Mw 7.4) was documented by Cetin et al. (2004) at four locations along the southern shoreline of
Izmit Bay. The four sites are referred to as the (1) police station site; (2) soccer field site; (3)
Degirmendere Nose, and (4) Yalova Harbour which is situated about 40 km west of Degirmendere.
The police station, soccer field and Degirmendere Nose sites are all situated within 0.5 km of the
fault rupture and were subject to peak ground accelerations estimated about 0.4 g while the Yalova
Harbour Site is about 35 km from the seismic source with PGA values estimated to be about 0.3 g
(Cetin, Youd, et al., 2004). It should be noted that the Degirmendere Nose site is also associated
with an area of slope instability/liquefaction failure which became inundated by the sea and
resulted in the loss of recreation facilities and a hotel at this location, tragically along with its
inhabitants. Geologically, the Izmit Bay is situated in an active east-west trending graben system
about 6-10 km wide and bounded by the Kocaeli and Armutlu Peninsulas to the north and south,
respectively. The southern shore is predominantly comprised of sandy Holocene deposits which
become finer to the north into the depths of the bay (Cetin, Isik, et al., 2004; Cetin, Youd, et al.,
2004).
Within three weeks of the seismic event, the authors conducted a detailed ground survey at the
four locations and encountered maximum lateral displacements of up to about 2.4 m. Additional
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field data was collected at each site consisting of SPT, CPT, and peizocone testing. A description
of the subsurface materials and field measurements is summarized (Cetin, Youd, et al., 2004):
The subsurface materials at the police station and soccer field sites generally consist of 1.5-2 m of
fill underlain by about 1.5-2.5 m of very loose saturated, silty sand with SPT blow counts as low
as 3 blows/ft. Silty clay underlies the granular material at both sites. Maximum lateral
displacements at the police station were estimated to be about 2.4 m at the shore, with lateral
spreading cracks up to 0.64 m propagating the site. Maximum displacements of about 1.2 m were
measured at the soccer field site, with little sign of ground disturbance at distances greater than 70
m from the shore.
Cross-sectional data at the Degirmendere Nose site indicates about 0.5 – 1 m of artificial fill
underlain by a thick deposit of silty sand with gravelly sand and silty clay lenses extending to the
maximum depth explored. Blow counts in the silty sand layer range from about 15-20 blows/ft.
Summation of cracks along the surveyed alignment indicated maximum displacement of about
0.87 m at the shore. The ground slope at the site is quite significant, sloping at about 10-15 degrees
towards the bay.
At the Yalova Harbour site, lateral displacements were much smaller, with maximum
displacements of 0.3 m at the shoreline. Subsurface materials generally consist of about 0.5-1 m
of fill underlain by 7 m of loose silty sand with blow counts on the order of 5-10 blows/ft and fines
content on the order of 10-30%. The sand is underlain by silty clay to clayey silt material.
Similar to the analysis presented by Chu et al. (2006), the collated geotechnical, seismic and
topographic data at each site were used as input parameters for various prediction models and the
results are presented in Section 2.5.3.
2.3.6 Remarks
The case studies presented provide an example of some of the damage resulting from lateral
spreading and also some of the techniques used to document these displacements. Results from
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aerial photogrammetry analysis provided by Hamada et al. (1987) highlighted several findings
with regards to general lateral spreading observations in the 1964 and 1983 Japan earthquakes:
-

Lateral spreading can occur in sloping ground as little as 0.3 % with largest displacements
at the top of the slope, becoming negligible at the base. The movement is typically
perpendicular to ground cracking and slope direction.

-

Lateral spreading also occurs along rivers (free-face) in a direction perpendicular to the
waterway. The displacement was largest within the limits of an old river channel.

-

The magnitude of displacement appears to be a function of ground slope, thickness of
liquefied layer, and base slope of the liquefied layer.

-

The distribution of lateral displacement appears largest at the bank or at the top of slope
and decreases with distance from the river or down-slope.

-

Lateral spreading can occur during and after the seismic event.

The method of ground survey as described by Ishihara et al. (1993) has been used in several case
histories to effectively document liquefaction-induced lateral spreading. The results of these
measurements can be used in collaboration with seismic and geotechnical data to gain a better
understanding of lateral spreading and conditions susceptible to large damage versus none. Three
case histories utilizing the method of ground survey are presented, each in very different geologic
environments ranging from artificial fills with significant gravel content in Kobe, alluvial deposits
with some non-zero plasticity fines in Taiwan, and marine sediments along the Izmit Bay
shoreline. The maximum lateral displacements encountered range from zero to over 4 m (in Kobe).
Many other case studies, e.g. Boulanger et al. (1997), have been documented following significant
seismic events. Combining these field observations with lateral spreading simulation testing in the
laboratory (centrifuge, shake table) has helped provide a basis for understanding these types of
ground failures, as described in the subsequent section.
2.4

Liquefaction-Induced Lateral Spreading

As described above, lateral spreading occurs as a result of liquefaction in gently sloping ground or
a free-face condition (such as river bank) and can occur in even the slightest ground slope due to
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bias in the static shear stress. The reduced strength of the liquefied soil combined with the inertial
forces of the earthquake overcome the static equilibrium and result in lateral deformation towards
the free-face or sloping ground. It is both a static and dynamic failure and hence the reason eye
witness have seen spreading damage occur during and after the earthquake. The liquefied
underlying soils are weakened and create a ‘sliding mechanism’ for the crust layer above which
leads to very pronounced lateral displacements. Cubrinovski et al. (2012) describes the liquefied
layer as ‘heavy liquid’ that will continue to move-downslope until equilibrium is re-established.
The onset of ground shaking in a significant seismic event triggers the rise in pore water pressures
and consequential strains (small displacements), even before full liquefaction has occurred. As the
shaking continues and the pore pressures rise, the soil may completely liquefy and result in a
significant loss of strength and substantial increase in deformations as the driving forces exceed
the liquefied resistance. Lateral spreads typically result in cohesive movement of the surficial soils
in block-like units as a result of extension in the direction of spreading and create extension cracks
or fissures between these blocks, propagating in a direction perpendicular to the spreading
movement (Rauch, 1997). Lateral spreading failure deformations are typically characterized by “a
zone of displaced soil having a graben or extensional fissures at the head of the failure, shear
deformations along the side margins, and compression of buckling of the soil near the toe”
(Bartlett, 1992). As a result, structures located near the head of failure or within the failure zone
are generally subject to extension or shear whereas structures located at the toe (or free-face), i.e.
bridges, are prone to compression. As the ground moves down-slope or towards the free-face,
slumping occurs near the head of the failure. It is also not uncommon for such graben features to
slump, translate or rotate. A schematic diagram of lateral spreading failure is presented in Figure
2-10, modified from Rauch (1997).
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Figure 2-10. Schematic of lateral spreading failure indicating complicated deformations after Rauch
(1997)

As shown in Figure 2-10, the resulting failure deformations are extremely complex and can be
affected by a number of factors. Clearly, the soil resistance will influence the magnitude and extent
of the spread, as well as the topography and seismic demand (driving forces).
The failure is further complicated by the distribution of pore pressures as the ground fissures open
up, pore pressures are able to dissipate. In turn, the topography changes as a result of the
deformations causing a change in driving stresses. Thus, the mechanics behind lateral spreading is
not an easy one to capture in a simplistic way.
2.4.1 Distribution Patterns
Field observations and documentation of lateral spreading provide a means of understanding the
distribution of ground movement. In general, the ground displacements are typically larger near
the free-face and dissipate with distance until no surface distortion is apparent. Bartlett and Youd
(1995a) provide a plot of case history data from the 1983 and 1964 Japan earthquakes, indicating
this distributed pattern of lateral displacement. While this behaviour is typical of lateral spreading,
some lateral spreading failures observed in the Christchurch region following the 2010-2011
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Canterbury earthquakes indicated a block-like movement with the majority of movement
concentrated at about 200 m from the bank (as discussed within the subsequent chapters of this
thesis).

Figure 2-11. Lateral displacement distribution with distance from the free-face (Bartlett & Youd, 1995a)

2.4.2 Understanding Lateral Spreading through Laboratory Testing
While case history data provides invaluable information regarding the actual ground performance
in a given seismic event, it is limited to the frequency of such events, the quality of field
documentation, and often by the many unknowns associated with site-specific subsurface and
seismic conditions. Scaled-model testing through a centrifuge as well as large-scale shake table
tests allow for a controlled environment to study liquefaction-induced lateral spreading and
detailed analysis of associated soil response such as pore pressures.
Centrifuge Testing
Fiegel and Kutter (1994) performed two centrifuge tests on gently sloping ground to analyse the
effects of an impermeable silt layer over-lying liquefiable sand versus no silt layer (thicker sand
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deposit). In both tests, the loose sand layer (overlain by silt in the second test) was underlain by
relatively dense sand and the surface was inclined at about 2.6 degrees. Lateral displacements from
both tests were estimated to be about 0.8 m prototype and the majority of the movement occurred
during shaking, indicating the displacement to be largely inertial. The test consisting of all sand
(Test 1) showed the displacement to be distributed over the sand layer, as shown in Figure 2-12.
This cumulative movement throughout the liquefied layer is consistent with the analytical pile
modelling from the Kobe earthquake (Cubrinovski & Ishihara, 2003b) discussed above.

Figure 2-12. Cross-section of lateral displacement pattern in Test 1 from centrifuge testing (Fiegel &
Kutter, 1994)

Interestingly, the silt layer in the second test moved as a cohesive unit with displacement
concentrated at the interface with the liquefied layer. The concentration of movement along the
interface of the sand/silt layers was attributed to the impermeable nature of the silt layer, causing
a redistribution of voids and decreased resistance along this interface. This mode of failure is
consistent with the Newmark sliding block analytical model of lateral displacements, discussed in
subsequent sections.
Additional research has been conducted with centrifuge modelling, such as Elgamal et al. (1996)
which verifies consistency within the centrifuge test method and outcomes, as well as the inertial
effects on displacements. Kutter et al. (2004) used centrifuge testing on six models and found
correlations between relative density and layer thickness of the liquefied layer and lateral
displacements; however, this correlation was not apparent in tests with an impermeable clay layer
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at the surface. The study also found some lateral spreading occurred in thick deposits of medium
dense sand (with correlated SPT N-values > 15).
Shake Table Testing
Large-scale shake table tests have been performed in an attempt to mimic lateral displacements in
real-life scale. For example, Tokida et al. (1993) performed a parametric study using large scale
shake table testing on eight models with varying liquefied layer thickness, ground slope, and base
slope of the liquefied layer and found all factors to affect displacements to some degree. In
addition, the length of the liquefied layer was also found to correlate with observed displacements.
The results were used to develop a simplified model based on the potential energy principal for
predicting lateral displacements.
Shake table testing has also been used to understand the effects of lateral spreading on pile
foundation systems, e.g. Cubrinovski et al. (2006). However, as stated by Rauch (1997) shake
table tests are limited in their ability to mimic liquefaction (and lateral spreading) in the field due
to limited depth and ability to scale static shear stresses and overburden stresses, among other
factors. Thus, while these tests are helpful in understanding general deformational patterns and
mechanics, the results have various short-comings for direct field application.
2.5

Methods for Predicting Lateral Displacements

Over the years, researchers have tackled a range of resources to better understand and predict
lateral displacements. As illustrated above, laboratory testing can be used to gain an improved
understanding of the complicated mechanisms at hand but are limited in their ability to model the
real-life situations. A more common approach is the use of case history data to develop empirical
relationships for predicting lateral spreads. Other simplistic analytical models have been proposed
to try and predict these deformations as well as advanced numerical modelling techniques. All of
these approaches have their own benefits and limitations and are discussed briefly in the sections
below.
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2.5.1 Empirical Models
A rather straightforward approach of predicting displacements involves empirical equations
derived from the database of case histories. Bardet et al. (1999) presents a comparison of several
empirical models available, several of which are discussed below.
Youd and Perkins (1987)
Youd and Perkins (1987) developed an equation which relates the amplitude of shaking (moment
magnitude), Mw, with distance to the seismic source, R, to yield a lateral spreading index (LSI).
 = −3.49 − 1.86 ∗

 + 0.98 ∗ ௪

(2. 3 )

The LSI represents anticipated lateral displacement in inches. Bardet et al. (1999) calculated
displacements using the LSI model with the lateral spreading measurement database provided in
Bartlett and Youd (1995b) with the results shown in Figure 2-13. Note, the LSI equation (2.3)
does not consider geometry of the sloping ground or free face, or any soil properties, which likely
explains the poor correlations illustrated in Figure 2-13 and the obvious limitations of this model.

Figure 2-13. LSI predictions versus measured displacements from the Barlett and Youd (1995b) database
(Bardet et al. 1999)
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Hamada et al. (1987)
Hamada et al. (1987) presents a simplistic formula derived from empirical data that yields lateral
displacement, D, based on thickness of the liquefied soil, T, and slope of the ground surface, Ѳ.
Comparison of his equation with the Bartlett and Youd (1995) database is presented below.
Though the data correlates better than the LSI method, there is still a margin of error greater than
a factor of two.

Figure 2-14. Hamada et al (1987) model predictions versus observations from Bartlett and Youd (1995b)
case history database (Bardet et al. 1999)

Youd et al. (2002)
Bartlett and Youd (1995) developed a slightly more accurate model for predicting displacements
by developing two equations based on empirical data compiled from case histories in Japan and
the US. Two equations were developed for various site conditions: (1) for gently sloping ground
and (2) for free-face conditions (e.g. river channel). The equation was later modified in 2002 (Youd
et al., 2002). The equations consider geotechnical, seismic, and topographic parameters in the form
of: earthquake moment magnitude (Mw); distance to the source (R); slope of ground surface (S) or
free face ratio (W, where W = 100*H/L and H = height of free-face, L = horizontal distance from
the base of the free-face); thickness of liquefied layer (T15 where T15 = thickness of saturated
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cohesionless soils within the upper 20 m with corrected SPT blow count, (N1)60 < 15); average
fines content within the liquefied layer (F15); and average grain size in the liquefied layer (D(50)15).
The results of the model predictions with case history observations used in the development of the
empirical model are provided in Figure 2-15 (Youd et al., 2002).

Figure 2-15. Plot of predicted versus measured lateral displacements (Youd et al. 2002)

Although this method is a large improvement compared to the previous comparisons (Figure 2-13,
Figure 2-14), there is still a range in anticipated values of about 50 to 200%, and this is based on
the data used to derive the model. Despite its discrepancies, the Youd et al. (2002) model is
arguably one of the most widely used approaches in estimating lateral displacements and is
recommended in several geotechnical guidelines, such as in California (California Geological
Survey, 2008). Chapter 6 of this thesis provides a detailed investigation of this model, comparing
of these model predictions and lateral spreading observations in the Canterbury earthquakes as
well as analysing model parameter sensitivity.
Zhang et al. (2004)
The most widely-used semi-empirical model used in lateral spreading predictions is that of Zhang
et al. (2004) which relates empirical data with maximum cyclic shear strains based on laboratory
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testing to develop estimated lateral displacements. As discussed previously, Ishihara (1993)
estimated maximum volumetric shear strains of clean sand for various relative densities and factors
of safety against liquefaction (Figure 2-6). These results have been used in combination with
empirical data to develop prediction models such as that of Zhang et al. (2004).
The Zhang et al. (2004) model can be applied to level or sloping ground with or without a freeface and requires input parameters of: relative density, Dr, which can be calculated from
normalized SPT blow counts (N1)60 or normalized CPT tip resistance, qc1N, and respective
topographic parameters S, L, and H, as defined in the Youd et al. (2002) model above. The Zhang
et al. (2004) model also requires calculation of factor of safety against liquefaction, FSliq, based on
the methods of Youd et al. (2001). Plots of predicted versus measured lateral displacements
provided in Zhang et al. (2004) show similar accuracy to the Youd et al. (2002) model, about a
factor of two, as indicated in Figure 2-15. In addition to the Youd et al. (2002) model, Chapter 6
of this thesis also investigates the Zhang et al. (2004) model in more detail and compares model
predictions with respect to lateral spreading observations in the Canterbury earthquakes.
Additional Empirical Models
Several other empirical and semi-empirical equations have been developed, e.g. Rauch (2000),
Shamoto et al. (1998), but all with expected short-comings and variability in correlations. For
example, the Rauch (2000) model yields average displacements within a spread zone but
maximum displacement may be the governing factor in design engineering.
Zhang and Zhao (2005) critique the existing case history dataset typically used in the development
of empirical models (e.g. Youd et al. 2002) as poorly distributed in terms of earthquake magnitude
and site-to-source distance. The authors attempted to improve the empirical model of Youd et al.
(2002) by replacing the seismic demand input parameters (earthquake magnitude and site to source
distance) with pseudo-displacements estimated from spectral attenuation models. Zhang et al.
(2008) then developed a New Zealand – specific form of the model by considering strong-motion
attenuation relations specific to New Zealand. This model was then used to compare predictions
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with observations from the 1987 Edgecumbe earthquake and found the predictions to be within
about 40% of measured displacements.
While current empirical models might allow the user to gain a general understanding of expected
magnitude of liquefaction-induced lateral displacement at a site, they are limited in providing a
more accurate prediction of lateral displacement often required in engineering design, with most
models expecting an accuracy of about a factor of two. In addition, the empirical nature of the
models warrants caution when extracting the model to areas of different seismic, geologic, and
geotechnical conditions. Aside from these limitations, the regression techniques used in
developing the empirical models helped in identifying key parameters that influenced the level of
magnitude of lateral spreading observed in previous case histories such as site topography, river
channel geometry, thickness and density of the liquefied layer, and seismic demand.
2.5.2 Analytical Models
Several analytical models have been developed to estimate ground displacements due to lateral
spreading. These models include the Newmark sliding block analysis, the potential energy model,
viscous model, as well as numerical models. Each of these models described in detail in Bardet et
al. (1999) are generally associated with direct computation of displacement as a results of driving
stresses exceeding the available strength.
The Newmark sliding block approach is one of the more common analyses used in practice and
generally correlates well with laboratory observations in centrifuge testing (Fiegel & Kutter, 1994)
and shake table tests (Tokida et al., 1993). The simplified method models the lateral spread as a
block mass sliding on an inclined plane along the liquefied surface, analogous for the “sliding
mechanism” induced by the liquefied soil discussed previously. The method is based on simple
rigid body movement, which is clearly not fully capturing the complicated failure patters of lateral
spreads, and is heavily dependent on calculating the yield acceleration which will cause the
“block” to slide. Despite its limitations, the method has been accepted by several researchers and
equations have been developed to relate predicted displacement with features of the anticipated
acceleration time history.
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Olson and Johnson (2008) analysed 39 well-documented case studies using the Newmark approach
and developed recommendations for mobilized strength ratios along the failure plane through back
calculations from the observed displacements. The recommendations provided in their findings
can be used to perform slope stability calculations and predict whether spreading will occur given
a certain yield acceleration.
Ishihara and Cubrinovski (2004a) analysed lateral spreading damage to foundation piles during
the 1995 Kobe earthquake using the three-layer model. The simplified approach uses a continuous
beam model for the pile and a three-layer soil profile, with the middle layer representing the
liquefied deposit. The non-liquefiable surface layer is assumed to move laterally with the liquefied
layer during lateral spreading.
Finite element analysis is also available for modelling lateral spreading. However, given the
limitations in the full understanding of the post-liquefaction spreading behaviour, there are obvious
limitations to the modelling. In addition, finite element analysis are typically more time consuming
and require a more detailed knowledge of site conditions with a higher demand of the user’s
understanding and are therefore less common in practice.
2.5.3 Model Applications in Recent Case Histories
1999 Chi-Chi Earthquake
As mentioned above the collated data from Chu et al. (2006) lateral spreading case histories from
the 1999 Chi-Chi Earthquake were used to determine appropriate geotechnical (CPT and BH),
seismic and topographic parameters for input into the Youd et al. (2002) and Zhang et al. (2004)
prediction models. In selecting an appropriate T15 parameter (based on SPT blow count, (N1)60 <
15, in saturated cohesionless material) for input into the Youd et al. (2002) model, the authors
considered an equivalent criteria for the CPT data using a soil behaviour type index, Ic < 2.6, and
equivalent tip resistance, qc < 8 MPa. Where multiple explorations were available, weighted
averages were used to compute the appropriate value of T15 and simple averaging was used to
determine appropriate grain size parameters for the model; this approach is consistent with that of
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Bardet et al. (2002). In addition, given the availability of reliable peak ground acceleration data
and earthquake magnitude, the Youd et al. (2002) model parameter Req was back-calculated from
charts provided by Youd et al. (2002) as an alternative to computing Req from an estimated siteto-source distance. A comparison was made with the Youd et al. (2002) and Zhang et al. (2004)
model predictions and observed field displacements, as summarized in Figure 2-16 (Chu et al.,
2006). The third comparison presented in Figure 2-16 uses the Zhang et al. (2004) model, but
limited the depth of subsurface data considered to a maximum two times the height of the freeface (2H).

Figure 2-16. Comparison of model predictions and field observations of lateral spreading following the
1999 Chi-Chi, Taiwan earthquake (Chu et al., 2006)

The latter (2H) analysis was considered in an attempt to avoid misrepresentation of deeper
liquefied material that likely due not contribute to lateral spreading, given the relatively small to
negligible static shear stresses at depth greater than 2H. As can be seen in Figure 2-16, limiting
the analysis to within a depth of 2H did improve the consistency with observations and model
predictions; however, in general, the results indicate a general over-prediction of lateral
displacements for all three cases, typically more than two times. Chu et al. (2006) provide some
insight regarding this trend including:

42

(1) Fines plasticity – PI testing at some of the sites indicate low but nonzero plasticity indices
which may have influenced smaller displacements than expected by the models which may
be based on lower plasticity soils (though limited data is available to confirm this claim).
(2) Partial drainage – Subsurface cross-sections typically do not indicate a significant
impermeable layer overlying the liquefied strata, indicating that pore pressures may have
been allowed to dissipate to some degree during shaking and decrease the cyclic mobility
in the liquefied layer. This is supported by comparing soil conditions and maximum
displacements along three cross-sections at a site in Wufeng which showed the maximum
displacement occurring at the location with a significant (3-4 m) overlying clay layer that
was not existent of much thinner at the other adjacent locations where displacements were
zero or smaller. However, it is noted that subsurface data at the largest displacement site
(Wufeng Site B) where about 3 m displacement was measured at the bank, showed no
impermeable layer above the liquefied zone.
(3) Abutments – One surveyed location was in the vicinity of bridge abutments which may
have hindered lateral movement to the free-face. These locations are indicated with open
symbols in Figure 2-16 and do not seem to indicate any special bias in this regard.
(4) Model bias - Lack of zero-displacement sites in the empirical database considered for both
of the models intrinsically introduces some bias in the predictions, especially at sites which
exhibited no to small displacements.
(5) Field displacements - Measuring displacements through the method of ground survey
cannot detect lateral movement through ground extension, but only as what is manifested
in fissures at the surface. This may underestimate actual movements at the site.
Thus, there are several reasons for the observed discrepancies between model predictions and field
observations. The results indicate a clear need for model improvement, especially for sites with
relatively small displacements (< 1 – 2 m), as encountered at most of the locations reviewed for
this case study.
1999 Kocaeli Earthquake
Similar to the analysis presented above, Cetin et al. (2004) also applied the collated data at the case
history sites described above to several empirical models including Hamada et al. (1986), Youd et
al. (2002), and Shamoto et al. (1998). The results are provided in Figure 2-17 and indicated a wide
scatter with over-predictions and under-predictions from the models greater than a factor of two.
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Figure 2-17. Observed versus predicted lateral displacements at ground survey locations following the
1999 Kocaeli (Izmit)-Turkey earthquake

The Youd et al. (2002) model shows over-prediction at the majority of locations, similar to the
findings of Chu et al. (Chu et al., 2004). The results from Hamada et al. (1986) showed the most
scatter with significant over and under-predictions while the Shamoto et al. (1998) showed
reasonable agreement for small displacements (< 0.5 m) but significant under-predicted field
observations at larger displacements. The discrepancies may be attributed to site characterization
of sloping ground or free-face conditions where several measurements exhibit both characteristics.
Similarly, the close proximity of three of the four sites to the fault rupture may be approaching or
beyond limits of the models applicability based on the case histories used in their derivation.
Regardless of the reason, the results of the analysis further illustrate the complexities involved in
lateral spreading, the sensitivity of parameters used in calculations, and limitations of these
methods. Analysis of field observations and model predictions for two of the events summarized
above show poor correlation on all accounts, suggesting a clear need for improved model
predictions.
2011 Christchurch Earthquake
Particularly relevant to the research of this thesis, Bowen et al. (2012) used the results from preand post-event LiDAR data to estimate lateral displacements induced by the February 2011
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Christchurch earthquake (Mw 6.2) at several locations along the Avon River and Horseshoe Lake
in Christchurch where significant lateral spreading was observed. The measurements were
compared with model predictions from the Youd et al. (2002) model for the free-face condition.
Model input was developed using available SPT and laboratory test data and channel cross-section
data. Seismic parameters were based on earthquake magnitude and the estimated source-to-site
distance while an alternative analysis considered an equivalent site-to-source distance parameter
recommended by Youd et al. (2002) based on earthquake magnitude and peak ground acceleration.
A similar approach is discussed in Chapter 6.
The results are presented in Figure 2-18 and show significant scatter, with the majority of
predictions outside the factor of two bounds (shown in dashed lines). The use of the equivalent
distance parameter (red points) showed considerable over-prediction of LiDAR displacements at
nearly all locations. Predictions based on the actual site-to-source distance (blue points) showed
slightly better agreement with LiDAR measurements, with some predicted values within a factor
of two (particularly within 30 m of the free-face) but still under-predicted and over-predicted
measurements at most of the locations. Additional comparisons with the Youd et al. (2002) model
were performed as part of this research which focused on measurements from ground surveying
in the Christchurch area following the September 2010 Darfield Earthquake, discussed in Chapter
6.
2.6

Conclusions

This chapter provides an introduction to the liquefaction process and potential consequences.
Current methods used to assess liquefaction susceptibility, i.e. the simplified method, are discussed
as well as the many factors to consider in assessing liquefaction resistance including relative
density, seismic demand, grain size characteristics, geology, in-situ stresses on the soil, among
others. One of the most pervasive forms of damage associated with liquefaction is attributed to
lateral spreading. Liquefaction-induced lateral spreading results from movement along a liquefied
zone towards a free-face or down-slope as a result of the combination of inertial forces from the
ground shaking and the reduced strength of the liquefied soils.
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Figure 2-18. Comparison of measured displacements from LiDAR and Youd et al. (2002) model
predictions for the February 2011 earthquake considering the actual site-to-source distance parameter
(blue points) and an equivalent site-to-source distance parameter (red points) (Bowen et al., 2012)

The process of lateral spreading has been extensively studied through field observations and case
histories and laboratory testing consisting of stress-strain analyses, large-scale shake table tests,
and centrifuge modelling in order to improve our understanding of the mechanisms at hand and
predict such damage in future events.
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Key findings from these studies as well as from field observations have shown lateral spreading to
be a result of cumulative displacement occurring along the liquefied layer and is therefore a
function of the thickness, relative density, and slope of the layer. Other factors that have been
observed to affect lateral displacements include ground slope conditions and site geometry
(channel height, distance from the free-face) where observations in previous events have indicated
a distributed displacement pattern, exponentially decreasing with distance from the free-face.
Several models have been developed in an attempt to quantify these displacements for a given
seismic event; the most commonly used being empirical and semi-empirical in nature.
Comparisons of more recent observations of lateral spreading with several model predictions
indicate poor correlation and a clear need for improvement, specifically for lateral displacements
less than about 2-2.5 m.
One of the most beneficial ways to improve empirical analysis is the addition of new case histories.
As described within, documentation of lateral spreading following a significant seismic event can
be achieved through several methods including aerial photogrammetry, geodetic survey, GPS, and
ground survey. This chapter has highlighted the method of ground survey based on Ishihara et al.
(1997) which involved the relatively simplistic measurement of cracks along a specified alignment
parallel to the direction of movement. Summation of cracks along the alignment provides an
understanding of the distribution of lateral displacement with distance from the bank. The method
has been shown to compare well with alternative measurements and is an effective way to assess
lateral spreading in the field. The findings from Ishihara et al. (1997) also identified two
components of lateral displacements: (1) lateral spreading associated with ground cracking that
can be measured in the field; and (2) a uniform displacement affecting a larger area likely resulting
from movement on a deep liquefied layer. The uniform component is best detected by remote
imagery analysis such as aerial photographs or LiDAR. A similar manifestation was encountered
from the LiDAR data related to the Canterbury earthquakes as described in Chapter 3. In general,
the uniform movement may damage deeply-embedded structures, such as piles, but will not cause
extensive damage to the near surface structures and lifelines (given the absence of ground
distortion associate with this failure component).
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The lateral spreading displacements that occurred in the 2010 Darfield and 2011 Christchurch
earthquakes provide a unique opportunity to document two case studies for the same area. This
will allow for in depth analyses of various influential parameters associated with the spreading by
holding environment and subsurface conditions constant. In addition, the abundant geotechnical
and seismic data available in the affected areas further contribute to making the Christchurch area
an ideal case study in the general understanding of lateral spreading.

48

3. BACKGROUND INFORMATION ON LATERAL SPREADING IN THE
CANTERBURY EARTHQUAKES
3.1

Introduction

The 4 September 2010 (Mw 7.1) Darfield and 22 February 2011 (Mw 6.2) Christchurch earthquakes
induced wide-spread liquefaction and lateral spreading throughout Christchurch (New Zealand)
and surrounding suburbs. While this research focuses on the documentation and analysis of lateral
spreading from detailed investigations of ground surveying, it is important to have an
understanding of the geologic, historic, seismic, and topographic conditions of the region, as all of
these features can affect lateral spreading displacements.
Extensive research has been published to date regarding the various geotechnical, geologic,
seismic and social aspects and consequences from the Canterbury earthquakes, e.g. Earthquake
Spectra Special Issue: 2010-2011 Canterbury Earthquake Sequence (Earthquake Spectra, 2014).
This chapter aims to provide a brief background to the geologic and tectonic setting of the
Canterbury region as well as highlight some of the seismic aspects of the Darfield and Christchurch
earthquakes, such as fault location and peak ground accelerations. Details regarding river geometry
including channel height and width, an obvious consideration for lateral spreading analysis, are
presented for various locations along the streams and rivers of Christchurch and surrounding
suburbs. An overview of the extensive liquefaction induced in these events is provided to gain an
understanding of the severity and locations where liquefaction occurred.
In addition, the manifestation of lateral spreading resulting from the severe liquefaction in these
events is explored through a discussion of typical damage observed and detailed interpretation of
property damage observations, extensive ground crack mapping, and horizontal and vertical
displacements from LiDAR, all provided by others on the Canterbury Geotechnical Database
(CGD) (CGD, 2013f). Scrutiny of this data serves to (1) introduce these datasets, in particular the
mapped cracking which was later used in a general sense to verify field measurements from ground
surveying, and LiDAR, which will be used in a comparison analysis with ground surveying
measurements in the next chapter; (2) provide an overview of lateral spreading features associated
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with the September and February earthquakes in terms of magnitude, extent, and general areas of
spreading; (3) provide an understanding of how the historic, geologic, seismic and topographic
data summarized in the beginning of the chapter influenced the observed displacements as seen
through these alternative data sources; and (4) identify benefits and limitations of the mapped crack
data and the remote imagery method of LiDAR.
3.2

Geologic Setting

The Canterbury Plains stretch along about 160 km of the South Island’s central east coastline and
extend about 50 km inland, making them New Zealand’s largest stretch of relatively flat land. The
plains are associated with the alluvial deposition from rivers running off the foothills of the
Southern Alps toward the Pacific Ocean. Banks Peninsula lies to the east of the plains and was
formed by volcanoes over six million years ago (Brown & Weeber, 1992). Figure 3-1, provides
the approximate location of Christchurch with respect to (a) the South Island of New Zealand and
(b) the major landforms in the region. The red and blue stars in Figure 3-1(b) indicated the
approximately epicentre locations of the September 2010 Darfield and 2011 Christchurch
earthquakes, respectively.

Figure 3-1. General location of Christchurch with respect to (a) the rest of New Zealand and (b) major
landforms in the vicinity (http://www.teara.govt.nz) and approximate locations of the September 2010
(Mw 7.1) and 2011 Christchurch (Mw 6.2) earthquakes
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Major sedimentation of the Canterbury Plains occurred in the ice ages as glacier-filled valleys
carried melt-water from the foothills across to the old coastline, then located approximately 7 km
east of the present day shoreline. During sea level rise, the shoreline migrated westward depositing
marine sediments in between the alluvial gravel layers. Figure 3-2 shows the transgressing and
propagating shoreline after Brown & Weeber (1992) with the western boundary approximately
just west of the CBD.

Figure 3-2. Shoreline transgression and propagation in Canterbury as a result of sea level rise and
alluvial deposition (Brown & Weeber, 1992)

In Christchurch, the more recent, surficial deposits extend approximately 15 to 40 m deep and are
underlain by a series of gravel formations of the Tertiary and Quaternary age, estimated to be 300400 m thick, the youngest of which are referred to as the Riccarton gravel. The near-surface
geology in the region associated with these more recent materials generally consists of either
alluvial silts, sand and gravels of the Springston Formation (spy) and marine deposits of the
Christchurch Formation (ch) consisting of estuary deposits (sand, silt, and peat) and beach and
dune sands, as shown in , after Brown and Weeber (1992). The Port Hills, south of the city, are
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situated on volcanic formations associated with the Banks Peninsula. The Christchurch Formation
materials are generally more concentrated near the coast, east of the CBD.

(a)

(b)
Figure 3-3. (a) Surficial geology of Waimakariri floodplain sector of the Canterbury Plains; (b)
geological units within Christchurch, after Brown and Weeber (1992)
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As inferred in Figure 3-3(a), one of the main geologic features in the Canterbury region is the
Waimakariri River which regularly flooded the region. Stopbank construction for flood prevention
began during the European establishment of Christchurch in the 1850’s and has since diverted the
Waimakariri River to its present day course. Within Christchurch, the flood deposits are generally
characterised by channels of gravel and sand in the west, becoming less distinct in the east. The
approximate location of two major rivers in Christchurch, the Avon and Heathcote Rivers,
generally follow the paths of old flood channels, as shown in Figure 3-3. These rivers are springfed and empty into the Avon-Heathcote Estuary southwest of the city.
Groundwater in the region is plentiful due to the abundant rivers and streams as well as the
groundwater basin running beneath the city through a series of aquifers and aquitards, as shown in
Figure 3-4 (Brown & Weeber, 1992). The depth to groundwater in the city is greatest in the west
(at about 5 m) and decreases with proximity the coast to a depth of about 1 - 1.5 m throughout the
eastern suburbs (CGD, 2014a). An east-west cross-section through central Christchurch provided
in Figure 3-5 (Cubrinovski & McCahon, 2011) highlights this decrease in water table depth and
increase in depth to the Riccarton gravel formation in the eastern suburbs.

Figure 3-4. Groundwater aquifers and aquitards underlying Christchurch (Brown & Weeber, 1992)
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Figure 3-5. East-west cross-section through Christchurch indicating the ground elevation, depth to
groundwater, and depth to Riccarton gravel (Cubrinovski, Green, et al., 2011)

Recall from Figure 3-3(b) the surficial geology east of the CBD consists predominantly of alluvial
deposits (spy) and beach and estuary deposits of the Christchurch Formation (ch). The shallow
groundwater east of the CBD combined with the loose, granular nature of the alluvial and estuary
materials in the vicinity likely contributed to the extensive liquefaction observed in the eastern
suburbs during the Canterbury earthquakes.
The series of aquifers and aquitards depicted in Figure 3-4 may infer artesian pressures present in
the subsurface soils of the Christchurch area. However, it is important to note that the shallowest
of these depicted aquifers are the Riccarton gravels located at about 20 to 30+ m below ground
surface in the CBD and eastern suburbs (as shown in Figure 3-5) and generally confined by an
impermeable silt/peat layer. Thus, the potential influence of artesian pressures on the liquefiable
subsurface soils overlying the Riccarton gravels was assumed to be negligible both for the
triggering and consequent ground deformation.
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3.3

Historic Data

3.3.1 Christchurch
Since the time of European settlement in Christchurch in the 1850’s, drastic alteration of the
landscape has occurred, as detailed in Brown and Weeber (1992). Review of historic maps,
referred to as the 1850s “Black Maps”, show much of present-day Christchurch inundated with
swamp and sand (Jollie & New Zealand Deptartment of Lands Survey, 1976), much of which has
since been filled during expansion of the city. Figure 3-6 provides the 1856 landscape overlain on
the present-day street map (Christchurch City Council, 2006); Figure 3-7 shows an aerial image
of present-day Christchurch (Green et al., 2012).

Figure 3-6. 1856 landscape features throughout Christchurch (overlain on more recent road map for
location purposes) (Christchurch City Council, 2006)
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Figure 3-7. Aerial view of present-day Christchurch modified from Green et al. (2012)

Comparing these two figures highlights the changes in river geometry and landscape that has
occurred over the years. For instance, a straight-away was created along the Avon River at the
Rowing Club as well as along the Heathcote River, near Woolston, as highlighted in the red circle
in Figure 3-7. In addition the area of Bexley appears to have significant changes from the 1856
landscape where much of the area appears to be situated on swamp land. This suburb experienced
significant liquefaction and settlement during the Canterbury earthquake sequence (Cubrinovski,
Green, et al., 2011).
3.3.2 Kaiapoi
The township of Kaiapoi is located approximately 20 km north of Christchurch, as indicated in
Figure 3-8 with respect to present-day roadways and waterways, including the Kaiapoi and
Waimakariri Rivers. The general location is provided in Figure 3-1(b) and Figure 3-3(a). The area
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suffered significant damage in the Canterbury earthquakes associated with liquefaction and lateral
spreading, particularly in the September 2010 event.

Figure 3-8. Vicinity map of present-day Kaiapoi (Google Maps 2015)

Figure 3-3(a) provided the general surface geology in the region which is enlarged in Figure 3-9,
as reported by Brown and Weeber (1992). The surface geology in the area generally consists of
alluvial deposits of the Springston Formation (spy) and beach and estuary deposits of the
Christchurch Formation (ch) located in the eastern areas along the coast line. As can be seen in
Figure 3-9, the Kaiapoi township region was once referred to as “Kaiapoi Island” as a result of
now-abandoned branches of the Waimakariri River which surrounded the area. A trace of the old
south branch of the Waimakariri River running through the township is indicated in Figure 3-9 and
is presented in more detail in Figure 3-10, along with the 1865 northern branch, as presented in
Cubrinovski, Green, et al. (2010), after Ward and Reeves (1865).
Figure 3-10 shows the present-day location of the Waimakariri River with a red dotted line which
is now located south of the town. The present day Kaiapoi River running generally northwestsoutheast through the town (Figure 3-8) appears to have stemmed from the 1868 north branch of
the Waimakariri River (Figure 3-10).
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Figure 3-9. Surficial geology in Kaiapoi region, after Brown and Weeber (1992)

Figure 3-10. Kaiapoi region in 1865 as presented in Cubrinovski, Green, et al. (2010), after (Ward &
Reeves, 1865) indicating the south branch (red shading) and north branch (green shading) of the
Waimakariri River with the present day channel shown in dotted red line.

The northern end of the 1865 southern branch of the Waimakariri River approximately coincides
with the location of Courtenay Stream where some of the most severe damage to residential
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structures occurred as a result of lateral spreading. Wotherspoon et al. (2012) describes how the
locations of these historic channels heavily influenced the observed liquefaction and lateral
spreading from the Canterbury earthquakes.
3.4

Site Topography and River Geometry

The geologic and historic processes of the past have shaped the present-day topographic features
of present-day Christchurch and nearby townships. It is important to understand site elevations,
changes in topography and general river geometry when considering liquefaction and lateral
spreading. Previous research (e.g. Youd et al. (2002)) has found the magnitude of lateral spreading
correlated with certain topographic features such as channel height and ground slope. Given the
physical nature of lateral spreading it is somewhat intuitive that lateral movement would occur in
the down slope direction and/or towards the free-face. Aside from the ground slope and river
geometry affecting lateral displacement, other research has shown effects of crust thickness on
surface manifestation of liquefaction (e.g. Ishihara (1995)). The idea of the “crust” layer implies
that areas of higher elevation, and consequently greater depth to the groundwater table, may exhibit
less liquefaction-related damage at the ground surface compared with lower-lying regions and
therefore it is important to gain an understanding of ground elevations in the areas of Christchurch
and Kaiapoi, This section examines general ground slope conditions, ground elevations, and
channel geometry in the vicinity of the streams and rivers throughout the region.
3.4.1 Site Topography
Site topography was investigated through scrutiny of various LiDAR elevation models available
on the CGD (CGD, 2012c). A summary of the various Digital Elevation Models (DEMs) available
on the CGD is provided in Table 3-1. The “pre-earthquake” datasets contain sparser data points
than the more recent post-earthquake LiDAR and therefore are less detailed than the postearthquake data. However, the pre-earthquake data is suitable for assessing general topographic
conditions, as presented in the subsequent figures of this section.
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Table 3-1. Summary of source LiDAR datasets in the Canterbury region (CGD, 2013e)

The higher-quality datasets (from 2010 and 2011) were used in subsequent analysis of detailed
profiles at surveyed locations along the banks discussed in later chapters as well as throughout this
thesis. The LiDAR datasets are estimated to have a vertical accuracy of about +/-0.07-0.15 m
(CGD, 2013e).
Avon River
A topographic map depicting pre-quake (2003) LiDAR elevation data is presented in Figure 3-11
in the area of the Avon River (CGD, 2012c). In general, the area along the banks of the western
region of the Avon River (from about the CBD to just east of the Fitzgerald Bridge) is typically
associated with higher ground elevations of about +4 to +6 m and higher relief extending from the
river, with a few low-lying regions of note including the point bar meanders of the Avon Loop and
near Fitzgerald Bridge. Downstream, from about Avonside and east, the ground surface along the
banks typically ranges from about +2 to +3 m, with areas of about +1 to +2 m at the banks and
near Bexley. The eastern region is also characterized by much smaller relief typically extending
100 to 200 m or more, while some areas of slightly higher elevation changes closer to the Avon
are apparent, including along the north bank just downstream of the Dallington Loop where a local
ridge exists (across from Porritt Park). The low ridge along the north bank in this area extends
from a more pronounced high point occurring in the northwest region of the Dallington Loop point
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bar. As discussed in subsequent sections and chapters of this thesis, the ridge-like feature in this
vicinity greatly affected observed lateral displacements and the direction of movement. More
detailed information regarding site gradients along locations of ground survey measurements are
provided in subsequent chapters.

Figure 3-11. Site topography along the Avon River in Christchurch based on 2003 LiDAR elevation data
(CGD, 2012c)

Several correlations can also be seen between the site topography in Figure 3-11 and the geologic
and historic data presented in Figure 3-3 and Figure 3-7, respectively. For example, a beach deposit
outcrop mapped west of the Dallington Loop point bar in Figure 3-3(b) is likely the higher
elevation region highlighted in the same vicinity in Figure 3-11; in addition, the historic map data
(Figure 3-7) notes a “sand hill” nearby, likely the same feature. Similarly, the swamp area mapped
in Figure 3-7 along the southwest cut bank of the Dallington Loop feature corresponds to a lower
elevation region, shown in Figure 3-11.
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Heathcote River
Topographic information along the Heathcote River is provided in Figure 3-12 based on the 2003
LiDAR elevation data. Similar to the Avon, areas of higher relief and elevation are concentrated
in the west, grading to lower elevations and lower relief extending from the banks as the river
progresses downstream. In general, ground elevations along the Heathcote River are higher than
those along the Avon and relief overall is much higher, with significant low-lying areas extending
from the bank generally limited to the very lower reaches of the river, towards Ferrymead. This
low-lying area coincides with drained estuary/lagoon deposits mapped by Brown and Weber
(1992), as shown in Figure 3-3. Site-specific gradients and locations investigated during the ground
survey are provided in Chapter 4 and typically indicate higher gradients, on average, extending up
from the bank, compared with surveyed locations along the Avon River.

Figure 3-12. Site topography along the Heathcote River in Christchurch based on 2003 LiDAR elevation
data (CGD, 2012c)

Kaiapoi
Pre-Canterbury Earthquake topographic data in the Kaiapoi region was provided through LiDAR
elevation from 2005 and is presented in Figure 3-13. A predominant topographic feature along the
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north and south banks of the Kaiapoi River are the large stopbanks, two to three meters in height,
constructed for flood prevention. Many of these stopbanks experienced significant lateral
deformation and slumping in the Canterbury Earthquakes, as discussed in subsequent sections. In
North Kaiapoi, east of Williams Street, the area is generally flat at an elevation of about +1 to +2
m (MSL) with little relief across the region. In South Kaiapoi, ground elevation and topographic
relief along the Kaiapoi River (near Williams St and east) is higher than the low-lying region across
the bank, with ground elevations south of the Kaiapoi River of about +1.5-2.5 m increasing to
about +4 m. A low-lying region (elev. +1 to +2 m) is apparent along the Courtenay Stream and
coincides with the 1865 historic branch of the Waimakariri River as mapped by Ward and Reeves
(1865) and approximated in Figure 3-13 after Wotherspoon et al. (2012). As discussed within this
chapter, the area north of Courtenay Stream, particularly along the north edge of the historic
channel boundary, suffered extensive lateral spreading damage concentrated at the top of the
elevation change, as a result of this geologic feature.

Figure 3-13. Site topography in Kaiapoi based on 2005 LiDAR elevation data (CGD, 2012c)
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Remarks
The present-day topography of Christchurch and Kaiapoi has been largely shaped by the geologic
processes of the past. It is important to have an understanding of these historic and geologic
conditions in order to better understand the site topography as well as areas of potential
liquefaction and lateral spreading. The physical nature of lateral spreading as a result of
gravitational and inertial forces clearly demonstrate the importance of topography. In addition,
ground elevation is typically associated with depth to groundwater and in turn crust thickness
which has been known to influence surface manifestation of liquefaction (Youd & Garris, 1995).
The topographic maps presented in Figure 3-11, Figure 3-12, and Figure 3-13 highlight general
ground elevations and relief along the rivers and streams discussed within and correlations with
historic and geological data. Subsequent sections of this chapter explore observations of lateral
spreading throughout these regions described above and highlight several areas of lateral spreading
clearly influenced by site topography. First, an overview of typical channel geometry of the subject
areas (Christchurch and Kaiapoi) is provided.
3.4.2 River Channel Geometry
The following section focuses on the river channel geometry along the Avon River in Christchurch,
where significant liquefaction and lateral spreading occurred during the 2010 Darfield and 2011
Christchurch earthquakes. The region suffered extensive damage and was a main point of interest
in the ground survey measurements, specifically after the February 2011 earthquake, and is
scrutinized with respect to channel geometry (river flow path, channel height, width) in the section
below. Additional areas investigated to a lesser degree include several locations along the
Heathcote River in Christchurch and in Kaiapoi, in the vicinity of lateral spreading measurements
from ground surveying. Appendix A provides relevant channel cross-section data at the locations
described below.
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Avon River
The meandering nature of the Avon River is one of its most defining features. Figure 3-14 shows
the river’s path bending through the CBD and eastern suburbs through a series of curvatures. Of
particular note are several “loops” caused by higher velocity flows eroding at the banks and
depositing finer materials downstream to form a series of cut banks and point bars. As the river
flows towards the estuary and increases in volume, becoming wider, the channels begin to
straighten, with slightly less pronounced turns and meanders.

Figure 3-14. Geometry of the Avon River with respect to 2010 LiDAR elevation data (CGD, 2012c) and
approximate location of channel cross-section data considered in the analysis

Cut banks are generally higher in elevation than the opposing point bar and are associated with
higher-velocity flows eroding the banks. In contrast, point bars are a result of the slower flowing
material along the inside of the bend gradually building up sediment. As a result, point bar deposits
are typically lower in elevation, often susceptible to flooding, with gentle slopes and are generally
comprised of loosely-deposited, finer materials associated with the lower hydraulic energy that
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occurs on the inside of the river bends. In general, the higher elevation cut banks and low-lying
point bars are evident in Figure 3-14. Three significant loops are noted in Figure 3-14: (a) the Avon
Loop, just east of the CBD; (2) the Avonside Loop of a wider curvature; and (3) the tight meander
of the Dallington Loop. All three of these point par deposits showed evidence of severe lateral
spreading damage in the Canterbury Earthquakes.
The Christchurch City Council (CCC) provided abundant channel cross-sectional data from survey
measurements along the Avon River at numerous locations (personal communication, Graham
Harrington, March 20, 2012). 73 of these locations, concentrated from the CBD and east and
approximated in Figure 3-14, were scrutinized for this research to gain an estimation of channel
height in this stretch of the river. The data was spaced at varying distances from 50 to 475 m, with
about 185 m on average between sections. The fortuity of recent topographic data available along
the Avon River in the form of LiDAR elevation data and detailed cross-sections surveyed at
numerous locations allow for a thorough understanding of the channel geometry in the area. The
data was scrutinized at 73 locations to provide estimated channel heights and widths, as
summarized within, which will be used in subsequent lateral spreading analysis in later chapters
of this thesis. Appendix A provides a summary of interpreted channel heights and widths, location
plans (more detailed than that provided in Figure 3-14), and cross-sections for the 73 locations
considered in the analysis. The method used to estimate these parameters is described below.
The surveyed cross-section data was compiled in three phases: (1) 2008 (2) March 2011 and (3)
September 2011. For the purposes of this study, the March and September 2011 data were
considered as one data set and denoted “2011”. The majority of cross-section locations were shown
on pdf plans provided by CCC. The 2008 dataset also provided station locations for nearly all
sections along the Avon River which could be used to approximate surveyed locations that were
omitted from the location plans provided. For this analysis, cross-section stationing was assigned
assuming the initial upstream section considered as “x=0” and stationing the sections downstream
accordingly based on the distance along the Avon River, as indicated in Figure 3-14.
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Cross-sectional data was provided with offset (distance across the channel from true left to true
right) and reduced level (R.L.) elevation values (Christchurch City Datum, CCD). The CCD
reduced level datum is equivalent to +9 m (MSL) to the Lyttelton datum which is the preferred
datum used throughout this thesis. Due to differences in offset values used for a given cross-section
in 2008 and 2011, the two data sets could not be easily compared at one site. In addition, the 2008
dataset generally truncated at the channel walls and did not always continue up the banks, making
it difficult to determine a representative channel height. Thus, the 2011 data was predominantly
used in determining representative channel heights by estimating the top of bank and channel
bottom. In many locations the elevations of the left and right banks were not always equal (as
inferred by the geologic nature of the meandering river) and representative channel heights were
compiled with respect to each side of the bank. LiDAR elevation data along the banks was also
often used to supplement these estimates of top of bank. Due to local variations in topography and
judgment used in selection of the channel top and bottom, the estimated accuracy of the estimated
channel heights is about +/-0.1-0.3 m. An example of the channel height estimation for crosssection 9 (location shown in Figure 3-14 at about x = 12.49 km from the CBD) is provided in
Figure 3-15, which is also exemplifies the potential discrepancies in determining a channel bottom
elevation.

Figure 3-15. Example of channel cross-section data at Section 9 (x = 12.49 km) from 2011 survey data.
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The use of post-earthquake survey data with regards to changes in channel geometry as a result of
the seismic events is noted; however, review of several cross-sections where 2008 and 2011 data
(adjusted to be overlaid) indicated slight differences, relatively speaking, in terms of channel
height that are considered negligible for this analysis, or within the estimated error described
above. In addition, differences in cross-section data from the 2008 to the time of the earthquake
would be inevitable due to the deposition and eroding processes of the active river bed. Examples
of four cross-sections showing both 2008 and 2011 data are provided in Figure 3-16.

Figure 3-16. Comparison of 2008 and 2011 channel cross-section data indicating relatively consistent
channel heights (+/-0.1-0.3 m)

The process of estimating channel heights and widths was repeated for the 73 locations shown in
Figure 3-14. The results are summarized in Figure 3-17, indicating left and right channel heights,
H, with respect to the distance along the Avon River, x, beginning at the initial section in the CBD
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(x = 0). In general, channel heights range from about 1.5 to 4.5 m in height along the Avon River
at the locations considered. In general, channel heights upstream of about Avondale
(approximately x = 8 km), show slightly lower channel heights, typically less than 3 m, while an
increase in height, on average, is observed between a distance of about 8 km and the estuary to
typical values greater than about 2.5 m

.
Figure 3-17. Results of channel heights estimated along the left and right banks of the Avon River (from
the CBD and east)

In addition to the channel height, approximate channel widths were estimated at each cross-section
location. The widths could be easily estimated in GIS using the ruler function and estimated
channel walls indicated by topographic data, as shown in Figure 3-18 for sections 26 (x = 8.78
km) and 25 (x=9.05 km) in Avondale (location shown in Figure 3-14). Variability in these
measurements is estimated to be on the order of about +/- 2-3 m, based on the exact location
selected for measurement. The influence of the waterline on the interpreted channel widths is
recognized and was believed to be minimized by the use of the same LiDAR elevation dataset. In
addition, the results were checked with channel cross-section data at several locations and
appeared generally consistent when considering widths near the top of bank estimated from the
cross-sections. The method employed allowed for a consistent approach for estimating channel
width at all locations, relative to a similar reference.

69

Figure 3-18. Estimation of channel width in GIS using site topography

Estimated channel widths are plotted with distance along the Avon River in Figure 3-19. In
general, the river tends to widen as it flows downstream, with a significant increase noted about 7
km downstream of the CBD, where the river was widened as part of man-made efforts to straighten
the river in this stretch (as described previously in this chapter). Within the CBD, the river is
narrow (about 10-20 m wide) and gradually widens to range between about 20 to 40 m before the
man-made construction resulting in channel widths of about 50 to 60 m. The river continues on
the relatively wide path through Avondale and then begins to narrow to about 40 m near the
Avondale Bridge and east, becoming slightly wider near the estuary.

Figure 3-19. Estimated channel widths along the Avon River (from the CBD and east)
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Heathcote River
The sinuous nature of the Heathcote River is indicated in Figure 3-20 with respect to 9 crosssections provided by CCC in the vicinity of field measurements of lateral spreading discussed in
subsequent chapters of this thesis. Similar to the Avon, the Heathcote River meanders through a
series of point bars and cut banks before out-letting at the estuary. A summary of the estimated
channel bottom, heights, and widths (determined using GIS, as above) from the 2011 survey data
is provide in Table 3-2. An example of cross-section 7 (location shown in Figure 3-20) in St.
Martins is provided in Figure 3-21.

Figure 3-20. Location of surveyed channel cross-sections considered in the analysis along the Heathcote
River with respect to post-February 2011 LiDAR elevation data
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Table 3-2. Summary of channel geometry at relevant locations along the Heathcote River
New ID

CCC ID

Bottom Elev
(CCD), m

Top Left Elev
(CCD), m

Top Right Elev
(CCD), m

Ht – left
bank, m

Ht – right
bank, m

W(GIS), m

1

52D

10.8

13

14.7

2.2

3.9

7

2

52

10.7

13.7

14.4

3

3.7

9

3
4
5
6
7
8
9

51C
48A
48
42C
42
29B
29

10.5
9.6
9.8
9
9.3
8.5
8.3

13.6
13
12.5
11.5
11.2
10.5
10.4

13.5
12.8
12.1
11.4
11.6
10.7
11

3.1
3.4
2.7
2.5
1.9
2
2.1

3
3.2
2.3
2.4
2.3
2.2
2.7

9
10
8
19
18
30
28

Notes

right channel wall slopes
gradually to +14.4 m (CCD)

Figure 3-21. Example channel cross-section along the Heathcote River at Location 7 indicating estimated
channel heights

The channel heights at the nine locations investigated generally ranged from about 2 to 3 m in
height, similar to the mid-range of heights determined along the Avon River. The width of the
river generally ranges from about 10 to 30 m with the narrower reaches occurring upstream in the
Beckenham suburb. A wider portion of the Heathcote River can be seen in Figure 3-20, east of the
man-made straight-away, towards the estuary, with channel widths of up to about 35 to 60 m.
Kaiapoi
In general, the Kaiapoi River runs straight northwest-southeast through the township, bending
north at the junction with Courtenay Stream, as shown in Figure 3-21. Channel geometry along
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the Kaiapoi River was investigated through 2008 and 2011 survey data provided by Environment
Canterbury (ECan) (personal communication, Matthew Surman, December 15, 2014), at four
locations indicated in Figure 3-22. The 2011 cross-section data was used to estimate approximate
bottom of channel elevation data at the surveyed locations. An example of one of the cross-sections
provided is shown in Figure 3-23, indicating a bottom of channel elevation of about -2.5 m (MSL),
considering the 2011 data, and an estimated height of about 5 m (from the true left bank). Note
that the elevation difference between the 2008 and 2011 survey data was typically small, typically
ranging from 0 - 0.4 m.
Given the significant stopbanks located along the Kaiapoi River, as mentioned previously, it is
difficult to estimate a representative “top of bank” from the cross-sections, and thus the LiDAR
elevation data (post February 2011) was used to determine a representative bank elevation for
estimating channel heights. Using this interpretation (neglecting stopbanks), channel heights were
estimated to range from about 3.8 to 4.8 m along the north bank of the river. Channel widths are
estimated to be about 60 m at the locations considered.

Figure 3-22. Approximate location of channel cross-section data considered along the Kaiapoi River
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Figure 3-23. Example of 2008 (black line) and 2011 (red line) cross-section data provided by ECan at
section CS5 on the Kaiapoi River

Limited data was available regarding the channel geometry along Courtenay Stream in South
Kaiapoi and included surveyed cross-sections from 1985, also provided by ECan (personal
communication, Matthew Surman, December 17, 2014). The 1985 survey data was of obvious
lower quality but indicated approximate channel bed elevations along the stream that could be
combined with LiDAR elevation data at the banks to yield channel height estimates. Despite the
likely changes in channel geometry from 1985 to 2010, the data provides a rough estimate of
channel heights in this area ranging from about 1.7 m to 2.8 m.
3.5

Seismicity

The North and South Islands of New Zealand straddle the tectonic plate boundary between the
Australian and Pacific Plate, which passes directly through the South Island and moves in an
oblique-convergent at about 48-39 mm/yr-1 in New Zealand (Cubrinovski, Green, et al., 2010). As
can be seen in Figure 3-24, the plate boundary is not simply one fault but is defined by a distributed
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zone of active faults each with their own seismic risk. In the South Island, the largest of these
contributing faults is the Alpine Fault where most (~70-75%) of the plate boundary movement
occurs. The remaining ~30% of movement is spread among a series of faults throughout the
Southern Alps and Canterbury Plains (Cubrinovski, Green, et al., 2010). Among them is the
previously unknown Greendale Fault which ruptured on the 4 September 2010 producing the Mw
7.1 earthquake located approximately 30 km west of central Christchurch, near the town of
Darfield - the first in a series of large earthquakes to rock the region.

Figure 3-24. Convergence of Australian and Pacific Plates through New Zealand (as presented in
Cubrinovski, Green et al. (Cubrinovski, Green, et al., 2010), courtesy of Jarg Pettinga)

On 4 September 2010, the magnitude (Mw 7.1) Darfield earthquake shook the Canterbury region
of the South Island, New Zealand. The event triggered widespread liquefaction in the native soils
throughout Christchurch and surrounding suburbs which led to significant damage to structures
and lifelines. In the year to follow, the region was struck by several other large magnitude
earthquakes, six earthquakes with Mw 5.0 or higher, and thousands of smaller aftershocks. Most
significant of these proceeding events was undoubtedly the Mw 6.2 Christchurch earthquake, which
occurred on the 22 February 2011. The seismicity associated with the 2010-2011 Canterbury
Earthquake sequence is provided in Figure 3-25, with epicentre locations of the September and
February earthquakes indicated by the red star and gold circle symbols. The seismicity data (Figure
3-25) also highlights the approximate location of the June 2011 Lytteleton earthquake (Mw 6.0),
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just east of February 2011 event epicentre, the next largest aftershock in close vicinity to
Christchurch.

Figure 3-25. Seismicity associated with the 2010-2011 Canterbury earthquakes of Mw>3.0 and
approximate epicentre locations of the 2010 Darfield (Mw 7.1) and 2011 Christchurch (Mw 6.2)
earthquakes (Bradley et al., 2014)

The close proximity to the densely populated region of Christchurch City and strong accelerations
associated with the 2011 Christchurch earthquake resulted in unprecedented damage and 185
deaths, making it the most devastating and costly event in the nation’s recent history. The severe
liquefaction that was again triggered in this event was specifically pronounced within the
Christchurch Central Business District (CBD) and eastern suburbs, causing extensive damage to
utilities, bridges, residential structures and buildings. The total economic loss associated with the
Canterbury earthquake sequence is estimated at around 30 billion NZ dollars (Cubrinovski et al.,
2012).
3.5.1 Darfield Earthquake
The 4 September 2010 (Mw 7.1) Darfield earthquake stemmed from a rupture on a previously
unidentified strike-slip fault (now known as the Greendale fault) at a focal depth of about 10 km.
The epicentre was located approximately 10 km southeast of the town of Darfield and
approximately 40 km west of central Christchurch. Surface manifestation of the fault consisted of
a rupture approximately 29 km long in the east-west direction that is estimated to be about 40 km
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long at depth. Figure 3-25 shows the approximate location of the epicentre and Greendale Fault as
presented in Bradley et al. (2014). Additional details regarding the manifestation of the surface
fault rupture associated with this event can be found in Quigley et al. (2012)
Nearly 40 strong ground motion stations recorded the movement associated with this event. Peak
ground accelerations (PGA) at the strong motion stations ranged from about 0.15 – 0.35 g in the
areas of Christchurch and Kaiapoi (Bradley & Hughes, 2012a). As sesimic demand is inevitably a
key factor in lateral spreading triggering, it is important to understand the spatial distribution of
peak ground acceleartions along the streams and rivers of Christchurch and surrounding sububrs
where signficant lateral spreading was observed. Bradley and Hughes (2012a; 2012b) developed
estimates of peak ground accelerations throughout the Christchurch region by combining data from
the strong motion stations and an empirical ground motion model. Figure 3-26 provides contours
of the conditional mean PGA values (contour lines) and standard deviations (pink shading)
associated with the Mw 7.1 Septemeber 2010 earthquake available on the CGD (CGD, 2013b)
based on the results of the Bradley and Hughes (2012a, 2012b) analysis. The areas of darker pink
shading indicate locations of the strong motion stations, where actual recordings are available and
standard deviations are lowest.

Figure 3-26. Conditional median and standard deviation of PGA from the 4 September 2010 earthquake
(CGD, 2013b)
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The predictions indicate conditional median PGA values of about 0.18 to 0.20 g in the area along
the Avon River, east of the CBD; about 0.25 g along the Heathcote River located at the base of the
Port Hills; and about 0.2 – 0.26 g in Kaiapoi. The September 2010 earthquake triggered widespread
liquefaction and lateral spreading which caused arguabley the most extensive damage to residential
structures and lifelines in this event. Details regarding the liquefaction-induced damage throughout
the region is provided in subsequent sections.
3.5.2 Christchurch Earthquake
The Mw 6.2 Christchurch earthquake occurred on the 22 February 2011 at 12:51 pm local time and
was the most damaging and costly seismic event in New Zealand’s recent history. The northeastsouthwest trending Port Hills fault associated with this event lies just on the southern edge of
Christchurch and is interpreted as southeast dipping at about 65 degrees (Cubrinovski, Green, et
al., 2011). Like the Greendale fault, the Port Hills fault was also previously unknown prior to 2011.
Figure 3-27 shows the approximate location of the causative fault associated with this event
(epicentre location indicated in Figure 3-25) as well as locations of strong motion stations in the
area (and recorded acceleration time histories) (Cubrinovski, Bradley, et al., 2011).

Figure 3-27. Observed fault-normal acceleration time histories from the 22 February 2011 earthquake
and approximate location of causative fault which dips to the southeast (Cubrinovski, Bradley, et al.,
2011)
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Bradley and Hughes (2012a; 2012b) also provided estimates of conditional median and standard
deviations of PGA from the February 2011 events, shown as contours Figure 3-27 throughout
Christchurch and Kaiapoi (CGD, 2013b). In general, conditional median PGA values generally
ranged from about 0.4 to 0.6 g along the Avon River (including the CBD and east) and about 0.6
to 0.68 g near the Heathcote River (closer to the seismic source). Accelerations typically decreased
north of central Christchurch, with estimated conditional median PGAs in Kaiapoi of about 0.19
g. Comparing Figure 3-26 and Figure 3-28 of conditional median PGA value from the Mw 7.1
September 2010 Darfield earthquake and the Mw 6.2 February 2011 Christchurch earthquake,
respectively, indicates an obvious increase in ground shaking throughout the majority of
Christchurch associated with the later event. The close proximity to the densely populated region
of Christchurch City and strong accelerations associated with this event resulted in unprecedented
damage and 185 deaths, making it the most devastating and costly event in the nation’s recent
history. The strong ground shaking associated with the February 2011 event again resulted in
severe liquefaction in the region that was specifically pronounced within the Christchurch Central
Business District (CBD) and eastern suburbs, causing extensive damage to utilities, bridges,
residential structures and buildings.

Figure 3-28. Conditional median and standard deviation of PGA from the 22 February 2011 earthquake
(CGD, 2013b)
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3.6

Liquefaction Observations

One of the most defined aspects of the Darfield and Christchurch Earthquakes was the widespread
manifestations of liquefaction observed throughout the region. Over 7000 residential properties
throughout Christchurch and surrounding suburbs have been declared uneconomic to repair by the
New Zealand Government, mostly due to damage associated with the severe liquefaction and
lateral spreading observed in the recent events (Canterbury Earthquake Authority [CERA], 2014).
Extensive ground reconnaissance efforts were launched after the September 2010 and February
2011 earthquakes in order to document the geotechnical damage associated with these events, e.g.
Cubrinovski, Green, et al. (2010, 2011). The following highlights a few of these findings related
to the extent and location of liquefaction concentration in each event, as well as typical damage
observed while additional details can be found in the Geotechnical Extreme Events
Reconnaissance (GEER) reports corresponding to the 2010 Darfield earthquake and the 2011
Christchurch earthquakes Cubrinovski, Green, et al. (2010, 2011) as well as other related
publications, e.g. (Cubrinovski, Bradley, et al., 2011) (Green et al., 2012).
Figure 3-29 provides the results of a drive-through reconnaissance effort aimed to map the extent
of liquefaction throughout Christchurch following the September 2010 and February 2011
earthquakes (Cubrinovski & Taylor, 2011). In the figure, evidence of liquefaction following the
September 2010 event is denoted with a black outline, and the highlighted regions correspond to
observations following the February earthquake, and is broken into severity categories. As can be
seen in Figure 3-29, the most severe areas of liquefaction are generally concentrated along the
Avon River, through the north end of the CBD and east. This area also liquefied in the September
earthquake, though the extent beyond the river increased in the 2011 event. Additional zones of
liquefied material were observed throughout the city, following the February earthquake, which
did not liquefy in September, and are likely a result of the stronger ground accelerations (seismic
demand) throughout the region caused by the 22 February 2011 earthquake. Comparison of Figure
3-29 with the geological mapping of Figure 3-3 indicated moderate to severe liquefaction
occurring in both the alluvial (spy) and beach sand deposits (ch) mapped in the vicinity.
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Figure 3-29. Liquefaction observations in Christchurch based on drive-by reconnaissance (Cubrinovski
& Taylor, 2011)

Liquefaction interpretations from high quality aerial photographs taken in the days following each
event provide additional data regarding the extent of liquefaction in the region (CDG, 2013d). An
example of such interpretations is provided in Figure 3-30 for the Kaiapoi region, where the more
severe liquefaction was associated with the September event, as expected given the decrease in
seismic demand felt throughout the area in February. Typical damage associated with moderate to
severe liquefaction included extensive sand ejecta, differential settlements, and extensive damage
to structure, roads, and lifelines. Figure 3-31 provides examples of typical damage associated with
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liquefaction in the residential areas following the 22 February earthquake, as presented in
Cubrinovski, Bradley, et al. (2011).

(a)

(b)

Figure 3-30. Liquefaction observations from aerial photographs taken in the days following the (a) 4
September 2010 and (b) 22 February 2011 earthquakes (CGD, 2013d)

Figure 3-31. Typical damage from liquefaction in residential suburbs following the 22 February 2011
earthquake (Cubrinovski, Bradley, et al., 2011)
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Figure 3-31 highlights the following: (a) volume of sand ejecta removes from residential properties
affected by severe liquefaction; (b) flooding and ejecta along many roads immediately following
the event; (c) line of sand boils running about 20-30 m through residential property; and (d)
differential settlement of structure resulting from bearing capacity failure in liquefied materials
(Cubrinovski, Bradley, et al., 2011). Additional damage associated with liquefaction included
damage of commercial buildings within the CBD, the water supply and waterway systems, and
damage to bridges as documented in Cubrinovski et al. (2014).
Arguably the most severe damage to residential structures resulted from the lateral spreading
observed along the streams and rivers throughout these heavily liquefied zones. The Canterbury
Earthquake Recovery Authority (CERA) designated many of these residential areas associated
with this lateral spreading hazard as “red zones” indicating “repair/rebuild process and/or
reoccupation is not practical as required land repair, improvements, or life-safety hazard mitigation
works would be too difficult to implement, prolonged and disruptive to landowners” (CGD,
2013a). Figure 3-32 indicates the locations of these designated “red zones”.

(a)

(b)

Figure 3-32. Residential properties designated as “red zone” following the Canterbury earthquakes in
(a) Christchurch and (b) Kaiapoi (CGD, 2013a)
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As can be seen in the figure, the majority of these zones are generally concentrated along streams
and rivers, where lateral spreading hazards exist. Specifically the region along the Avon River,
east of the CBD, and along the Kaiapoi River and Courtenay Stream in Kaiapoi appear to have
been heavily affected by the liquefaction and related effects. These areas coincide with significant
lateral spreading that occurred in the recent events, as discussed in the following section. Several
“red” zone regions are also apparent in the near-fault region (Christchurch earthquake) of the Port
Hills and generally correspond to areas subject to significant rockfall and other forms of landslides
that occurred as a result of the strong ground shaking in the region. Additional details regarding
the observed rockfall and land damage in the Port Hills is provided in Cubrinovski, Bradley, et al.
(2011).
3.7

Lateral Spreading

Lateral spreading was one of the most damaging effects of the widespread liquefaction triggered
in the 2010 Darfield and 2011 Christchurch earthquakes and was generally concentrated along the
streams and rivers of Christchurch and nearby townships. Examples of typical damage associated
with lateral spreading are briefly discussed while additional documentation of observed damage
can be found in Cubrinovski, Green, et al. (2010), Cubrinovski, Bradley, et al. (Cubrinovski,
Bradley, et al., 2011); Cubrinovski et al. (Cubrinovski et al., 2012) among others. Chapter 5 of this
thesis provides details of ground measurements indicating the magnitude and extent (distance from
the bank) affected by spreading based on the results of ground surveying. The following section
serves as introduction to the typical damage and a general overview of lateral spreading from
supplemental field observations and LiDAR data.
Global perspectives of lateral displacement throughout Christchurch are presented with respect to
extensive property investigations (CGD, 2013c); crack mapping performed following the recent
events (CGD, 2012d); and horizontal and vertical displacements from LiDAR (CGD, 2012b,
2012e). Scrutiny of these datasets highlights general locations subject to lateral spreading,
magnitude and distribution of these displacements, and indicates how the geologic, topographic
and seismic aspects of the region factor into lateral spreading displacements. In addition, the data
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(crack mapping and LiDAR) are used in subsequent interpretation and scrutiny of ground
measurements discussed in Chapter 4 and 5 and therefore, it is important to first analyse the data
in detail.
3.7.1 Typical Damage
As part of the reconnaissance efforts following these events, detailed field investigations were
conducted as part of the research presented within to document the lateral spreading at various
locations following the September and February earthquakes. Details of the method employed and
results are provided in Chapters 4 and 5. Cubrinovski et al. (2012) summarizes some of the data
gathered as well as general observations and consequences of lateral spreading in these seismic
events including the impact on buildings, infrastructure, roadways, bridges and residential
structures. Details of several bridges damaged in the events as a result of lateral spreading are
provided in Cubrinovski et al. (2014). An example of typical damage to residences subject to
severe lateral spreading is provided in Figure 3-33 (Cubrinovski et al., 2012) and was generally
associated with large fissures running parallel to the waterway. As can be seen in the figure, these
fissures tore foundations and slabs apart and caused unrepairable damage to hundreds of homes.

Figure 3-33. Example of lateral spreading damage in the Canterbury earthquakes showing crack
propagating (a) unreinforced slab (b) perimeter footing and (c) reinforced perimeter of concrete slab
(Cubrinovski et al., 2012)

Similar devastation was observed in Kaiapoi, along Courtenay Drive, following the September
earthquake, as shown in Figure 3-34, where cracks were encountered propagating through and
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along houses located 200 m from the river. These failures associated with large fissures
concentrated at significant distances from the bank are referred to as block-type failures and
discussed briefly in the subsequent sections and described in more detail in Chapter 5.

Figure 3-34. Lateral spreading damage along Courtenay Drive in Kaiapoi following the 2010 Darfield
earthquake.

86

Detailed property inspections were collected for the Earthquake Commission (EQC) following the
Canterbury earthquakes (CGD, 2013c). Individual residences were inspected and categorized
based on quantities of ejecta and lateral spreading damage after the 4 September 2010 and 22
February 2011 earthquakes as detailed in the CGD (CGD, 2013e). Figure 3-35 provides the results
of the property survey throughout Christchurch following the 22 February 2011 (as the 4
September 2010 dataset is incomplete). The data shown inevitably reflects the influence of both
events, as well as any intermediate aftershocks. Properties shown in red or dark red correspond to
moderate to severe lateral spreading observations and correlate well with the “red zone” maps in
Figure 3-32, as expected, given that this type of liquefaction-induced failure was overall the most
damaging to residential properties.

Figure 3-35. Liquefaction and lateral spreading observations through property inspections following the
22 February 2011 earthquake (CGD, 2013c)

The property inspection data shown in Figure 3-35 also highlights the concentration of the lateral
spreading along the Avon River and diminishing with distance from the waterway, typical of
lateral spreading distributions. Figure 3-36 provides the results of property inspections conducted
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in Kaiapoi following the September earthquake indicated a concentration of lateral spreading
damage to residences located about 200 m from Courtenay Stream. This was consistent with
observations from the method of ground survey discussed in Chapter 4 and 5. Recall this area
coincided with an abandoned channel of the Waimakariri River (Figure 3-10), which led to the
observed “block-type” movement with large fissure concentrated at a significant distance from the
waterway and causing extensive damage to homes in the area. More details regarding this type of
spreading pattern, among others, are discussed within Chapter 5 of the thesis.

Figure 3-36. Liquefaction and lateral spreading observations through property inspections in Kaiapoi
following the 4 September 2010 earthquake (CGD, 2013c)

3.7.2 Crack Mapping
Additional field observations documented following these seismic events consisted of detailed
mapping of cracks, typically associated with lateral spreading, in the heavily liquefied areas
following the recent events (CGD, 2012d). The data was used to gain an idea of the general
direction, magnitude, and extent of lateral displacement in the affected areas. The mapped cracks
were typically categorized by the widest point of the crack which often tapered to near nothing at
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the crack ends. There are two datasets associated with the mapping corresponding to the date
collected: (1) 4 September 2010 - 22 February 2011, which is incomplete, and (2) post 22 February
2011, which also includes an “unclassified” category of cracks associated with a rapid assessment
effort in which widths were note recorded (CGD, 2013e). The digitized data was obtained from
the CGD and input in GIS as part of this study. In general, the cracks ran perpendicular to the
dominant direction of movement.
Avon River
Figure 3-37 presents the crack data concentrated along the Avon River, overlying general site
topography based on elevation data from post 22 February 2011 LiDAR (CGD, 2012c).
Immediately, the data highlights areas subject to lateral spreading, generally consistent with the
“red” zone areas of Figure 3-32, as well as several other findings discussed below. In general, the
majority of cracking was concentrated downstream of the CBD, where ground elevations are
lower. The largest cracks were typically concentrated closest to the bank and decreased in severity
with distance from the river. The distance from the bank typically affected by the spread, as
mapped in Figure 3-37 was generally within about 100 m but up to 200 m or more in some cases.
For example, the point bar loop in Avonside showed larger “red” cracks occurring at about 200 m
from the bank; these cracks did not appear to be associated with any change in topography and
were therefore likely resulting from movement to the free-face at the river channel and potential
localized soil conditions in this area. The diminishing nature of cracking with distance from the
waterway is typical of lateral spreading patterns observed in the past (e.g. Ishihara et al.(1997),
discussed in Chapter 2) and similar to the majority of data obtained in the method of ground survey,
discussed in Chapter 5. This typical type of failure is referred to within as a “distributed” failure.
Though this distributed-like failure was the most common failure pattern highlighted in the dataset
of crack mapping, scrutiny of lateral movement at several sites introduced an additional kind of
spreading concentrated within 30 m of the bank and affecting little area beyond. An example of
the “localized” displacement is highlighted in Figure 3-38 along the cut bank of the Avon Loop,
east of the CBD.
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(a)

(b)
Figure 3-37. Cracks mapped along the (a) western and (b) eastern Avon River following the Canterbury
earthquakes (CGD, 2012d)

90

Several large cracks are mapped within 30 m of the bank along the north and east banks of the cut
bank with very little sign of lateral movement occurring beyond this concentrated zone. Similar
findings were encountered in the ground survey and may be attributed to increases in ground
elevation or changes in subsurface conditions. Crack data in the Avon Loop shown in Figure 3-38
also provided an example of the more typical “distributed” type failure inferred by the large
cracking along the north and east banks of the point bar extending up to about 100 m inland from
the bank.

Figure 3-38. Example of local failures along the cut bank of the Avon Loop and distributed failures along
the north and east banks of the point bar (see legend in Figure 3-37)

Another interesting feature highlighted in Figure 3-38 relates to the effects of topography and
location of lateral cracking. For example, a few large fissures are mapped along the change in
elevation occurring at about 330 m from the north bank of the point bar loop. Given the lack of
lateral cracking mapped between this feature and the distributed failure cracks mapped within 100
m of the bank, it is unlikely that these distant cracks were associated with lateral movement to the
free-face. More likely, the displacements were a result of the change in topography in this area
(not part of the movement at the north bank). A similar feature is denoted in Figure 3-37(a) south
of the Avonside point bar loop, along the topographic change mentioned previously which
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generally follows the geologic outcrop of the Christchurch formation in the vicinity. Again, the
cracks are located a significant distance from the free-face (480 m) and no continuation of lateral
cracking (with similar orientation) extending to the river. These cracks were also considered to be
associated with topographic effects, not lateral spreading to the free-face.
Smaller cracks of random orientation were also often mapped throughout the region which
exemplify the complexities of ground distortion resulting from liquefaction and the difficulty of
determining the nature of small cracks when mapping lateral spreads. For example, Figure 3-37(a)
denotes an area west of Avonside characterized by abundant small cracks (denoted in yellow). The
cracks are generally thin (< 5 cm), short in length, oriented in various directions, and concentrated
within an area of relatively constant elevation. However, the cracks lie within a zone mapped as
“moderate to severe” liquefaction (Figure 3-29) and are likely a result of ground distortion from
liquefaction and consequential settlements, uplift, and impacts of these changes in ground
conditions on the built environment. Similar distortion was observed in Bexley, which
significantly liquefied in both events, and is denoted in Figure 3-37(b). These small ground cracks
were also encountered in the ground survey and were assumed to be associated with local ground
distortion from liquefaction, not lateral spreading to the free-face located at more than 200 m to
the east (discussed in Chapter 5).
The crack data in Figure 3-37 also highlight the influences of river geometry and associated
meandering loop features on lateral spreading features. In general, point bar features typically
suffered more severe spreading in terms of magnitude and displacement whereas cut bank features
exhibited more localized failures or smaller cracking. The Dallington Loop denoted in Figure 3-37
provides an ideal example of these opposing geologic features and the potential effects on lateral
spreading. The Avon Loop feature, discussed above and shown in detail in Figure 3-38, also
provides another example of typical meandering loop behaviour with a significant increase in
mapped cracks within the point bar and more localized features mapped on the outer cut banks.
Within the Dallington Loop point bar, an extremely complex web of large cracks and failures was
observed. With multiple free-face directions, it can be difficult to know which direction the
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movement is taking place, for example, in the middle of the point bar where the ground was
equidistant from two free-faces. As illustrated in subsequent chapters, data from remote imaging
and site topography can be useful tools in such situations to determine the accurate interpretation
of ground movement.
In contrast, the cut bank of the point bar was characterized by very little cracking, limited to just a
few cracks along the southwest cut bank. The geologic processes and elevation differences typical
of meandering loop cut banks (higher elevation, typically coarser materials) and point bars (lowlying, loosely-deposited, low-flow finer sediments) discussed in Section 3.4.2, likely contributed
to the general observations at this location.
In conclusion, the mapped crack data provides a beneficial resource in understanding the lateral
spreading along the Avon River. Several significant findings resulting from scrutiny of this dataset
can summarized as follows:
•

Majority of cracking located east of the CBD (where surface elevations are lower);

•

Cracking is generally adjacent to streams and rivers, following the waterway
geometry;

•

The zone of cracking is typically concentrated with 100 to 200 m from the river
and associated with a distributed failure type;

•

Two less common failures are identified including a block-type failure near Bottle
Lake, and localized failures concentrated within 30 m of the bank with little
cracking/damage mapped beyond that distance.

•

Topography such as ridges and ground slopes in liquefied areas influencing lateral
movements at larger distances from the bank and resulting in lateral cracking along
the higher elevation;

•

Areas subject to cracking as a result of liquefaction, typically characterized by
smaller cracks with random orientations at significant distances from the river;

•

Effects of river geometry and concentration of spreading within point bar features
(such as Dallington Loop and Avon Loop) and minimal cracking in the cut bank;
and
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•

Highly complex cracking patterns within the Dallington Loop point bar associated
with movement in several directions towards multiple free-faces.

Heathcote River
Similar to the analysis of crack data along the Avon River, Figure 3-39 provides documentation
of cracks observed along the Heathcote River following the Canterbury earthquakes (CGD,
2012d). Of immediate note, compared with the data along the Avon River (Figure 3-37), was the
absence of large cracking (denoted in red) along the majority of the Heathcote River. The largest
damage in terms of mapped cracks, was observed in Ferrymead, near the Avon-Heathcote Estuary,
which coincides geologically with drained estuary/lagoon deposits as mapped by Brown and
Weber (1992) in Figure 3-3. The crack data indicated several large fissures along the wetland
border and west bank of the Heathcote at the outlet, decreasing in magnitude with distance from
river or wetland feature.

Figure 3-39. Cracks mapped along the Heathcote River following the Canterbury earthquakes (CGD,
2012d)

Another area of note in Figure 3-39 is the abundant small (< 5 cm) cracks mapped in the St. Martins
and Beckenham region. The area was shown to have liquefied in the February 2011 earthquake
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with moderate to severe liquefaction mapped in Figure 3-29 in drive-by reconnaissance efforts.
Given the relatively small width, short length, and random orientation it is anticipated the majority
of these cracks are associated with ground distortion from liquefaction. However, several cracks
do appear closer to the river, some slightly larger in size, and were likely related to lateral
movement to the free-face. These small spreads appeared sporadically along the bank and
generally extended about 10 to 80 m from the bank (as defined by the extent parallel cracking from
the free-face) and were typically mapped with cracks classified as “undefined” or less than 5 cm.
The occasional larger cracks appeared to be isolated at the free-face, possibly resulting from a
slump-like failure at the bank. Overall the severity of lateral spreading along the Heathcote River,
as inferred by the mapped crack data, appeared much less significant than the large failures that
occurred along the majority of the Avon River, despite the larger seismic demand in the February
earthquake in this area.
Kaiapoi
Ground crack mapping was also performed in Kaiapoi, as shown in Figure 3-40 (CGD, 2012d). It
is noted that many of the cracks mapped in Figure 3-40 are dated “post February 2011”. However,
it is likely most of these cracks were also evident following the September 2010 event, based on
field observations following the September earthquake and the observed severity of damage
associated with this event.
The most severe cracking was located in south Kaiapoi, at about 200 m from Courtenay Stream,
consistent with the property inspection data presented in Figure 3-36, confirming this “block-like”
movement concentrated along the change in grade 200 m from the stream. Several large fissures
were also apparent along the stopbanks of the Kaiapoi River. The cracking appeared to be
associated with failure of these features and generally limited to within their topographic bounds,
extending up to about 50 m from the river in some cases (but still within the slope of banks). A
large failure was also noted in the eastern portion of north Kaiapoi comprised of abundant smaller
(< 5 cm – orange, green) cracks oriented parallel to the bend in the Kaiapoi River to the northeast.
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Figure 3-40. Cracks mapped in Kaiapoi following the Canterbury earthquakes (CGD, 2012d)with respect
to post February 2011 elevation data

The cracking extends about 250 m from the free-face in this region and may be associated with a
distributed movement towards the free-face. Significant liquefaction was observed in this area in
the September 2010 and February 2011 events (Figure 3-30). As seen in the vicinity of
Christchurch, random smaller cracking likely associated with liquefaction and related ground
distortion was also apparent throughout much of the north and south Kaiapoi region, indicated by
the numerous (green) cracks mapped in Figure 3-39.
Analysis of the crack mapping in the Kaiapoi area highlighted several features of the overall
ground performance in the region including:
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•

Large block failure concentrated at about 200 m from Courtenay Stream with
extensive cracking (> 10 cm) running along the edge of the topographic change in
the area;

•

Failure of the stopbanks along the Kaiapoi River, characterized by large fissures
along the slopes of the banks and generally limited to within their topographic
bounds;

•

Abundant “small” cracks further from the river indicative of local ground
distortions and liquefaction;

•

Distributed failure along the northeast bend in the Kaiapoi River in north Kaiapoi
comprised of abundant small (< 5 cm) cracks running parallel to the bank and
extending about 250 from the channel.

3.7.3 LiDAR Interpretations
An alternative to field methods of lateral spreading assessment on the ground is through
comparison of pre and post event imagery data, including LiDAR or aerial photogrammetry. Such
alternative methods allow for ground interpretations over a large area that can be used to
supplement field observations. The following section provides interpretations of vertical and
lateral displacements estimated from LiDAR following the Canterbury earthquakes which can be
used to supplement the field observations of lateral spreading discussed above. Changes in vertical
elevation were estimated through comparison of pre and post LiDAR digital elevation models
(DEM) and can be used to identify areas of subsidence resulting from lateral movement. Lateral
displacements were estimated via a sub-pixel correlation developed by Imagin’ Labs Corporation
and California Institute of Technology comparing pre and post LiDAR datasets; horizontal
movements were computed on 4 m (or 8 m) grids and then averaged over a 56 m grid for
presentation (CGD, 2013e). Tectonic effects for both vertical and lateral directions were computed
from GNS dislocation models and subtracted from the observed displacements to yield “local”
measurements (CGD, 2013e) used throughout this thesis.
As mentioned previously, the pre-earthquake datasets are of lower quality and therefore reduce the
accuracy of estimated vertical and lateral displacements, i.e. displacements computed using these
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older data sources, such as those associated with the September earthquake or cumulative
displacements from September and February events, have a larger uncertainty than displacements
from the February earthquake only, which are derived from comparing two post September 2010
LiDAR sets. Beavan et al. (2012) reports horizontal LiDAR displacements greater than ~ 0.4 m
(or lower for most recent datasets) to be generally reliable; however no detailed study has been
performed on the accuracy of these horizontal displacements. The 0.4 m threshold was also
consistent with the 0.4-0.55 m horizontal accuracy reported by CGD (2013e) for the AAM
metadata LiDAR.
Horizontal displacements estimated from LiDAR (CGD, 2012b) are presented as vector data in
the subsequent sections for areas along the Avon and Heathcote Rivers. LiDAR displacements less
than 0.3 m were not considered; this was based on trial and error with magnitude thresholds to
eliminate noise in the data for interpretation and was generally consistent with 0.4 m reliability
reported in Beavan et al. (2012). Larger arrows were overlain on the LiDAR data to highlight the
orientation of vectors – black arrows indicated movement towards the bank and red arrows
indicated unusual direction of movement, i.e. away from the bank.
Vertical displacements (CGD, 2012e) were estimated to have a higher level of accuracy; given the
estimated accuracy for a given DEM is about +/- 0.07-0.15 m as mentioned previous, differentials
calculated from these datasets are likely within twice this error (assuming the same error for each
dataset), about +/- 0.15 – 0.30. Using the two datasets (vertical and horizontal) in conjunction as
well as scrutiny of three sets of comparisons were considered: (1) pre-Sep/post-Sep (September
EQ), (2) post-Sep/post-Feb (February EQ), (3) pre-Sep/post-Feb (cumulative).
Avon River: September EQ displacements (pre Sept 2010 – post Sept 2010 LiDAR)
Lateral displacements interpreted from LiDAR and associated with the September earthquake
along the Avon River are presented in Figure 3-41 with respect to site topography (post September
LiDAR elevation data) and cracks mapped following the September 2010 earthquake (recall the
crack mapping dataset is incomplete for this event). In addition, estimated changes in vertical
elevations associated with the September event are presented in Figure 3-42.
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Figure 3-41. Lateral displacements along the Avon River estimated from LiDAR analysis of pre and post
September 2010 earthquake data (CGD, 2012b)
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Figure 3-42. Changes in vertical elevation along the Avon River estimated from LiDAR analysis of pre
and post September 2010 earthquake data (CGD, 2012e)

In general, three types of lateral movement were identified from the lateral displacement data
provided Figure 3-41:
(1) Distributed spreading failure at the river indicated by largest vectors at the bank, decreasing
with distance from the free-face as shown in Avonside (point bar), Dallington (point bar),
and along the southern stretch of Bottle Lake. Lateral movements of more than 0.5 m were
mapped at distances of about 300 to 400 m from the bank, a significant increase from the
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“zone of spreading” estimated from field observations (typically 100 to 200 m). The largest
movements mapped at the bank from LiDAR in these areas was about 1 to 1.5 m.
Interestingly, while field observations noted abundant ground cracking in the vicinity of
the Avonside and Dallington point bar loops, little field data highlighted the large westeast movement in the southern portion of Bottle Lake. Though the entire region did show
signs of significant liquefaction.
(2) The second mode of failure indicated by the LiDAR data appeared likely as a result of
down-slope lateral movement in heavily liquefied areas towards regions of lower
elevations. These movements were often oriented away from the free-face, for example,
the area along Locksley Ave across from Porritt Park indicated lateral movement on the
order of 0.3 – 0.5 m moving away from the free-face, toward an area of slightly lower
elevation west of the river. Similar movement was highlighted downstream of Avondale.
In addition, a concentration of vectors located downslope of the ridge south of Avonside
(near the beach outcrop previously discussed) did not increase in magnitude at the freeface and was likely associated with a topographic movement from the ridge, rather than
spreading to the river channel. In general, these topographic movements (when not near a
free-face) were often smaller in magnitude, typically 0.3 – 0.5 m (compared to the
spreading > 1 m measured at the free-face in Avonside and Dallington), were distributed
over a relatively large area and often not picked up by field observations (i.e. ground
cracking). Ishihara (1993) encountered a similar observation where ground surveying
found minimal lateral movement but results from aerial photogrammetry indicated a larger
movement occurring, which was attributed to on a deep liquefied layer that did not manifest
movement at the ground surface. In addition, the LiDAR movements encountered at these
locations appeared to be widespread and distributed over large areas (compared to the more
concentrated movements at the free-face). It also should be noted that, as mentioned
previously, comparisons of post-event and pre-earthquake LiDAR datasets can be difficult
given the lower-quality nature of the older LiDAR sets and therefore some of the smaller
(0.3 – 0.5 m) movements highlighted in Figure 3-41 may just be associated with uncertainty
in the method.
(3) A combination of down-slope movement and movement to a free-face was also observed
in some areas. For example, the large displacements (0.5 to > 1 m) along the southern
portion of Bottle Lake showed movement toward the free-face but also moving from a
slightly higher elevation in the west, to the low-lying region abutting the lake in the east.
Recall field observations in the area after the September earthquake indicated significant
lateral spreading damage to properties on the eastern edge of the suburb but little effects of
spreading propagating to the west, where large vectors are indicated in Figure 3-41. Some
cracking was observed near the transition to the lower elevation (Figure 3-37) and the entire
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area was subject to severe liquefaction Figure 3-29. The large displacements mapped by
LiDAR in the Dallington Loop point bar could also be associated with combination of
topography and free-face conditions, considering the elevation high-point in the northwest
of the point bar, influencing lateral displacements to the south and east (with little
movement to the west).
Scrutiny of vertical elevation changes in Figure 3-42 provide little improved understanding of
the lateral movements discussed above as the vertical data indicates more regional settlements
of about 0.1 to 0.2 m across the majority of Christchurch, east of the CBD. A few
concentrations of settlements along the banks within, for example, the Avon Loop point bar
and along the east bank in Avondale, may be indicative of lateral spreading and consequential
slumping that were not shown by the horizontal vector data (likely because the magnitude was
too small for accurate characterization). Ground observations (crack mapping) along the east
bank in Avondale did indicate some lateral displacement occurring in this region,
demonstrating how the vertical elevation data can be used to supplement field observations
where lateral displacement accuracy from LiDAR may not suffice.
In addition, given the potential sources of error associated with the LiDAR lateral displacement
method (more pronounced with older data sets), it may be beneficial to confirm areas of large
lateral movement with regions of subsidence determined by the more precise vertical
differential data. For example, there are several areas of discrepancy that come to light in
comparing Figure 3-41 and Figure 3-42, a few are listed below:
•

In the CBD, Figure 3-41 indicated lateral movement of about 0.8-1 m moving to the
southeast, possibly as a result of ground slope conditions. However, Figure 3-42 showed
relatively little to no settlement occurring in the region, which would be contradictory to a
lateral movement of such magnitude depicted by the horizontal vectors. Thus, the data
presented in Figure 3-41 may be a result of the LiDAR data limitations associated with
lateral displacements.

•

Another example corresponded to the larger (in terms of area affected) lateral movement
to the north in Avondale. Again, scrutiny of vertical elevation data showed little settlement
in this area which raises question to the validity of the lateral movement at this location.
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Avon River: February EQ displacements (post Sep 2010 – post Feb 2011 LiDAR)
Results from the LiDAR interpretations along the Avon River associated with the February 2011
earthquake (i.e. comparison of post Sept 2010 LiDAR and post Feb 2011 LiDAR) are presented
in Figure 3-43 and Figure 3-44, showing horizontal and vertical displacements, respectively.
Interpretation of these displacements eliminates the potential error associated with interpretations
using the lower quality “pre-earthquake” data.

Figure 3-43. Lateral displacements along the Avon River estimated from LiDAR analysis of post
September 2010 and post February 2011 earthquake data (CGD, 2012b)
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Figure 3-44. Changes in vertical elevation along the Avon River estimated from LiDAR analysis of post
September 2010 and post February 2011 earthquake data (CGD,2012e)

Results from the horizontal displacement analysis of post September – post February events
indicated an increase in the more “typical” distributed lateral spreading failures along the banks of
the Avon River including the Avon Loop point bar, the point bar loops of Avonside and Dallington
(as seen in September), and generally continuing along the bank east of Dallington through to
Bexley. In general, lateral displacements at the banks range from 0.5 to 1.5 m at the bank with
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displacements > 0.5 m extending about 100 to 200 m from the bank and are generally consistent
with the extent of spreading observed in the field.
Three regions of large displacement spanning a significant distance are easily identified in Figure
3-43: (1) along the north bank upstream of Anzac Bridge; (2) north bank downstream of Anzac
Bridge; and (3) the western region of the Bexley suburb. None of these areas indicated significant
movement (> 0.3 m) in the September event (Figure 3-41) but the areas did coincide with severe
liquefaction in the February event. With regards to (1) and (2), significant lateral cracking was
mapped along the edge of the movement, near the bank of the Avon River (see Figure 3-37), but
did not appear to extend more than about 100 m from the free-face, while the movement mapped
by LiDAR (Figure 3-43) indicated movements > 0.5 m extending 600 m or more from the Avon
River. The large lateral movement was likely a result of the area’s topographic conditions and
regional down-slope movement of the liquefied ground, as well as lateral movement toward the
free-face closer to the bank. Interestingly, property observations in the vicinity were typically
mapped as “no lateral spreading” in this area (Figure 3-35) despite these large lateral movements
depicted by LiDAR (similar to the previous disagreement observed near Bottle Lake in the
September interpretations). Again, these large displacements of 0.5 – 1.5 m were distributed over
a wide area (600 to 700 m). The lack of apparent ground distortion in these areas may be associated
with deep-seated movement as mentioned above, or extremely soft soils allowing for these
deformations within the subsurface. Geologically, this region coincided with drained estuary and
lagoon deposits (Figure 3-3) and likely characterized by low-resistance soils.
Similarly, the area in Bexley appeared to be part of a global-like movement to the north, possibly
resulting from the fill placed in the southern region, creating a higher elevation and potential for
downslope movement to the north. The large movement appeared isolated from the bank,
indicating it likely to be related to topography and heavy liquefaction. As with the other largescale topographic movements, lateral cracking in the Bexley area was not apparent in the vicinity
of the large vector displacements indicated by LiDAR. Review of changes in elevation in these
regions (Figure 3-44) showed settlements (up to 0.5 m) occurring throughout the whole zone of
movement.
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The February-event LiDAR lateral displacements indicated some movement toward the wetlands
area along the southern edge of the suburb that was not captured in the September-event LiDAR.
Field observations (mapped cracking) in the vicinity following showed several large fissures in
the vicinity (Figure 3-37). It is possible that the area along the wetland did in fact move to the
south in both events, as indicated by the February LiDAR, and the decreased accuracy of the
September dataset failed to capture this movement.
Interestingly, the large west-east movement observed in the pre-post September data south of
Bottle Lake was not apparent in Figure 3-43, suggesting either that the movement indicated in
September (Figure 3-41) was attributed to error associated with the datasets involved and/or
possibly, the failure was primarily a function of the September event, resulting in changes in
topography and less movement in subsequent earthquakes.
The previous analysis highlighted an area of westward movement mapped in the CBD that
appeared to conflict with the vertical change in elevation data, or lack of notable settlement.
Scrutiny of this region with respect to the February earthquake analysis indicated more typical
displacements of lower magnitude oriented toward the free-face, suggesting that the displacement
reported in the September analysis in this region was likely associated with data limitations and
not an accurate representation of lateral movement at this location. In general, the data in Figure
3-43 suggested relatively minor lateral displacements in the CBD area, typically 0.3 – 0.5 m or
less. This was consistent with the minor cracking mapped in the vicinity and lack of lateral
spreading observations noted in the property inspections described previously.
An important feature noted in this higher-quality dataset was the movement in two directions in
the area across from Porritt Park. Lateral cracking was mapped along the bank at about 100 m
from the bank; initial scrutiny of such data would assume these cracks were associated with
movement to the free-face. However, the LiDAR showed movement in the opposite direction at
about 130 m from the free-face. The topography in the vicinity supports this interpretation with a
low-lying ridge, as described in Section 3.4.1, running along the bank with a high point occurring
at about 50 to 80 m from the river and creating this lateral movement in two directions. Further
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scrutiny of this area with respect to measurements from ground surveying is discussed in Chapter
5.
The results from the vertical displacement analysis from the February earthquake showed
improved correlation with lateral displacements (compared with the more regional observations
from the September analysis), indicating several areas along the banks corresponding to estimated
settlements of up to about 0.5 m (Figure 3-44). In general these zones of subsidence were
concentrated within about 100 to 200 m, consistent with the zone of spreading previously identified
by the lateral displacements and field observations. The wide-scale settlement concentrated in the
eastern region of Christchurch was again apparent, with little elevation change observed west of
about Avonside and Dallington. Significant settlement was also noted in the southern portion of
Bexley, further supporting the lateral movement to the south and resulting subsidence.
Avon River – Sep EQ + Feb EQ cumulative displacements (pre Sep 2010 – post Feb 2011 LiDAR)
The cumulative effects of the September and February earthquakes were considered with respect
to LiDAR horizontal and vertical measurements from pre-September and post-February 2011,
presented in Figure 3-45 and Figure 3-46. As expected, an increase in lateral movement across
most of the region was observed. Regional spreads on the order of 0.3 – 0.8 m are shown at
significant distance south of the Avon River and may be attributed to lateral movement associated
with topographic effects or limitations of comparisons with pre-earthquake data. Regardless, the
data highlights several areas along the Avon River subject to severe lateral displacements including
the Avonside and Dallington point bars (with minimal displacement along the cut banks) and along
the east bank of the Avon from Dallington to Avondale. The zone of spreading defined by
displacements greater than 0.5 m was estimated to be about 200 to 300 m in these areas.
As seen in the previous datasets, regional spreads were apparent along the southern portion of
Bottle Lake, northeast of Anzac Bridge, and in the western portion of Bexley. The two-direction
spread observed along Locksley Ave across from Porritt Park from the February analysis still
suggested movement away from the bank to the low lying region as well as movement at the bank
toward the free-face, resulting from the ridge-like feature in the vicinity. In addition, the vector
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data in the Dallington Loop also followed the topography with the majority of movement
stemming from the highpoint in the region and predominantly moving in a south and east direction
(as opposed to northwest). This will also be scrutinized in further detail in Chapter 5.

Figure 3-45. Lateral displacements along the Avon River estimated from LiDAR analysis of post
September 2010 and post February 2011 earthquake data (CGD, 2012b)
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Figure 3-46. Changes in vertical elevation along the Avon River estimated from LiDAR analysis of post
September 2010 and post February 2011 earthquake data (CGD, 2012e)

None of the LiDAR interpretations considered (September, February or cumulative) showed
evidence of “localized” failures similar to those observed in the ground crack mapping,
concentrated within 30 m of the bank. This largely due to the location of LiDAR vector
displacements typically at more than 30 m from the bank. The LiDAR data can be used to verify
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minimal ground movement in the region beyond the local spread, such as along the north and east
cut bank of the Avon Loop which indicated less than 0.3 m movement in Figure 3-45.
Changes in elevation from pre-earthquake to post-February earthquake indicate significant
settlement across most of the city, specifically east of about Avonside, on the order of 0.1 to 0.3
m. While this regional settlement occurred even at great distances from the bank, exaggerated
settlements on the order of 0.5 m were apparent at some locations along the river, indicative of
significant lateral spreading and resulting ground slumping. Such locations can be seen along the
Avon Loop point bar, within the Avonside and Dallington loop point bars, and along the east and
south bank of the Avon between Porritt Park and Anzac Bridge. The region of subsidence is
generally concentrated within about 200 m from the bank (or nearly the entire point bar in the case
of Avonside loop and Dallington loop). In addition, areas of the large regional movements
coincided with areas of significant settlement (between Bottle Lake and Avon River, northeast of
Anzac Bridge and Bexley).
Heathcote River - Sep EQ + Feb EQ cumulative displacements (pre Sep 2010 – post Feb 2011
LiDAR)
The post-September LiDAR did not extend over the Heathcote River and thus, no lateral
displacements could be estimated from the individual effects of the September or February
earthquakes. However, the pre-earthquake LiDAR data and post-February LiDAR did include this
southern region of Christchurch and allowed for computation of cumulative displacements from
the two events, as shown in Figure 3-47 for (a) horizontal displacements and (b) vertical elevation
changes. The increased uncertainty associated with derivations from the pre-event LiDAR data
should be noted. The horizontal displacement vectors are presented in Figure 3-47(a) with respect
to the post February 2011 DEM to provide a general idea of site topography as well as mapped
cracks in the area.
One obvious characteristic of the cumulative results of lateral displacements indicated along the
Heathcote River was the generally small magnitude of vectors, typically less than 0.5 m, compared
with the larger displacement observed along the Avon River. The lower magnitude displacements
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Figure 3-47. Results from LiDAR comparisons of pre-September 2010 and post-February 2011
earthquake data indicating (a) horizontal displacements (CGD, 2012b) and (b) vertical changes in
elevation (CGD, 2012e)

were approaching the accuracy limits of the horizontal displacements and therefore should be
considered with caution with respect to exact magnitude and directions. Vertical displacements
(Figure 3-47(b)) indicated significant settlement occurring in Woolston in an area where little
horizontal displacement is shown, and is likely a result of moderate liquefaction observed in this
area (Figure 3-29). Some subsidence was apparent in St. Martins, becoming less significant
downstream. The largest displacements along the Heathcote from LiDAR measurements occurred
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in the low-lying area of Ferrymead, in the area of drained estuary and lagoon deposits. While
significant cracking was mapped along the edge of the wetlands in this region (Figure 3-39), the
lateral displacements indicated by LiDAR appeared to extend about 500 m from the eastern bank.
This large-scale movement may either be a reflection of the limitations of the data or attributed to
the weak materials and topographic changes characteristic of the area. The vertical elevations
changes in Figure 3-47(b) suggested some lateral movement may have occurred in this area, with
settlements of about 0.2 – 0.5 m extending about 250 m from the east bank, within the vicinity of
the largest displacement vectors (> 0.8 m).
Kaiapoi
Results from LiDAR survey were also investigated in the Kaiapoi region which showed large
displacements associated with the September earthquake and a significant decrease in the February
lateral movements, as expected given the more moderate seismicity in the area associated with the
February 2011 event. More detailed comparisons of LiDAR data and the method of ground survey
are provided in the following chapter.
3.8

Conclusions

This chapter has provided some insight to the geologic conditions throughout the Christchurch
area and highlighted how the loosely-deposited alluvial and marine deposits and shallow ground
water table led to extensive liquefaction in the Canterbury earthquakes. The liquefaction was
particularly emphasized in the low-lying eastern suburbs of Christchurch. Along the Heathcote
River, topographic relief along the banks was much more apparent and consequently liquefaction
(and lateral spreading) in these higher elevation areas was much less pervasive.
Typical channel heights, a key characteristic of lateral spreading, were investigated, including an
analysis of 73 channel cross-sections along the Avon River. The data indicated typical channel
heights ranging from 1.5 – 4.5 m and will be used in subsequent analyses presented in the thesis.
Data along the Heathcote River indicated channel heights of about 2-3 m. In Kaiapoi, cross-
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sections of the Kaiapoi River indicated channel heights on the order of 5 m, while smaller heights
of about 1.7 – 2.8 m were estimated along the Styx River.
Peak ground accelerations (PGA) associated with September 2010 (Mw 7.1) and February 2011
(Mw 6.2) earthquakes were discussed, emphasizing the significant increase in seismic demand in
Christchurch associated with the February event, particularly along the Heathcote River. In the
September event, the higher seismic demand related to Kaiapoi where more significant
liquefaction and lateral spreading damage occurred in this event.
Observations from the Canterbury Earthquakes have illustrated the many complexities associated
with lateral spreading. Available mapped crack data and interpretations from LiDAR were
scrutinized to get a general overview of areas affected by spreading, magnitudes of displacements,
and highlight the influences of topography, river geometry, geology, and historic data on observed
displacements. In general lateral displacements were concentrated along the Avon River and in
Kaiapoi, with little movement indicated along the Heathcote River, despite stronger ground
accelerations in this area.
Three types of distributions of spreading were introduced through scrutiny of mapped crack data
including distributed (typical), localized movements identified along the Avon River and block
type movement in South Kaiapoi, associated with an abandoned river channel. Observations from
LiDAR also highlighted areas of distributed spreading and block movement which occurred in
South Kaiapoi. Characteristic spreading patterns will be discussed in further detail in Chapter 5.
In addition, LiDAR horizontal displacements often showed displacements extending a few
hundred meters from the bank typically extending beyond the observations of ground cracking,
indicating a larger area affected by spreading a more global area displacement. These areas may
have been associated with movement along a deep-seated layer, as postulated by Ishihara et al.
(1997) in an analogous comparison of ground measurements and displacements from aerial
photogrammetry (as discussed in Chapter 2). LiDAR horizontal displacements also indicated
several areas of large lateral movement that were not identified in the field and not necessarily
toward the river which also could have been caused by a deep-seated movement, or may be
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associated with very weak soils allowing for lateral deformation within the subsurface and without
significant surface rupture. These areas were typically associated with severe liquefaction
indicating weak soil conditions and also making crack mapping more difficult to do excessive
ground distortions and sand ejecta. The analysis of LiDAR data also highlighted the difference in
data quality among the interpreted displacements and identified several questionable areas from
the September earthquake data, where displacements did not appear to match field observations
and/or contradicted data from the more accurate February earthquake displacements.
Both crack mapping and LiDAR highlighted lateral movement concentrated along topographic
features, illustrating the importance of topography on lateral movements. In some cases the lateral
movements were strictly associated with ground slope and did not extend to the free-face. As
identified in Hamada et al. (1987), these movements were characterized by LiDAR as decreasing
in magnitude downslope.
This chapter has highlighted the extensive damage associated with lateral spreading in the
September and February earthquakes and an overview of the magnitude and distribution of these
displacements through alternative datasets. While the ground crack mapping was beneficial in
identifying generally magnitudes of displacements, it cannot be used to provide detailed estimated
of ground displacement for analysis due to the generalized categories of crack widths and their
variability along the length of the crack. LiDAR does provide magnitudes of displacement, but has
several shortcomings as observed in this chapter in accurately manifesting observed conditions in
the field. Thus, there is a need for site-specific detailed measurement data that can be applied in
rigorous analysis of lateral spreading. The following chapter provides information regarding the
method of ground surveying used to provide such information at 126 locations following the
Canterbury earthquakes. The supplemental field and LiDAR data presented in this chapter will
serve as useful tools to assist in the interpretation and verification of the ground surveying
measurements.
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4.
4.1

FIELD DOCUMENTATION OF LATERAL SPREADING

Introduction

As illustrated in Chapter 3, the Canterbury earthquakes of 2010-2011 induced wide-spread
liquefaction throughout Christchurch and surrounding suburbs. In areas proximate to streams and
rivers, the liquefaction often triggered moderate to severe lateral spreading movements, resulting
in extensive damage to structures and lifelines. Field investigations were launched following the
4 September 2010 Darfield and 22 February 2011 Christchurch earthquakes in an effort to
document these lateral movements at approximately 126 locations in the areas of Christchurch,
Kaiapoi and a small area of the Spencerville suburb.
As seen in many models used to predict lateral spreading topographic, seismic, and geotechnical
conditions are key factors influencing lateral spread failures (e.g. Youd et al. (2002), Zhang et al.
(2004), Hamada et al. (1987)). Thus, site-specific topographic and seismic conditions at the
inspected locations are investigated in this chapter, while discussion of geotechnical parameters
and soil conditions (where sufficient data is available) are provided in subsequent chapters.
Details regarding the ground surveying methodology employed in this study which consists of a
relatively simple method of ground crack documentation along a specified line of measurement
referred to as a “transect” are discussed in this Chapter. The field data was then processed into
spreadsheets and in GIS for an improved spatial understanding of lateral movement as well as
allowing for a common database for viewing other relevant data for geotechnical analysis. In
addition, the data processing allowed for rigorous scrutiny of field measurements to ensure the
best accuracy of the final output.
The lateral spreading measurements from the field investigations were compared with
displacements at the same location obtained from alternative methods employed after the recent
events to estimate the accuracy of the adopted ground surveying approach. The comparison
analysis served to (1) validate the method of ground surveying (by comparing with an alternative
method of ground measurement used in Kaiapoi); (2) assist in understanding and assessing field
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measurements in areas of disagreement; and (3) highlight the benefits and shortcomings of all
methods considered.
Given the significant amount of information collected in this study, much of the detailed data is
provided in the appendices for clarity of presentation. The appendices associated with this chapter
include: (1) excel spreadsheet data with tabulated information from field notes at each transect
(including coordinates of the start location) and the final data used in subsequent analysis
(Appendix B); (2) summary table of all locations (transects) surveyed including maximum
displacement at the bank; affected distance, estimated channel height at the transect location,
average ground slope (typically taken over the area affected by spreading); and appropriate notes
regarding the data (Appendix C); and (3) detailed location plans of alternative measurements used
in the comparison analysis and corresponding plots of transect cumulative distributions with
nearby alternative measurement data (Appendix D). Chapter 5 provides details regarding the field
observations at each location investigated.
4.2

Locations Investigated

Following the 4 September 2010 Darfield (Mw 7.1) and 22 February 2011 Christchurch (Mw 6.2)
earthquakes (hereafter referred to as the September and February earthquakes), geotechnical
reconnaissance efforts were launched to document the lateral spreading in the affected areas. The
relatively simple method of ground surveying was used to measure the magnitude and distribution
of lateral spreading at 126 locations, 19 of which were repeated, yielding a total of 145 transects.
The approximate locations of the field investigations conducted throughout Christchurch (along
Avon and Heathcote Rivers), Spencerville, and Kaiapoi, are shown in Figure 4-1 and Figure 4-2.
A breakdown of the number of transects performed in each area is provided Table 4-1. Data
collected as part of the post September reconnaissance occurred between September 2010 and
January 2011. The majority of post-February data was collected from March through May 2011
with the exception of a few transects performed in August 2011, i.e. after the June (Mw 6.0) 2011
earthquake. As mentioned in Chapter 3, the Canterbury Earthquake sequence also included the Mw
6.0 Lyttleton Earthquake in June 2011 and the effects of such an event are inevitably measured in
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the transects performed after this date. The dates of all transect measurements are provided in the
spreadsheet documented data in the electronic appendix (Appendix B).

Figure 4-1. Areas of field investigations (Google Maps, 2014)

Measurements from the post 4 September 2010 reconnaissance are denoted with red lines in Figure
4-3, while blue lines indicate locations surveyed after the 22 February 2011 earthquake.
“Repeated” locations are highlighted by a yellow circle. Transect locations are overlain on
topographic maps (Figure 4-2, Figure 4-3) derived from LiDAR elevation data taken after the
September 2010 earthquake (where available) or February 2011 earthquake (CGD, 2012c). More
detailed location plans of investigated transects are provided in Chapter 5.
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(a)

(b)

Figure 4-2. Transect locations and site topography along the (a) Avon River and (b) Heathcote River in
Christchurch
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(b)

(a)

Figure 4-3. Transect locations and site topography in (a) Spencerville/Brooklands and (b) north and
south Kaiapoi

Table 4-1. Breakdown of locations surveyed
Location

post 4 Sep 2010

post 22 Feb 2011

Repeat Locations

Avon River

39

61

14

Heathcote River

2

9

2

Kaiapoi

21

3

3

Spencerville

10

0

0

TOTALS

72

73

19

4.3

Method of Ground Surveying

The following section describes details regarding the method of ground surveying including
determination of field measurements, data processing, and limitations of the applied method.
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4.3.1 Field Measurements
The ground surveying method consists of documenting the width of ground cracks and distance of
these cracks relative to the closer edge of the waterway along a specific alignment (referred to in
this thesis as a “transect”) oriented perpendicular (as much as possible) to the waterway, i.e.
oriented in the anticipated direction of spreading. The maximum lateral displacement (Ug_max)
at the bank is obtained by summing the widths of all cracks along the transect. A schematic of the
basic terms used in the method of ground surveying is provided in Figure 4-4. Recall from Chapter
2, similar methods of ground surveying have been used in previous seismic events to document
lateral displacements, e.g. 1995 Kobe earthquake (Ishihara et al., 1997), 1999 Kocaeili-Turkey
earthquake (Cetin, Youd, et al., 2004).

Figure 4-4. Schematic of ground surveying methodology indicating (a) location plan of transect; (b)
distribution of permanent lateral displacement (Ug) with distance from the water (L); and (c) profile of
transect location and location of crack measurements with respect to distance from the river
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Initial reconnaissance efforts (Cubrinovski, Green, et al., 2010; Cubrinovski & Taylor, 2011)
performed in the days after the 4 September 2010 and 22 February 2011 earthquakes provided
general knowledge of the areas affected by liquefaction and lateral spreading damage throughout
Christchurch and surrounding suburbs. The ground survey investigations generally focussed on
areas that exhibited moderate to severe lateral spreading damage, though sites which showed little
to no spreading were also documented to cover the whole range of relevant data.
Prior to the field investigations, aerial photographs and Google Earth images of the area to be
investigated were reviewed to determine the approximate location of possible transects; these
locations were not always meticulously planned but also determined in the field based from
damage observations and site conditions. Possible transect locations were typically defined by
areas that were easily accessible, had a direct line-of-sight with the bank, and could be continued
a long distance (e.g. a couple of hundred meters). Other factors that influenced the selection of
transect location are areas where deformations and cracks can be easily measured (quantified). For
example, concrete driveways were typically a good place to measure displacements as the rigid
concrete breaks to form cracks that are easy to measure, whereas cracks in the ground or turf wre
not always apparent and could be prone to weathering or water action. Figure 4-5 shows an
example of measurements taken at well-defined crack through the concrete boat launch ramp at
Pleasant Point Yacht Club (PPYC) as well as in the slightly more ambiguous cracks propagating
the field.
Once the general area was selected, the investigators surveyed the vicinity to determine the best
possible location for the transect. This was also dependent on property access, owner’s permission,
etc. The measurements were executed as follows:
1) One team member stood at the beginning of the transect (typically at the bank) and recorded
a waypoint using a handheld GPS and an estimated azimuth along the proposed transect
line. The other team member located the first crack (or significant break in slope) along the
alignment and sighted back to the other member at eye level using a laser RangeFinder (a
handheld device that uses laser technology to estimate distance and slope).
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2) The distance and slope angle were recorded, and the crack width, vertical offset (where
present), and depth (where possible) were measured using a tape measure.
3) Depth measurements were also occasionally recorded for larger cracks (~ > 5cm) that were
not filled with sand. However, cracks were often at least partially filled with sand so these
measurements should be carefully interpreted. Typically, a field note was made when sand
was encountered in the crack.
4) A waypoint at the crack measurement or break in slope location was taken for GPS records.
In the post-September reconnaissance, if the crack appeared to extend for more than a few
meters in either direction, the crack was traced using the “track” method on the GPS and
walking along the crack with the GPS in hand. However, in the post February fieldwork,
crack tracing was limited to very large cracks in order to save time and allow for more
transects to be surveyed. In addition, the research team became aware during the February
reconnaissance that a wide-spread crack mapping investigation was being carried out by
others (CGD, 2012d).
The process of crack measurement, range-finder sighting, and GPS waypoint logging was
continued along the transect alignment, generally extending a couple hundred meters where
possible. The data was recorded in the field with rough sketches providing plan and profile views
and notes where appropriate. Images of the field methodology are provided in Figure 4-5.
4.3.2 Data Processing
The results of the field investigation were validated through two phases of data entry (excel and
GIS) and through scrutiny of relevant data available on the Canterbury Geotechnical Database
such as high quality aerial photographs (CGD, 2012a), mapped ground cracks (CGD, 2012d),
liquefaction and lateral spreading property observations (CGD, 2013c), alternative measurements
from others (discussed in more detail in subsequent sections), and site topography (CGD, 2012c)
to ensure the processed data served as an accurate representation of field observations.
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Figure 4-5. Method of ground survey involving (a) crack measurements with tape measure (b) crack
tracing with GPS and (c) field recordings and distance/slope measurements with a RangeFinder
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The initial phase of the data processing involved recording the field data in excel spreadsheets to
document distances between features and corresponding slopes from the RangeFinder; crack
dimensions (width and offset/depths, where recorded); corresponding GPS waypoints; and notes
regarding each point of measurement (where available). The crack measurement data was also
input in a GIS database which served to further validate field notes and data entry in excel as well
as to:
a) Spatially reference each point of measurement;
b) Verify measurement locations on high-quality aerial photographs taken within days after
each event (CGD, 2012a);
c) Correct field distance measurements to a common “zero” value taken as the waterline in
the aerial photographs;
d) Present the lateral spreading distribution in plan view; and
e) Allow for a common database for future analysis with additional data (e.g. subsurface
exploration data, lateral spreading measurements from alternative methods, and
topography).
The crack information was entered in GIS as a point shapefile with attributes tabulating the various
parameters recorded in the field as well as the revised distance determined in GIS. The crack
location entered in GIS on the aerial photographs was determined using a combination of GPS
waypoints taken in the field, which varied in accuracy based on overhead clearance and the time
taken to record the waypoint, field notes (e.g. “crack at edge of street” and/or distances recorded),
and visual observation of cracks on the aerial photographs. The ruler function in GIS was then
used to measure the distance along the transect from the point of measurement to the waterway
(taken as the waterline in aerial photographs). These “GIS” distances were generally within one to
two meters of cumulative distances recorded in the field using the rangefinder and are preferred in
the analysis of transect data.
Cracks recorded by others (CGD, 2012d) were also considered in the data processing phase and
occasionally used to supplement field data in cases where a significant crack mapped through the
transect was not recorded at the time of the field survey (likely because the crack was filled or
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hidden with sand at the time of the investigation). Such adjustments were rare (three transects) and
are noted accordingly in the excel datasheets and in the GIS shapefile. This added or adjusted crack
data is also considered in future analysis with appropriate error bars.
Summation of the cracks along the transect provided an estimate of the permanent lateral
displacement occurring at the bank. After calculating lateral displacements at each crack location,
the data was divided into appropriate bins (centimetre classifications) for presentation purposes.
An example of the GIS-processed data collected after the 4 September 2010 event is provided in
Figure 4-6, which indicates the magnitude of lateral spreading with distance from the river/stream,
and depicts the locations of cracks traced throughout the area during the field investigation. In this
figure, each symbol indicates the location of a measured crack (except the end symbol at the bank)
and the colour code depicts the size of the permanent displacement at the respective crack location.

Figure 4-6. Results of field measurements of lateral spreading in south Kaiapoi following September EQ
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Maximum displacements for all transects are summarized in the summary table provided in
Appendix C, along with the corresponding distance affected by spreading, D_aff, taken as the
distance over which cumulative displacements were greater than 0.1 m.
Transect ID
New transect IDs were assigned in the data processing phase for simplicity and clarification. The
IDs are broken down by area and numbered accordingly. Transects performed following the
September event are proceeded with “_df” (Darfield Earthquake), while transects performed post
February are denoted by “_ch” (Christchurch Earthquake). “Repeat” locations were given the same
area/number ID and are distinguished by the appropriate suffix. The locations surveyed are broken
down by transect ID in the summary table provided in Appendix C.
“Void” Transects
Following scrutiny of field data and site conditions, several of the locations surveyed were
considered “void” for accurately estimating lateral displacements for various reasons including
large shifts in transect alignment, influence of bridge structures, spreading in two directions, etc.
Crack measurement data at these locations was still input in GIS and excel (Appendix B) for
documentation purposes but the data was not considered with regard to cumulative displacements.
The points of measurement were shown with grey symbols, as shown in Figure 4-6 for transect
KpS11 which was considered “void” due to the large shift (> 50 m) in transect alignment. A total
of nine transects from the 145 surveyed were considered “void”, as denoted in the summary table
(Appendix C), and were not used in subsequent analyses.
An additional nine transects were considered “questionable” with regard to the maximum
displacements measured in the field. These transects are denoted by an “*” in the summary table
(Appendix C). Reasons for potentially “questionable” data include transects beginning some
distance from the waterway (e.g. Bottle Lake), truncating too close to the waterway for access
reasons, or atypical location of transect such as the embankment structure placed at Porritt Park
for creation of the stop banks.
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Permanent Ground Displacement Distributions
As described above, lateral displacements were back-calculated at each measurement (crack)
location by subtracting the cumulative crack widths up to that point, i.e. the width at the point
under consideration and all widths between that point and the river. This results in a rigid-block
type kind of movement assuming no change in lateral movement within the “block” or between
neighbouring ends of two cracks. For plotting purposes and simplicity, idealized distribution plots
were created by connecting these computed displacements with straight lines. The differences in
these two plots were shown schematically in Figure 4-4 and are illustrated in Figure 4-7 using
actual transect data from a location along the Avon River surveyed after the February earthquake.
In general, the differences between the actual and idealized distributions were typically negligible
along most of the transect but became more pronounced where large (> 10 cm) cracks were
encountered. Distribution plots referred to throughout this thesis reflect the “idealized” data while
analyses considering displacements at a specific displacement along the transect consider the
measured “rigid” displacement.

Figure 4-7. Difference between actual (measured) and idealized distribution plots

While one may argue the actual displacement profiles represent a more accurate displacement
pattern, it is important to note the observed spreading cracks were highly non-uniform and
variable, even within a few meters. For example, a crack located 10 m from the river may measure
20 cm along the transect but taper to less than 10 cm just a few meters up or down stream of the
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transect. Thus, the idealized profile serves as a representation of the average displacement within
a localized zone of the transect location and therefore was selected as the preferred representation
in this thesis. Note that the alternative interpretation using horizontal-vertical line sequence
connecting the data points is possible for the individual ground displacement plots at specific
transects since all measured data points are shown on these plots.
4.3.3 Limitations
There are several potentially significant sources of error in the ground surveying method such as:
error in maintaining the transect azimuth and inability to extend the transect to water’s edge or to
the end of spreading; error in shooting the slopes and lengths; and error due to post event
modification of cracks or measurement of cracks not associated with spreading.
Care was taken to conduct the transect on the original azimuth; however, the actual transect likely
strayed, typically less than about one to two meters from the transect profiles shown on the aerial
photographs. On occasion, transects were “shifted” (perpendicular to the transect) when necessary
to avoid obstacles and were continued as close as possible to the original azimuth. Locations of
significant “shifting” can be seen in the aerial photographs. Cracks encountered along this “shift”
in the transect were not recorded, as only cracks in the direction of spreading contributed to the
overall displacement. Given that crack widths often varied along the length of the crack, the “shift”
in transects may affect cumulative displacements and judgement was used to “void” transects with
large shifts.
In some cases, e.g. around Bottle Lake in Burwood, the transects began at some distance from the
water edge due to an obstacle, such as the dense bush surrounding the stream. Where these
distances could not be surveyed, we estimated the distance from aerial photos in ArcGIS.
Cumulative displacements along these transects may not be equal to the “maximum”
displacements at the bank and therefore were not considered in the more detailed analyses of this
thesis. The summary table in the Appendix C provides appropriate notes highlighting such
limitations in the maximum displacement recorded.
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Transects which ended due to access restraints may not capture the entire spread and additional
analysis, e.g. comparison with alternative methods and review of cracks mapped by others in areas
beyond the transect, were performed to ensure the field data reflects the maximum displacement
at the site. Alternatively, the data was not considered for further analysis.
The slope measurements recorded in the field may have been affected by either: human error in
sighting to eye level on the other team member, local terrain effects, or the level of accuracy of the
equipment. It is estimated that the cumulative error in the slope measurement is within 0.5 degrees.
For the purposes of this analysis, the high quality post-event LiDAR elevation data was used
instead of the slope data from the RangeFinder to overcome these limitations, as well as for other
beneficial reasons including the extent and digital nature of the data (CGD, 2012c).
Given the time lapse of the reconnaissance efforts (about three to four months after each event),
cracks were sometimes repaired (filled) at the time of the field measurement. Alternatively, cracks
were often filled with sand ejecta from liquefaction. In this case, the initial crack width was
estimated as best as possible using engineering judgement, for example measurement in rigid
structures such as concrete gutters that would not be affected by crack repair. Care was also taken
to record the “original” crack width for cracks located in grass or dirt areas, as caving on the sides
would lead to overestimation of the actual displacement. As mentioned in the data processing,
“repaired” crack locations that occasionally could not be measured were estimated from cracks
mapped by others to help minimize this error.
Measurement of small cracks in the field can also lead to misrepresentation of lateral spreading as
these cracks (< 1 cm) may be attributed to local settlements and ground distortion, especially at
large distances from the river. Scrutiny of such data was applied in the data processing and in some
cases the small cracks occurring at large distances from the river, were discarded from the analysis
(as noted appropriately in the Appendix C). Small cracks measured in the field within the zone of
spreading are assumed to have a relatively small effect on the overall accuracy of the measured
displacement.
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An example of two transects performed at the same location in Avonside, AsLp1_df (post
September Darfield Earthquake) and AsLp1_ch (post February Christchurch Earthquake),
demonstrate some of the limitations and errors that can occur in the method of ground surveying.
Both transects extended down Gailbraith Avenue from Avonside Drive, as shown in Figure 4-8(a),
which also shows that measurements were not taken at the exactly same location during each
investigation. The results presented in Figure 4-8(b) indicated slightly larger displacements
recorded in the post September event between about 100 and 150m from the bank.

(a)

(b)
Figure 4-8. (a) Location plan of transects in Avonside, specifically transect AsLp1; (b) Example of
potential error associated with ground survey method along transect AsLp1
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As the post February data measures cumulative displacements from both events, the higher
displacements shown from the September data would not be expected to occur and are likely
associated with some or combination of contributing factors associated with ground surveying
limitations. These factors include crack width variability at equivalent distances from the river
(even within a small zone such as opposite sides of the street); cracks repaired or filled at time of
transects; or differences in crack width based on the point of measurement such as measuring
cracks in the sidewalk versus asphalt street. These sourced of “error” associated with the method
of ground survey are estimated to be typically less than 20 cm, as shown in Figure 4-8(b). In
general, the method still delivers an accurate assessment of the magnitude of displacement at the
site considering the typical magnitude of spreading displacements.
For example, numerous transects were performed within a small area of Spencerville following
the September event (Figure 4-3 (c), Figure 4-9(a)) and results of two sets of measurements taken
along adjacent transects are compared in Figure 4-9(b). As can be seen the results match up very
well and confirm the general consistency of the method, despite the limitations mentioned above.

Figure 4-9. Consistency in field measurements along adjacent transects in Spencerville indicating (a)
transect locations and (b) permanent distribution of measurements with distance from the waterway

While the sources of error discussed undeniably introduce some scatter and variability into the
data set, the magnitude of spreading was assessed as accurately as possible given the limitations
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of a rapid, ground-based field campaign. In addition, rigorous scrutiny of the field data with regard
to aerial photographs, mapped crack data, lateral displacements from others, topography, and the
GIS database was applied in attempt to minimize these errors that may arise in the method of
ground surveying.
4.4

Site Conditions at Locations Investigated

The general topographic, geologic and geotechnical conditions through Christchurch and
surrounding suburbs were provided in Chapter 3, including relevant seismic information on the 4
September 2010 and 22 February 2011 earthquakes. Details regarding site specific topographic
and seismic parameters at the locations investigated are provided in this section. Additional
information regarding soil properties and geotechnical parameters will be discussed in subsequent
chapters.
4.4.1 Topography
Ground Slope Conditions
Slope of the ground along the transect were documented during field investigations using a
RangeFinder (as described above); however, LiDAR data flown after the September and February
events provided more detailed elevation data at the locations investigated including important data
on the surrounding areas of the investigated sites (CGD, 2012c). Although this information reflects
post event topography, the high quality and extent of the data (with approximately +/- 0.1 m
vertical accuracy with elevations provided on a 5 m grid (CGD, 2012c)) was considered preferable
over the less accurate and less detailed pre event elevation data from older LiDAR data. The post
September 2010 LiDAR elevation data (where available) was used to gain an understanding of site
topography at transect locations in order to avoid influences of the February 2011 event. Where
the 2010 data was not available, such as transects along the Heathcote River and in Spencerville,
the post February LiDAR was used.
The LiDAR elevation data was input in GIS for spatial analysis of site conditions at the locations
surveyed (as illustrated in Figure 4-2 and Figure 4-3). The data was also imported into AutoCAD
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to develop detailed profile views along each transect and allow for estimations of average
“uniform” ground slope conditions of segments and ground elevations, as shown in Figure 4-10(b).
Note a positive slope implies sloping towards the river. Note that the LiDAR data is not valid
through the channel cross-section and estimation of channel heights shown is discussed in the
preceding chapter (Chapter 3).
By plotting elevation data with permanent ground displacement distributions obtained in the field,
the effects of topography and crack locations can easily be discerned. Figure 4-10 provides an
example of these two plots for transect AsLp3_ch in Avonside (location provided in Chapter 5 and
in Appendix B) showing (a) cumulative distribution of spreading from field measurements and (b)
corresponding profile view of ground surface conditions along the transect. The ground water table
also shown in the profile view is based on an event-specific groundwater model developed after
the recent events (CGD, 2014a) and provides an approximation of groundwater conditions at the
site.

Figure 4-10. Example of (a) cumulative distribution plot of field data and (b) corresponding elevation
profile and estimated average ground slope

In general, “average” slope conditions along the areas affected by lateral spreading were estimated
by taking the average slope from the edge of the channel to the distance corresponding to 10 cm
observed permanent displacement (D_aff) and tabulated for each transect in Appendix C. For the
example shown in Figure 4-10, the transect AsLp3_ch shows an affected distance of about 110 m
which corresponds to the average ground slope of about +0.9 %.
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Engineering judgement was used to obtain representative slope values in areas of varying
topography or in areas with < 10 cm of displacement, in which case the “average” slope typically
reflected conditions within about 50 - 100 m of the bank. Local berm embankments located along
the bank as flood protection in some transect locations were not considered in the average slope
calculation. Significant changes in ground slope conditions that may have occurred on a local scale
were noted in the summary table (Appendix C).
Grounds slope conditions along the Avon River were generally mild with average slopes typically
ranging between -1 to +2 % at the locations investigated. Slope conditions along the Heathcote
River are more variable with average ground slopes ranging from about +1 to +14 %. Figure 4-11
shows histogram plots of the “average” slopes across the “affected distance” for surveyed locations
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Figure 4-11. Average slope conditions along the area affected by spreading along for locations surveyed
(a) along the Avon River and (b) Heathcote River

The topography along Courtenay Drive consists of relatively flat ground extending from
Courtenay Stream in the area of the abandoned Waimakariri channel described by Wotherspoon
et al. (2012) which extends approximately 200 m back from the present day stream. The limits of
the old channel are defined by a change in elevation of about 1 - 1.5 m sloping at about 7 – 16 %
to the present day building pad area. Figure 4-12 shows the elevation profile and spreading
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distribution for transect KpS7_df (location denoted in Figure 4-6) indicating the local rise at L ~
200 m and the average slope taken over the distance affected by spreading (+0.5%).

Figure 4-12. Typical elevation profile along Courtenay Drive in south Kaiapoi

In some areas of north Kaiapoi, large stop-banks extended up to about 60 m from the bank at
negative slopes (downslope direction away from river) of about -3 to -5%. Often these areas
coincided with the locations of large cracks (see transects KpN4, 5, 6, 8). Top of stop bank
elevations ranged from about +3.5 to +4 m (MSL). Topography beyond the stop-banks generally
consisted of mild slopes of less than +/-1 % at an elevations of about +1.5 to +2 m (MSL). Average
slopes representative of the ground where spreading predominantly occurred were tabulated in
Appendix C.
Channel Heights
As discussed in Chapter 3, the Christchurch City Council (CCC) provided abundant channel crosssectional data at over 70 locations along the Avon River (details provided in Appendix A) as well
as a number of locations along the Heathcote River. Using this dataset, bottom of channel
elevations at transect locations were linearly interpolated (where possible) from nearby channel
cross-section data. The “bottom” elevation was approximated from the cross-section as a
representative value and typically varied +/- 0.1 - 0.3 m across the width of the channel. The
interpolated value was then used in combination with the estimated ground elevations at the bank
to estimate approximate channel heights at the field measurement locations. This data was also
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summarized in the Appendix C and has an estimated accuracy of about +/- 0.1 m at most locations
(with a maximum variance of about 0.5 m) given the methods used for approximation.
In general, channel heights at locations investigated range from about 1.8 – 4.5 m along the Avon
River and 2 - 2.5 m along the Heathcote River. CCC also provided cross section data along the
Styx River in Spencerville. The cross-section in proximity to the locations surveyed along
Riverside Lane indicated a channel height of approximately 1.9 m.
Similarly, Environment Canterbury (ECan) provided several channel cross-section survey data
along the Kaiapoi River surveyed in 2008 and again in 2011. The data showed base channel
elevations of about -2.2 to -2.8 (MSL) in the vicinity of field measurements. Neglecting the height
of the stop-banks, the bottom elevations corresponded to heights of about 3.8 - 4.8 m in North
Kaiapoi. Along Courtenay Stream, the limited (dated 1985) survey data was used in conjunction
with elevations at the bank from LiDAR to roughly estimate channel heights in this area ranging
from about 1.7 m to 2.8 m.
4.4.2 Seismic Demand
Conditional peak ground accelerations (PGA) and estimated site-to-source distance values (R)
were computed at each transect location using transect coordinates at the bank and the ground
motion model developed by Bradley and Hughes (2012a; 2012b). These values were then averaged
within each suburb area to yield estimated PGA at the site. For the September event, PGA ranged
from about 0.18-0.22 (g) at the majority of locations investigated. In the February event, a similar
PGA (0.19 g) was recorded in Kaiapoi, while accelerations in Christchurch were much higher
(about 2 times) than that recorded in September, as expected given the proximity of the source of
this event. PGAs associated with the February earthquake ranged from about 0.45-0.6 (g) at
locations surveyed along the Avon and Heathcote Rivers.
When interpreting liquefaction-related phenomena, a magnitude-weighted PGA (PGA7.5) is often
used to convert PGA values from different magnitude seismic event to a reference magnitude of
7.5. Recall from Chapter 2, liquefaction triggering procedures normalize the cyclic stress ratio
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(CSR) by a magnitude scaling factor (MSF) to yield an equivalent demand corresponding to a
magnitude 7.5 earthquake. Such triggering procedures were used in the subsequent analysis of
lateral spreading failures in order to estimate factors of safety against liquefaction triggering in the
subsurface profile which utilize cyclic resistance ratios at Mw 7.5 (CRR7.5). Importantly, the
normalization of the PGA values to PGA7.5 allows for comparison of seismic demands between
different seismic events, which was highly relevant for the multiple events of the Canterbury
Earthquake Sequence (CES). Thus, normalized peak ground accelerations (PGA7.5) were
computed for each of the areas investigated using the event-specific PGA and the magnitude
scaling factor recommended by Youd et al. (2001), as shown in equations 4.1 and 4.2.
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The computed normalized accelerations in the vicinity of surveyed locations along the Avon and
Heathcote Rivers are provided in Figure 4-13 for the Mw 7.1 September 2010 Darfield and Mw 6.2
February 2011 Christchurch (indicated in parenthesis in the figure) Earthquakes. Note that the
nearest seismic station in the area of Anzac Bridge and Avondale was subject to liquefaction in
the February earthquake and therefore recorded lower PGA values (compared with adjacent sites).
In order to equate the seismic demand in this area with the remaining locations investigated for
future analysis, a PGA of 0.5 (g) (higher than the estimated value from Bradley and Hughes
(2012a), (2012b) model was used in the calculation of PGA7.5 and in subsequent analyses of this
thesis.
Table 4-2 summarizes the seismic data averaged from transect coordinates within the various
locations investigated. The results indicate an increase in seismic demand of nearly two times due
to the February event at most of the locations investigated within Christchurch. However, in the
more distant township of Kaiapoi, the higher seismic demand was associated with the September
2010 earthquake where normalized PGA (PGA7.5) values ranged from about 0.17 – 0.19 (g),
compared with approximately 0.12 induced in the February 2011 event.

137

Figure 4-13. Normalized peak ground accelerations (PGA7.5) estimated at ground surveying induced by
the 4 September 2010 Darfield and (22 February 2011 Christchurch) Earthquakes
Table 4-2. Summary of seismic parameters at ground surveying locations
Transect Area
CBD
Avon Loop
Avonside
Dallington
Avon/Porritt Park
1
Avondale
1
Anzac Bridge
Bexley
PPYC
Bottle Lake
Beckenham
St. Martins
Woolston
Ferrymead
Spencerville
South Kaiapoi (paddock)
South Kaiapoi (Courtenay Dr)
North Kaiapoi

4 Sep 2010 (Mw = 7.1)
R (km)
PGA (g)
PGA7.5 (g)
15.7
16.9
18.6
18.8
19.5
20.5
21.7
22.9
22.6
19.9
15.8
16.9
18.4
20.8
25.1
25.4
26.3
26.9

0.21
0.21
0.20
0.20
0.20
0.18
0.18
0.19
0.19
0.18
0.24
0.23
0.24
0.26
0.17
0.19
0.20
0.22

0.18
0.18
0.17
0.17
0.17
0.16
0.16
0.17
0.17
0.16
0.21
0.20
0.21
0.23
0.15
0.17
0.17
0.19

22 Feb 2011 (Mw = 6.2)
R (km)
PGA (g)
PGA7.5 (g)
4.3
4.0
4.1
3.6
3.6
4.6
4.2
1.9
1.2
5.7
1.2
1.2
1.1
2.1
11.1
15.7
16.0
16.9

0.45
0.45
0.44
0.49
0.48
0.50
0.50
0.56
0.62
0.34
0.53
0.57
0.64
0.67
0.25
0.19
0.19
0.19

0.28
0.28
0.27
0.30
0.29
0.31
0.31
0.34
0.38
0.21
0.33
0.35
0.39
0.41
0.15
0.12
0.12
0.12

1

PGA for the 22 Feb 2011 based on observations at nearby suburbs and used in subsequent analyses of this thesis; actual values
calculated from the Bradley and Hughes (2012a, 2012b) yielded lower PGA values associated with liquefection at nearby SMS
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4.5

Validation of Ground Survey Techniques and Comparison of Lateral Displacements
from Alternative Methods

Alternative methods for assessing lateral ground displacements associated with lateral spreading
have been developed and range from localized measurements similar to the method of ground
surveying (also referred to as “field measurements” in this analysis), e.g. geodetic re-survey, to
more global assessments of lateral movements involving comparison of pre and post event imagery
data, such as LiDAR (Beavan et al., 2012), aerial photographs (Milashuk & Crane, 2012) and
satellite images (Martin & Rathje, 2014). A detailed comparison of field data (from ground survey)
with several of these alternative methods was performed to:
(a) Validate the accuracy ground survey measurements using data from geodetic surveying;
(b) Identify areas of agreement/disagreement and investigate possible reasons for
discrepancy;
(c) Improve understanding of field measurements at complicated spreading sites such as the
Dallington point bar and bend at Locksley Avenue along the Avon River and adjust field
data if reason is warranted (based on topography and strong evidence from alternative
approaches); and
(d) Highlight advantages and limitations of methods considered.
The following section provides a brief description of the alternative methods considered, data
available and the method used to compare these data sets derived from various sources. Details of
the comparison performed at transect locations in North and South Kaiapoi are provided as well
as within the Dallington loop point bar in order to demonstrate the analysis. Results from all
locations compared are provided in Appendix D.
Lateral displacements estimated from geodetic surveying, aerial photogrammetry, and LiDAR are
provided in Table 4-3 summarizing locations with available event-specific alternative data. In the
table, “Sep” refers to lateral movements associated with the 4 September 2010 event, “Feb” refers
to the 22 February 2011 event (i.e. post September 2010 imagery compared with post February
2011 imagery), and “Sep + Feb” refers to the cumulative displacements from both events (i.e. pre
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September 2010 imagery compared with post February 2011 imagery). Inevitably, field data from
ground surveying collected after the February event reflect cumulative displacements from both
events (Sep + Feb). Additional details regarding each method and data considered in the analysis
is provided.
Table 4-3. Summary of locations with alterative measurement data from the September and February events
Location

Geodetic Re-survey

Aerial Photography

LiDAR

Kaiapoi

Sep
(South Kaiapoi)

Sep

Sep
Feb
Sep + Feb

Avon River

-

Sep (Avonside, Dallington)
Feb (Avonside, Dallington)
-

Sep
Feb
Sep + Feb

Heathcote River

-

-

Sep + Feb

Spencerville

-

-

-1

1

Sep LiDAR data available in vicinity but was generally located beyond transect data and therefore not
considered in analysis

4.5.1 Geodetic Surveying
Geodetic surveying techniques are used with a “zero” displacement benchmark to estimate
movements at previously (pre-event) surveyed locations. The method is similar to that of ground
surveying in that it considers lateral displacements on a localized scale (e.g., assuming the
reference location has zero displacement is analogous to assuming the end of the transect has zero
lateral displacement). A benefit of this method compared to ground surveying is that geodetic
surveying can determine the direction and size of movement at each point of measurement whereas
ground surveying assumes, in general, all cracks are associated with movement towards the river.
In addition, the geodetic survey assesses displacement at each location independently. Ground
surveying on the other hand, determines lateral movement at a specific point on the transect based
on the cumulative displacement along that transect and therefore relies on adjacent measurements
for accuracy. However, geodetic survey is limited to previously benchmarked locations which are
not always closely spaced or available at sites of lateral spreads.
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Geodetic surveying was employed in the area of South Kaiapoi following the September
Earthquake to estimate lateral displacements in the highly damaged area along Courtenay Stream
and south of the Kaiapoi River. It is likely that the relatively recent (< 30 years (St. Clair &
McMahon, 2011)) development of this suburb provided a number of benchmark locations
surveyed prior to the 2010 Darfield Earthquake and thus allowed for the geodetic survey of lateral
displacement measurements at a number of points.
The results of the geodetic survey were provided to the University of Canterbury (UC) as vector
data indicating magnitude and direction of lateral movement at 43 locations on a parcel map
(Waimakariri District Council, 2010). The magnitudes of displacement were provided in meters,
estimated to the nearest centimetre. The direction of movement was then estimated using a
protractor for later analysis. Displacements less than or equal to 2 cm were not assigned a vector
direction (azimuth). Vector data (magnitude and azimuth) was then digitized in GIS for
presentation and comparison purposes. Measurement locations were estimated from the parcel
map provided by Waimakariri District Council using boundary features and scaling and are
considered approximate (within a few meters or less). Figure 4-14 shows the geodetic survey data
considered, along with nearby measurements from the ground surveying in the Courtenay Drive
area of South Kaiapoi.
4.5.2 Aerial Photogrammetry
The method of aerial photogrammetry involves estimating lateral displacements by comparing preand post-earthquake coordinates of distinctive features, e.g. the bases of fences or poles, distinctive
markings on the ground such as non-damaged manholes, etc., on aerial photographs (Aydan et al.,
2009; Aydan et al., 2008; Hamada et al., 1987; Milashuk & Crane, 2012). Note that the point of
reference is typically selected to minimize bias in the movement direction or magnitude, e.g.
selecting the base of the pole as reference to avoid the effects of pole rotation. The method allows
for relatively quick interpretation of lateral movements, typically spaced every 30 to 60 m, over a
large area (e.g. several square kilometres) and therefore gives a more global interpretation of
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movement compared to the localized methods of ground and geodetic surveying typically
concentrated within a few hundred meters of the banks.

Figure 4-14. Estimates of lateral displacements in south Kaiapoi from geodetic re-survey following the
Sep 2010 EQ (Waimakariri District Council, 2010)

Following the September 2010 earthquake, aerial photogrammetry data was provided by Hamada
(unpublished data) with estimates of lateral and vertical displacements at various locations
throughout Kaiapoi and along a stretch of the Avon River in Christchurch, in the suburbs of
Avonside and Dallington.
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The data was provided to University of Canterbury (UC) as an image file with vectors displayed
on aerial photographs indicating direction of movement, lateral displacement (cm), and vertical
displacement (cm) at 420 locations in Avonside and Dallington and at 362 locations in Kaiapoi.
As with the geodetic data, the aerial photogrammetry vectors were digitized in GIS by visually
estimating locations on the aerial photographs. Vector azimuths were computed at nearby transect
locations using the original data sheet and protractor. Aerial photogrammetry vector data based on
the September Earthquake are shown in Figure 4-15. Aydan et al. (2012) reports an estimated error
of about 18-24 and 23-25 cm for horizontal and vertical measurements, respectively, for the aerial
photogrammetry data in Dallington which is based on January 2000 and September 2010
photographs. This horizontal displacement accuracy is consistent with that reported in Hamada et
al. (1987) for the same methodology.

Figure 4-15. Lateral displacements from the Sep 2010 EQ estimated using aerial photogrammetry (a) the
Avonside/Dallington area of Christchurch; (b) north Kaiapoi; and (c) south Kaiapoi
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Interpretation from aerial photogrammetry were also performed following the 2011 Christchurch
Earthquake by comparing aerial photographs from 5 September 2010 (post Darfield EQ) and 24
February 2011 (post Christchurch EQ) in the areas of Avonside and Dallington in Christchurch.
Hence, the analysis considered the influence of the February Earthquake only, i.e. the estimated
displacements were not cumulative. The raw data consisting of 691 measurements was provided
to UC (Hamada, unpublished data) in spreadsheet format with pre and post (February) earthquake
coordinates and elevations and corresponding lateral (x, y) and vertical changes. The data was
imported in GIS and vector azimuths were computed using the ‘x-y’ displacement data. Locations
of February vector data near field measurements in Avonside and Dallington are provided in
Figure 4-16.

Figure 4-16. Lateral displacements from the Feb 2011 EQ estimated using aerial photogrammetry in the
Avonside/Dallington area of Christchurch

Given the nature of the aerial photogrammetry method (which uses easily identifiable ground
features), cumulative lateral displacements could be calculated at many locations, where
September and February measurements were within about 10-15 m of each other. The cumulative
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movements interpreted from the two datasets were used for comparison of the post-February field
survey data which provides cumulative displacements due to both earthquakes.
Comparing displacements shown in Figure 4-15(a) and Figure 4-16, data within the Dallington
loop point bar feature of the Avon River indicated larger displacements occurring in the September
event, despite the stronger accelerations experienced in the region in the February earthquake. The
aerial photogrammetry data also showed some areas within the point bar which showed larger
displacements at greater distances from the bank; this is contradictory to the fundamental
assumption used in ground surveying that maximum displacements occur at the banks and decrease
with distance. These “atypical” vectors may be associated with local topography, complicated
spreading patterns within the meandering loop point bar, or uncertainties in the measurement
method applied. More detailed investigation of the vector data near field transects is discussed in
the subsequent sections.
4.5.3 LiDAR
As described in the previous chapter, LiDAR can be a useful tool in assessing lateral movement
over larger areas. Given the automated calculation of displacements and typically wide area
coverage of LiDAR datasets (e.g. the majority of Christchurch and surrounding suburbs), the
LiDAR displacements provide the most abundant amount of data points for analysis, compared to
geodetic re-survey and aerial photography. The large number of measurement locations allow for
a global interpretation of movement over a vast area. Details regarding the method and extent of
the data available is provided in Chapter 3, along with overview images of the displacement vectors
in Christchurch. Beavan et al. (2012) reports LiDAR horizontal displacements greater than ~ 40
cm (lower for best datasets) to be generally reliable (however, Beavan et al. (2012) also notes no
detailed study was performed on accuracy of the horizontal LiDAR displacements).
The area of Kaiapoi experienced large lateral movements in the September event (as seen in the
results of the ground survey in South Kaiapoi shown in Figure 4-6). Horizontal ground movements
from LiDAR estimates are presented in Figure 4-17. Displacements of less than 20 cm are omitted
for “noise” effects. Figure 4-17 indicated significantly large displacements (>200 cm along
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Courtenay Stream) occurring in the September earthquake with very minor to negligible lateral
displacements occurring in the February Earthquake. This large discrepancy in lateral movements
between the two events could be attributed to the much smaller seismic demand for this area
induced by the February earthquake. More discussion on the results of LiDAR displacements in
this area with respect to field observations is provided in subsequent sections.

Figure 4-17. Lateral displacements estimated from LiDAR in Kaiapoi associated with the seismic events
of (a) Sep 2010 and (b) Feb 2011 (CGD, 2012b)

4.5.4 Method for Comparing Alternative Measurements with Ground Survey Results
As described above, data from the three alternative methods considered were compiled in GIS as
vectors indicating magnitude and direction of movement at specific locations. An analysis was
performed to understand how the various methods compared to displacements obtained from our
ground surveying measurements. The analysis initially considered vectors within about 40 m of a
particular transect and then limited the final analysis to vectors within about 25 m. Transect and
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vector (if not previously obtained) azimuths were computed using a protractor to obtain a projected
vector displacement in the same direction as the transect (typically perpendicular to the river).
For each vector considered, the offset and distance from the waterway, L, was measured in GIS
using the ruler function. Ideally, the offset and distance would correspond to the perpendicular
distance to the transect and waterway, respectively. However, given the reality of skewed transect
alignments (not always exactly perpendicular to the waterway) and meandering bends in the river,
L was taken as the distance from the vector to the river in a line parallel to the transect. This allows
for a more rigorous comparison of displacements at a given L (assuming the displacement is a
function of distance from the river based on our understanding of lateral spreading and the point
of comparison is sufficiently close to the transect). The offset distance was taken as the distance
from the vector to the transect in a line parallel to the river. As the analysis focused on data within
25 m of the transect, this approach (as opposed to taking perpendicular offsets and distances) led
to minor adjustments of the perpendicular distances, typically within 5 m, or slightly greater in
areas of sharper river bends.
Comparison of Displacement-Distance Distributions
Projected vector displacements, Ug, at specific distances, L, could then be directly compared to the
transect field data. The alternative data was plotted with the Ug – L field data for each individual
transect considered (transects located within about 25 m of alternative data). Where vectors were
more sparsely located, offsets of up to about 40 m were considered on the individual plots but were
noted with light grey fill. Lateral displacement values of less than zero indicate movement away
from the river bank.
When considering displacements induced by the September event, field measurements from the
method of ground surveying are shown in solid red line and nearby vector data from the various
methods considered are broken down by type and presented with solid red fill (or grey where
offsets are about 25 – 40 m). An example of such plot is shown in Figure 4-18 for transect
“KpS8_df”, located in South Kaiapoi (“KpS”) following the September event. Recall that the
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ending of “_df” was applied to transect data following the September 2010 Darfield earthquake
and “_ch” corresponds to data following the February 2011 Christchurch earthquake.

Figure 4-18. Example of ‘Ug-L’ plot of lateral displacements estimated from field data (KpS 8_df) and
various alternative methods after the September EQ

When considering movements induced by the February event, cumulative displacements, which
includes what was measured in the field, were considered and are plotted similarly with solid
symbols in blue. Lateral displacements induced by the February event only was provided with the
LiDAR and aerial photo data and is also presented on the Ug – L plots with blue open symbols. As
above, data with larger offsets were shown in grey (if applicable). An example of the post February
data considered is provided in Figure 4-19.
As mentioned previously, there were essentially three datasets of aerial photogrammetry and
LiDAR data used in the comparison. The following notations is applied to the respective dataset
(aerial or LiDAR) considered for this analysis: (1) “S” refers to the post September data comparing
pre September 2010 with post September 2010 data; (2) “F” refers to the net displacements
associated with the February 2011 event, i.e. post September 2010 data compared with post
February 2011 data; (3) “S+F” refers to the cumulative displacement – for the LiDAR data, this
was provided on the CGD and derived from comparison of pre September 2010 data with post
February 2011 data; for aerial photogrammetry data, this was computed from adding the “S” and
“F” vectors at approximately the same location, as described above. The comparison plots
associated with post February ground surveying measurements (which reflect cumulative “S+F”
effects) considered the respective “S+F” data for the alternative method considered, as well as the
net February event effects (“F”). The latter was included on the Ug – L plots in order to provide an
148

indication of the contributing magnitude of displacement for each event from these alternative
measurements. In addition, because the February (“F”) dataset is based on more recent imagery
analysis, it is estimated to have a higher accuracy. Location plans of vectors considered near each
transect are provided in Appendix D along with Ug – L comparison plots for each transect
considered in the analysis. A summary of the various symbols used in the comparison analysis
and in Figure 4-18 and Figure 4-19 is provided in Table 4-4.

.
Figure 4-19. Example of ‘Ug-L’ plot of lateral displacements estimated from field data (AsLp3_ch) and
various alternative methods after the February EQ

Table 4-4. Definition of plot symbols used in alternative method comparison
Definition

Symbol (based on event)
Sep (S)

Feb (F)

Distribution pattern of field data (idealized)

-

Alternative distribution pattern subject to
interpretation of field data

-

Geodetic survey lateral displacement in
direction of transect

-

Sep + Feb (S+F)

-

Aerial photogrammetry lateral displacement in
direction of transect
LiDAR “local” lateral displacement in
direction of transect
Vector located 25 – 40m from transect
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Absolute and Relative Displacement Comparisons
While the Ug – L plots provide detailed comparison of field measurements with alternative data
for an individual transect, it is beneficial to summarize the agreements/disagreements for several
transects on one plot. In order to achieve a more simplified comparison, two parameters were
considered: (1) Ug_1 corresponding to the absolute displacement corresponding to the alternative
vector closest to the river and (2) ∆Ug corresponding to the change in displacement over a
specified distance defined by the location of available vectors and the end of the field transect. For
this analysis, only data within 25 m of the transect were considered (grey symbols ignored). The
parameters Ug_1 and ∆Ug are defined on the Ug – L plot in Figure 4-20, using transect AsLp2 as
an example. Note that the Ug – L plots of field data are idealized to show a distributed profile;
however the actual movement in the field is more analogous to rigid movements shown by the
dotted red line in Figure 4-20. Displacements corresponding to the “rigid” movement were used
in the analysis (and are consistent with what is plotted in GIS).

Figure 4-20. Explanation of “Ug_1” and “∆Ug” parameters considered in the analysis

To account for variability in field measurement locations, the idealized distribution plot versus the
actual movement, and meandering of crack patterns along the river (i.e. “parallel” cracks do not
always maintain the exact L spacing from the river), the analysis considered field displacements
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within +/-10 m of the Ug_1 measurement as horizontal error bars. This error was also applied to
the ∆Ug field values (with cumulative error considered). Any additional error associated with
questionable field data, as noted on the transect, was incorporated accordingly. Vertical error bars
were occasionally applied in areas where multiple vectors were located within a similar distance
from the river (typically < 20 m of L considered). This allowed for representation of vector
variability at the point of comparison. Negative values of ∆Ug resulted when vectors showed
movement away from the bank or indicated increasing displacements with distance which may be
attributed to some localized movement, global movement of the entire area, or limitations in the
method considered.
4.5.5 Results from Lateral Displacement Comparisons of Field Measurements and Alternative
Methods
Results of the comparison are summarized on several plots consisting of individual Ug-L plots for
each transect as well as summary plots of ∆Ug and Ug_1 for all locations considered following
each event. This section details the comparison analysis for transect data along Courtenay Drive
in south Kaiapoi as well as in North Kaiapoi. Summary results of all comparisons made along the
Avon and Heathcote Rivers are also presented with details of the analysis (location plans and UgL comparison plots) provided in Appendix D.
Courtenay Drive - South Kaiapoi
Large lateral displacements occurred along Courtenay Drive in south Kaiapoi following the 2010
Darfield Earthquake. Location plans of the alternative data considered for analysis are provided in
Figure 4-14 (geodetic survey), Figure 4-15 (aerial photogrammetry), and Figure 4-17(a) (LiDAR).
Ug-L plots for transects performed in south Kaiapoi following the September 2010 Earthquake are
provided in Figure 4-21. Calculated displacements in the direction of the transect from alternative
measurements are also shown, using the symbols defined in Table 4-4. It should be noted that
transect KpS11_df is broken into two segments, ‘a’ and ‘b’ based on a significant (~ 55 m) shift
in the transect at a distance of about 125 m from the river and therefore was considered void for
analysis purposes.
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Note: KpS 11_df is considered “void” for this analysis based on a 55m shift
in the transect at L~125m during the field survey

Note: KpS 12 transect is oriented towards Kaiapoi River, not Courtenay
Stream

Figure 4-21. Post Sep lateral displacements from ground survey and alternative methods in south Kaiapoi
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The geodetic survey data in Figure 4-21 (square symbols) showed excellent correlation with the field
data, with all points falling directly on (or very close to) the line of field measurements. LiDAR
measurements (circle symbol) generally overestimate the field displacements at all locations, with the
exception of KpS12_df which is oriented to the Kaiapoi River (not Courtenay Stream like the remaining
transects in the area). The aerial photogrammetry data (triangle symbols) showed slightly better
agreement with the field surveying methods, following similar trends as the field data and slight over
and under estimations of field values. These displacements are summarized in the Ug_1 and ∆Ug plots
of Figure 4-22 (a) and (b), respectively. As expected based on Figure 4-21, the geodetic survey points
plotted close to the 1-to-1 relationship with the field data in both cases. Given that both methods
measure lateral displacements on a localized scale and in the field, a strong correlation between the two
is expected provided both methods have similar accuracy. The excellent agreement can serve to validate
the method of ground survey as an accurate tool to measure lateral ground displacements.

(a)

(b)

Figure 4-22. (a) “Ug_1” and (b) “∆Ug” comparison plots for south Kaiapoi based on lateral displacements
from the Sep 2010 EQ

The LiDAR (circle symbol) Ug_1 displacements were typically more than two times that of field
measurements (Figure 4-22(a)). This over estimation may be a reflection of the global nature of the
data and implied a larger movement occurring over the entire area. When considering the relative
change in displacement (Figure 4-22(b)), the data appeared to correlate better with the field data, with
most of the measurements falling within a factor of two. The negative LiDAR value of about -0.4 m in
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Figure 4-22(b) corresponds to transect KpS12_df, oriented toward Kaiapoi River. Based on Figure
4-17(a), this area is affected by a larger movement towards Courtenay Stream and therefore, the
apparent movement “away” from the Kaiapoi River is actually part of the larger spread to the south.
Lateral displacements from the aerial photography typically lie within a factor of two of field
measurements for both plots in Figure 4-22 (triangle symbol). The negative value shown in (b)
corresponds to the two closest vectors along transect KpS8_df; when alternative vectors nearby are
considered, the value increased to closer to zero or is consistent with field data (see Figure 4-21 –
KpS8_df).
Two transects in the area (KpS8, KpS10) were resurveyed following the February 2011 event. The
transects were performed in August 2011; however, effects of the June 2011 earthquake (Mw 6.0) on
lateral displacements are assumed to be negligible given the site-to-source distance for this case. Aerial
photogrammetry and geodetic survey were not conducted post-February. The results of the ground
survey were compared to the cumulative displacements from LiDAR, as shown in Figure 4-23. Transect
data from the post-September reconnaissance were also plotted on the figure (in red) for comparison
purposes.

Figure 4-23. Post February lateral displacements from ground survey and LiDAR in south Kaiapoi
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LiDAR data from the February Earthquake indicated minimal lateral movement throughout the
majority of Kaiapoi Figure 4-17(b)) with the majority of displacements measuring less than 20 cm (and
therefore not shown in Figure 4-17). The small displacements can also be seen by the open symbols
plotted in Figure 4-23, indicating less than 0.4 m of movement in the direction of Courtenay Stream.
Field measurements at these locations show an increase in lateral displacement of about 1m from the
pre- and post-February survey. The larger increase in displacement measured in the field may be
attributed to cumulative effects of aftershocks causing widening of cracks by the time of the
investigation.
The cumulative displacements (Sep + Feb) from LiDAR showed higher lateral movements than the
field data (similar to post Sep comparison) as well as larger values of ∆Ug. This was likely attributed
to the large scale nature of the LiDAR dataset, compared with the much more localized field
measurements.
North Kaiapoi
Nine transects were performed along the north bank of the Kaiapoi River (North Kaiapoi) following
the September Earthquake. The field measurements were compared with LiDAR and aerial
photogrammetry data available in the area. Locations of relevant vector data used in the analysis were
presented in Figure 4-15 (aerial photogrammetry), and Figure 4-17(a) (LiDAR).
Comparison of vectors from aerial (Figure 4-15) and LiDAR data (Figure 4-17(a)) along the north bank
of the Kaiapoi River indicated very different results in terms of direction and magnitude of
displacement from the September event. The aerial photogrammetry data revealed rather random
orientations of vectors with estimated lateral movements typically pointing away from or parallel to the
bank. In addition, the majority of displacements are less than 50 cm in magnitude. LiDAR data
generally indicated large (> 50 cm) movements occurring in a south to southeast direction but with
little change in magnitude within the transect area. Based on these general observations, it is unlikely
the data will compare well with field measurements in this area. The results of the comparison are
presented in Figure 4-24 and Figure 4-25.
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Figure 4-24. Post Sep lateral spreading measurements from ground survey and alternative methods in North Kaiapoi
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(a)

(b)

Figure 4-25. Summary plots showing post Sep measurement comparisons in north Kaiapoi comparing (a) Ug_1
and (b) ∆Ug parameters

The alternative data generally compares poorly with field measurements in the area of North Kaiapoi.
This is likely a result of a number of factors including:
1) The majority of significant displacement (> 50 cm) measured in the field generally occurred
within 50 m of the bank where LiDAR data is sparse. Comparisons with displacements < 50 cm
will inevitably show larger disagreement as the accuracy of the LiDAR and aerial
photogrammetry measurements decreases with smaller displacements.
2) The extension of stopbanks and sloping of the ground away from the river (stopbanks) in some
areas of North Kaiapoi extending to about 60 m from the channel may have influenced
displacements on a localized scale. The assumption that all cracks are associated with spreading
movements towards the river is not appropriate for such sites. In other words, the ground
surveying method may not allow to correctly predict the direction of movement (i.e. towards or
away from the river) at these type of sites where two competing factors promote movements in
opposite directions.
3) Significant liquefaction occurred in the area of north Kaiapoi following the September event
which resulted in large settlements and associated ground movements. The seemingly random
orientation of many of the vectors from the aerial photogrammetry vectors may be capturing
some of these localized ground movements and also indicate that these complex measurements
are more challenging for interpretation even for the global methods.
4) The global nature of deriving lateral displacements through LiDAR and aerial photogrammetry
versus the localized measurements of ground survey will inevitably lead to variable results.
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Avon River
Similar comparisons were made using aerial photogrammetry data (where available) and LiDAR data
at transect locations along the Avon River. Results from the post September analysis are provided in
Figure 4-26. Yellow-filled symbols correspond to “alternative” lateral displacements considered for two
transects located along the east bank of the Dallington loop point bar where interpretation of field data
is complex (discussed in detail in Chapter 5).

Figure 4-26. Results of comparison analysis along the Avon River considering post September transect data
and measurements from (a) LiDAR and (b) aerial photogrammetry data
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Results from the LiDAR comparison analysis indicated significant scatter at the majority of locations
considered. In addition, a number of “negative” values were computed indicating movement away from
the bank and/or increasing displacement with distance. The aerial photogrammetry analysis showed an
improved comparison with most data falling within a factor of two, especially when considering field
displacements greater than about 0.5 m.
Similarly, data from the post February field investigation data was compared with cumulative
displacements (considering September and February events) obtained from LiDAR and aerial
photogrammetry. Summary plots are presented in Figure 4-27 (again yellow-filled symbols denote the
“alternative” analysis considered in the Dallington Loop point bar – detailed in Chapter 5). The results
are consistent with the observations from September with the aerial photogrammetry data showing
generally better agreement with the field data than the LiDAR.

Figure 4-27. Results of comparison analysis along the Avon River considering post-Feb transect data and (a)
LiDAR and (b) aerial photogrammetry data
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Heathcote River
Comparisons were also performed using post-February transect data and cumulative LiDAR data at
transects along the Heathcote River (post September LiDAR data not available in these areas.) Field
measurements in this area were generally small (~0) at all locations considered for comparison, and, as
observed in previous comparisons, it is difficult for LiDAR to estimate small displacements. However,
results of the comparison shown in Figure 4-28 confirm the small displacements observed in the field.
The ∆Ug comparison is not shown, as only two transects were in the vicinity of more than one LiDAR
vector and the resulting change in LiDAR displacement were small (< 0.1 m), consistent with the “zero”
change in displacement encountered in the field surveying.

Figure 4-28. Results of post Feb transect data comparison with LiDAR along the Heathcote River

4.5.6 Summary Remarks
The area of Courtenay Drive in south Kaiapoi allowed for comparisons of field data surveyed following
the September earthquake with three alternative methods used to estimate lateral displacements.
Comparisons of the various datasets resulted in excellent agreement between the method of ground
survey employed for this research and results from the geodetic resurvey. Both of these methods
consider lateral displacements on a scale localized to the furthest point surveyed, and both consist of
taking measurements. Thus, some agreement between these two datasets is expected. The strong
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agreement at the locations considered verified the accuracy and results of the ground surveying
measurements and validated the methodology employed.
The large displacements that occurred in this area (~ 1.5 - 2.5 m from field observations) allowed for a
better comparison to the alternative methods derived from imagery analysis (LiDAR, aerial
photogrammetry) which are less accurate when displacements are small (< 0.2 – 0.4 m). As mentioned
previously, Beavan et al. (2012) reports LiDAR horizontal displacements greater than ~ 40 cm (lower
for best datasets) to be generally reliable, and Aydan et al. (2012) report an estimated error of about 18
to 24 cm associated with horizontal movements determined from aerial photogrammetry. The improved
accuracy with the latter is reflected in the better agreement between field ground surveying and aerial
photogrammetry, discussed below.
The results indicated the global nature of LiDAR data to overestimate “maximum” displacements (Ug_1)
at most locations (by about two times) but indicated generally better agreement with regard to “relative”
movements. The aerial photogrammetry data showed better correlation with the field data and had the
majority of data within a factor of two from the ground surveying displacements both for Ug_1 and ∆Ug
parameters.
Scrutiny of LiDAR and aerial photography data at other locations investigated indicated imagery data
to be less accurate when field displacements were small and the area was heavily affected by
liquefaction. In general, results from aerial photogrammetry showed slightly better agreement with field
data than LiDAR. The inconsistencies with LiDAR are not surprising given the discrepancies
highlighted in Chapter 3 between LiDAR and other forms of field observations of lateral spreading (e.g.
mapped crack data) as well as the issues regarding reduced accuracy of displacements associated with
the September earthquake. It should also be noted that the point of reference used to measure the
estimated displacement through aerial photogrammetry may have contributed to such observed
discrepancies with field measurements, despite care in the method to avoid such local displacements
(e.g. rotational movements).
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In areas where lateral displacements from field measurements were small and liquefaction-induced
damage was less severe, e.g. Heathcote River, the imagery data generally agreed with the field
observations, indicating movements of less than 20 cm.
While the lateral displacement estimated using imagery techniques appeared to be less consistent with
field observations considering small displacements (and with some variability considering larger
displacements), the data serves as a useful tool to understand direction of movements that can be
misinterpreted in the field surveying method, e.g. spreading patterns in Dallington loop point bar, at the
bend along Locksley Ave, and in North Kaiapoi. In addition, the global surveying methods offer data
over a much wider area and allow for understanding of global movement patterns, and hence, improving
understanding and interpretation of lateral spreads.
4.6

Conclusions

Liquefaction-induced lateral displacements were documented at 126 locations (19 of which were
repeated) in the weeks following the 4 September 2010 and 22 February 2011 earthquakes using the
method of ground surveying throughout Christchurch, Kaiapoi and a small area of Spencerville. The
post February earthquake reconnaissance predominantly focused at spreading sites along the Avon
River, and a few locations along the Heathcote River, while nearly half of the post September data
corresponded to sites in Kaiapoi and Spencerville.
The field data underwent rigorous processing involving scrutiny of various datasets such as LiDAR and
aerial photogrammetry lateral displacement data, high resolution aerial photographs taken within days
after the September and February events, mapped crack data, detailed elevation data, among others, in
order to verify the data and document the field measurements as accurately as possible. The results
provided high-quality field-measurement data to be used throughout the thesis and which are provided
in Appendix B, detailing measurements at hundreds of crack locations including associated distances
from the waterway. In addition, the spatial referencing of the measurement locations in GIS allowed for
more rigorous interpretation of alternative datasets.

162

Average ground slopes within the distance affected by spreading, or within about 50-100 m of the bank
where minimal displacement was observed, were estimated from high quality elevation data at all
transect locations. The results indicated relatively mildly sloping ground conditions at most locations
along the Avon River, typically ranging between -1 to +2 % at most sites along the Avon River, with
steeper gradients observed along the banks of the Heathcote River. Estimated channel heights at each
transect locations typically ranged from about 1.4 – 4.5 m based on interpretations from channel cross
section data and ground elevations. Average ground slopes and channel heights were summarized in
Appendix C at each transect location. Seismic parameters, including peak ground acceleration, PGA,
site to source distance, R, and normalized PGA, PGA7.5, were computed at each location and averaged
within each suburb. The results highlighted the increased seismic demand at locations investigated in
Christchurch associated with the February earthquake. In addition, these parameters were summarized
in
Table 4-2 (specifically PGA and R) will be used in subsequent analyses detailed in Chapters 6 and 7.
The finalized data from field investigations were compared with lateral displacements estimated from
alternative measurements of lateral displacement including LiDAR, aerial photogrammetry and geodetic
resurveying data. Results of the analysis highlighted the following key findings:
-

Strong agreement with geodetic resurveying in south Kaiapoi served to validate the method
of ground survey in assessing lateral displacements on a localized scale using field
measurement techniques.

-

LiDAR data typically showed poor agreement with field data, especially when field
displacements indicated movements of less than about 0.5 m. Improved consistency was seen
in south Kaiapoi but was likely associated with the increased number of locations with field
displacements greater than about 0.5 m that could be used in the comparison.

-

Results from aerial photogrammetry showed some agreement with field measurements, with
results typically within a factor of two at most locations where field displacements are greater
than about 0.2-0.3 m.

-

Despite the discrepancies among displacement magnitudes computed from LiDAR / aerial
photogrammetry and field data, the alternative methods provide a means of verifying
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direction of movement and can assist in complicated spreading analysis, as detailed in
Chapter 5.
The following chapter investigates the observations from field measurements by scrutinizing the
distribution of lateral spreading with distance from the bank using the high-quality data from the field
investigations discussed above.
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5.
5.1

OBSERVATIONS OF LATERAL DISPLACEMENTS FROM GROUND SURVEYING
Introduction

Abundant lateral spreading data was collected in the weeks following the 4 September 2010 (Darfield)
and 22 February 2011 (Christchurch) earthquakes using the method of ground surveying detailed in the
previous chapter. Recall measurements following the February 2011 earthquake inevitably reflect
displacements associated with the September event as well. Details of field measurements at the 145
locations investigated (19 locations repeated after the 22 February event) are summarized in this chapter
with respect to the various areas surveyed including: (1) the Avon River in Christchurch (2) the
Heathcote River in Christchurch (3) the Kaiapoi suburb located approximately 20 km north of
Christchurch (4) a small area of the Spencerville suburb located between Kaiapoi and Christchurch.
Results of the ground survey including magnitude and distribution of spreading at each location
surveyed, as well as general observations of damage in the transect vicinity are provided in this chapter.
Additional information such as historical data, site topography, results from LiDAR and aerial
photogrammetry, and cracks mapped in the vicinity were used to verify and interpret ground survey
measurements at the more complicated sites.
The detailed results of ground surveying presented in this chapter provides a systematic approach to
documenting lateral spreading displacements and features associated with the September 2010 and
February 2011 earthquakes. Difference between observations following these two events are discussed
on an area basis and generally indicated higher net displacements associated with the February event.
Various ground displacements associated with lateral spreading including medium to large ground
movements, but also small to negligible displacements, are presented to understand reasons for
differences in lateral spreading manifestations. Complex spreading patterns observed along the
meandering loops of the Avon River are investigated with respect to site topography, results from ground
survey, and alternative lateral displacement data (e.g. LiDAR).
The data is presented on an area basis considering measurements along the Avon River, Heathcote River,
Kaiapoi, and a brief description of the measurements in Spencerville. Measurements within each of these
larger regions were further divided into sub-areas based on location and are generally discussed in
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downstream order (west to east). Results from ground surveying following the September event and
after the February earthquake are presented together for each sub-area discussed.
In general, lateral displacements from ground surveying along the majority of the Avon River ranged
from near zero to over 1 m in the post September 2010 surveys (pre February earthquake) and up to
about 1.5-2 m in the post February 2011 surveys (cumulative effects of September and February
earthquakes). Even larger displacements (> 2 m) were observed along the meandering loop point bar
feature at Dallington in both events, as well as at near the Pleasant Point Yacht Club, located at the outlet
of the Avon River into the Avon-Heathcote Estuary. In general, the distribution of lateral spreading at
most locations along the Avon River were typically distributed in nature while a few locations exhibited
a more localized failure concentrated within about 30 m of the bank. More complex displacement
patterns involving a combination of localized and distributed failure or distributed and block-like failure
were also observed.
In contrast, locations surveyed along the Heathcote River indicated minimal lateral displacements (0 0.3 m), despite higher ground accelerations in this region in the February earthquake. The measurements
at several locations along the Heathcote River provide an interesting contrast to the devastation observed
along the Avon River, located just a few kilometres away, and highlight the influence of subsurface,
topographic, and geologic conditions on the observed lateral spreading displacements.
In both reconnaissance efforts, complex lateral displacement patterns were observed within the
Dallington Loop point bar. Interpretations of field data are discussed with regards to alternative lateral
displacements from LiDAR and aerial photogrammetry, site topography and high quality elevation data,
and vertical offsets of cracks encountered during the field investigation (assuming movement in the
direction of the lower side of the crack). Several transects are discussed with respect to two alternative
interpretations of lateral displacements. A similar analysis was performed in the vicinity of four transects
along Locksley Avenue in Dallington which exhibited atypical movements (though of much lower
magnitude than those observed within the point bar) requiring rigorous analysis of alternative datasets
to gain a better understanding of movement direction and cumulative displacements.
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Damage associated with lateral spreading in the September event was particularly severe in the township
of Kaiapoi where some of the largest displacements were observed, specifically in South Kaiapoi where
a block-type failure pattern resulted in large fissures and openings in the ground in the residential area
150-250 m from Courtenay Stream/Lake. Results from surveyed locations in North Kaiapoi resulted in
variable displacements, with the largest cracks generally associated with failure along the stopbanks. As
reported in Chapter 4, the presence of these stopbanks (and sloping ground away from the banks) as well
as the severe liquefaction in the area of North Kaiapoi resulted in complex lateral displacement patterns
that are difficult to quantify given the limitations of the ground survey method. Results from ground
survey in this area are presented herein but are not recommended for further analysis. The small area of
Spencerville investigated after this event revealed significant damage to residences along the waterway
and cumulative displacements in the order of 1 to 1.5 m.
The ground surveying results are presented within utilizing plots of permanent ground displacement
with distance from the bank (Ug – L), described in Chapter 4. In addition, the data is summarized in
Appendix C, providing a list of locations surveyed; maximum displacements from the post September
and/or post February field reconnaissance; distance affected by spreading, Deff (where Ug > ~0.1 m);
estimated channel height average ground slope over the distance affected (as described in Chapter 4);
and relevant notes regarding the interpretation of data.
Three types of lateral spreading displacement patterns (distribution of ground displacement with
distance from the river) were identified in the analysis of ground survey data: (1) distributed –
exponential decay of displacement with distance from the river (largest cracks closest to the river); (2)
localized – large displacements (up to about 1.5 m) concentrated within about 30 m of the river; and (3)
block – majority of displacement occurring at significant distance from the free-face (> 150 m) resulting
in movement of the entire “block” of ground. Given the complexities associated with this phenomenon,
lateral displacement patterns occasionally exhibited a combination of these failure modes, e.g.
distributed with partial block failure, as discussed on a site-specific basis in this chapter.
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5.2

Method of Interpretation

The following describes briefly the general notation and plots used in discussion of ground survey
measurements at the locations investigated.
5.2.1 Notation
Recall from Chapter 4, each transect was assigned a name based on location/sub-area and numbered
accordingly, typically in chronological order of survey. The endings “_df” and “_ch” have been used to
distinguish results of measurements corresponding to the time of ground surveying: “_df” refers to post
September 2010 Darfield earthquake data (collected between September 2010 – January 2011); and
“_ch” refers to post February 2011 Christchurch earthquake data (collected between February 2011 –
August 2011, with the majority of data collected between March 2011 and May 2011). For example,
“avd1” refers to surveyed location “1” in Avondale; “avd1_df” refers to measurements following the
September earthquake, while “avd1_ch” represents post February earthquake measurement data.
5.2.2 Transect Location Plans
In general, transect data from the September event is represented by red lines on location plans (“Sep
Trans”) while the post February data (“Feb Trans”) is shown in blue lines. For each sub-area discussed,
two transect location plans are provided. The first presents the measurement locations on aerial
photographs flown in the days following the February 2011 earthquake (CGD, 2012a). While postSeptember aerial photographs (where available) were also reviewed during the interpretation process,
the higher quality post-February images were selected for data presentation. Evidence of liquefaction,
in the form of sand boils, and lateral spreading, large fissures, can often be seen in the photographs and
more easily detectable in the post February images.
The second location plan discussed within this chapter provides general topographic information based
on LiDAR elevation data from the days following the September 2010 earthquake, where available
(CGD, 2012c). The vertical changes in elevation associated with the September event are noted and an
obvious limitation in using the dataset in trying to understand pre-deformation topography. However,
the level of detail provided in this dataset, compared with older elevation models available in the areas
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surveyed, surpassed the limitation of potentially incorporating seismically-induced settlements from the
September earthquake in the analysis (though this was the reason the even higher-quality post February
LiDAR elevation data was not selected). Note that along the Heathcote River and in Spencerville, post
September LiDAR elevation data was not available and post February event LiDAR elevation data was
used.
Results of the ground survey are typically presented on the location plans with respect to cumulative
displacement, broken into cm classification categories, as described in Chapter 3. Mapped crack data
compiled after the September and February earthquakes (CGD, 2012d) were incorporated on the
location plans to gain a general idea of the magnitude and extent of ground distortion in the area. The
mapped crack data is colour-coded by width, based on the widest point in the crack, as well as by the
time of mapping (pre or post February earthquake), as provided on the Canterbury Geotechnical
Database (CGD).
5.2.3 Permanent Ground Displacement Distributions
The results of the ground survey are presented on permanent ground displacement distributions plots
(Ug – L), described in Chapter 4. The maximum displacement (sum of all cracks encountered in the
transect) is assumed to occur at the bank and decreases with each crack encountered further from the
river. Some locations required interpretation of more distant cracks in order to avoid misrepresentation
of cracks associated with local ground distortion or movement away from the bank in the cumulative
displacement at the river. Discussion of these locations on a site-specific basis with appropriate
alternative interpretations are provided. Results from the post September and post February ground
surveys are provided on separate plots differentiated by the y-axis and transect ID, where Ug_Sep
corresponds to post September/pre February earthquake data and transects identified with the “_df”
ending and Ug_Feb corresponds to post February earthquake measurements and transects identified by
“_ch”. Given the method of ground surveying, the Ug_Feb displacements inevitably represent
cumulative displacements from the September and February earthquakes.
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5.2.4 Locations Surveyed
Field measurements following the 4 September 2010 earthquake (Mw 7.1) were generally concentrated
along the Avon River in Christchurch, the north and south areas of Kaiapoi (north and south of the
Kaiapoi River), and an isolated case study along the Styx River in Spencerville located between
Christchurch and Kaiapoi. Two locations along the Heathcote River in Christchurch were also
investigated, and revealed minimal displacements (less than 5 cm).
The post 22 February 2011 earthquake (Mw 6.2) ground surveying reconnaissance predominantly
focused on lateral spreading along the Avon River; mainly due to the heavy damage observed in this
area as a result of the higher ground accelerations and seismic demand associated with this event in
Christchurch. For comparative purposes, several locations along the Heathcote River which indicated
minimal displacements were also surveyed. Three transects were “repeated” in Kaiapoi following the
February event. The results of the two reconnaissance efforts (post Sept/pre Feb and post Feb) are
discussed together on an area basis.
5.2.5 Subsurface Data
As part of the analysis for this study, extensive research was performed investigating the large number
of subsurface explorations available on the CGD (CGD, 2014b) in the area of the surveyed locations as
well as some additional CPT data conducted by the University of Canterbury in the vicinity of four
transects (where CGD data was not available). For simplicity purposes of this chapter, a few (typically
three to four) representative CPTs were selected within each suburb area investigated in order to provide
the reader with a general idea of typical subsurface conditions. The locations of the CPTs are presented
on the aerial and topographic maps discussed above, in addition to the relevant ground cracking and
transect data. Highlighted features of the subsurface data are briefly discussed with respect to the field
observations while a much more detailed analysis of subsurface conditions is presented in Chapter 6,
with respect to empirical model predictions, and in Chapter 7 where a more rigorous subsurface analysis
was performed for selected transect data.
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In this Chapter, simplified profiles indicating tip resistance (qc), normalized tip resistance (qc1), and soil
behaviour type (Ic) are provided for the selected CPTs indicated on the aerial photography and
topographic location plans. The normalized tip resistance and soil behaviour type were computed in
accordance with the recommendations provided by Youd et al. (Youd et al., 2001), discussed in more
detail in Chapter 6. The depth to groundwater associated with the time of the September 2010 earthquake
(CGD, 2014a) is also presented on the simplified plots in blue, GWsep.
It is important to recognize the large amount of CPT data that are available on the CGD. The selected
data presented attempt to capture typical soil conditions in the vicinity; however, the variable ground
conditions generally associated with alluvial environments like those of the surveyed locations is noted.
5.3

Ground Survey Measurements along the Avon River

Approximately 40 locations along the Avon River (and Bottle Lake) were surveyed following the
September 2010 earthquake, generally between the suburb of Avonside (east of the CBD) and the
estuary, as shown in Figure 5-1 with red lines (Sep Trans). Ground surveying along the Avon River after
the 22 February 2011 earthquake was performed at 60 locations, shown Figure 5-1 with blue lines (Feb
Trans). Some of these locations were also surveyed in the post September reconnaissance effort and are
referred to as “repeat” locations, denoted with a yellow circle in Figure 5-1.
The lateral spreading patterns observed were generally complex with a significant variation in
magnitude and distribution of spreading displacements within a relatively small area. The following
section examines these smaller areas on a site-by-site basis in order to gain an understanding of the
spreading patterns observed and the consequential damage to nearby structures and lifelines.
Measurements performed along Bottle Lake in Burwood as well as in the area of Porritt Park were
considered void for analysis and not included in the discussion. Details regarding measurements at these
locations can be found in the Appendix B.

171

Figure 5-1. Transect locations along the Avon River

5.3.1 Central Business District (CBD)
As indicated in Figure 5-1, no transects were surveyed within the Christchurch Central Business District
(CBD) following the September earthquake as observed liquefaction in the area was relatively minor
and on a localized scale. However, the CBD was heavily affected by liquefaction in the February 2011
earthquake. While liquefaction-related damage was extremely prevalent throughout the area, damage
associated with lateral spreading at the locations surveyed was relatively small, typically less than about
20 cm of permanent ground displacement, with the exception of a few locations where slumping of the
banks occurred and larger displacements were observed within about 15 m of the river.
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Transect locations surveyed within the CBD as well as selected CPT data are provided in Figure 5-2 on
(a) aerial photographs and (b) site topography. Simplified soil profiles corresponding to the selected
CPT data are provided in Figure 5-3.

Figure 5-2. Transect data in CBD indicating (a) locations and mapped cracks; (b) site topography; and (c)
results of ground surveying
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Figure 5-3. Selected CPT data in the CBD area

Note that no “official” line of measurement was performed in the areas of cbd11, cbd12, cbd13, and
cbd14. The areas shown were surveyed on foot and indicated minimal ground cracking in the vicinity,
thus no transect was performed. While some movement occurred at the banks in these areas, manifested
through minor cracking and compression of the bridge abutments (as described in (Cubrinovski, Green,
et al., 2011)), maximum displacements in the area of these four “transects” were estimated to be less
than about 10 cm. The presence of bridge structures have been shown to resist lateral spreading
displacements (e.g. Cubrinovski et al. (2014)) and may have created bias in small displacements at these
locations (and along Armagh St – transects cbd1 and cbd3/4). Review of mapped crack data in the “freefield” vicinity as well as alternative lateral displacement data from LiDAR indicate the minimal
displacements measured in the transects to be representative of the area.
The results of the ground survey are presented in Figure 5-2(c) and indicate displacements beyond about
30 m from the bank were typically negligible (< 10 cm), with the exception of cbd10 where about 30
cm of lateral cracking was concentrated between 30-50 m from the river. (It is unknown whether the
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displacements in transect cbd10_ch were associated with lateral spreading or localized building failure).
Three locations showed some localized failures within about 15 m of the river ranging from about 0.4 –
0.7 m.
The excessive liquefaction observed in the CBD caused significant differential settlements and
associated ground cracking as well as large sand boils throughout the area making lateral spreading
measurements with the method of ground survey difficult. In addition, the meandering nature of the
river combined with the concentration of structures within the area and cordoned zones following the
events made it difficult to continue transects in a straight line from the bank to measure spreading as
intended with the method of ground survey. Regardless of these limitations, an effort was made to gain
a general understanding of lateral displacements at 14 locations within the CBD, as presented in Figure
5-2. Notes regarding the displacements measured in each transect and associated difficulties (e.g. “void”
transects) are summarized in Appendix C.
As inferred by the CPT data presented in Figure 5-3, much of the CBD area is underlain by medium
dense to dense coarse sand and gravels encountered at relatively shallow depths of about 1.5 to 2.5 m in
the profiles shown. It is important to note that many of the CPT data available in the vicinity (CGD,
2014b) reached refusal at depths of less than 5 m, as discussed more in Chapter 7. Some potentially
liquefiable material located above or within the gravel zones was encountered, but these layers were
typically thin, or above the groundwater table, or were predominantly gravels. Given the subsurface
conditions presented, it is not surprising that the results of the field investigation indicated relatively
small lateral displacements.
5.3.2 Avon Loop
The eastern edge of the CBD consists of a residential suburb located along a meandering loop of the
Avon River, referred to within as the Avon Loop area and presented in Figure 5-4(a) and (b) in addition
to the location of surveyed transect data and selected CPTs. Simplified CPT profiles for these locations
are provided in Figure 5-5.
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Figure 5-4. Transect data near the Avon Loop indicating (a) locations and mapped cracks; (b) site topography; and (c) results of ground
surveying
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Figure 5-5. Selected CPT data in the Avon Loop area

Figure 5-4 shows the Avon River flowing from a larger meandering loop (Avon Loop) into a
tighter point bar/cut bank in the area of Fitzgerald Bridge. In general the cut banks along each
of these features correspond to much higher ground elevations at the banks than the opposing
point bar features across the river (Figure 5-4(b)). Relevant transect information for the Avon
Loop area is provided in Figure 5-4 and indicates only post February survey data (i.e. no
transects performed before the February earthquake). The results from ground surveying in
Figure 5-4(c) are broken down by location showing the cut bank (open symbols) and point bar
(solid symbols) transects along the larger Avon Loop and smaller Fitzgerald Bridge loop.
The ground surveying results indicated a range of maximum ground displacements from less
than 0.1 m to 1.6 m as well as various distribution patterns. Large (~ 1 – 1.6 m) localized
failures were observed along the Avon Loop cut bank (avnlp2, 3) and Fitzgerald Bridge point
bar (avnlp4, 5, 6) concentrated within about 30 m of the river. Note that transects avnlp4 and
avnlp5 are considered void for analysis as the displacements were complicated by the presence
of the bridge structure and the tight meander of the river at this location, resulting in spreading
in multiple directions, however the data along these transects still provides insight for the
ground deformations in the area.
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The large localized failures in avnlp2 and avnlp3 may be associated with the steep banks along
this part of the cut bank, inferred by the elevation data in Figure 5-4(b). Although transect
avnlp17 is considered void (transect did not extend to the free-face), the minimal displacements
encountered along the transect confirm the localized nature of measurements along avnlp3.
Within the Avon Loop point bar, lateral ground displacements appeared more distributed in
nature with maximum displacements ranging from about 0.45 to 1.1 m and affected distances
of about 50-100 m. Of interesting note is the anomaly associated with the minimal displacement
encountered along transect avnlp11, located between transects avnlp10 and avnlp12, where
maximum displacements of about 0.6 – 0.8 m were measured. These results coincide with
significant cracking mapped in the area which terminates on either side of transects avnlp11.
The significant change in lateral movements within such a small stretch of bank (~ 100 m
between avnlp10 and avnlp12) reflects the complex nature and possibly non-uniformity of
lateral spreading displacements and may be attributed to a change in river geometry and ground
conditions, creating a local cut at the location of transect avnlp11 and some confinement to
lateral movement along the transect.
Additional ground cracking was noted within the point bar along the top of slope a significant
distance from the bank; the cracking appeared to be associated with this topographic failure
and was not considered as spreading to the river (indicated in Figure 5-4(b)). Similarly, the
distant cracking mapped in avnlp7 also appeared to be associated with the ground slope in this
region and not lateral spreading to the free-face. Arguably, the same type of topographic failure
may have occurred along transect avnlp1. The minimal displacement measured along transect
avnlp15 and avnlp16 were likely related to the cut bank geologic processes and higher elevation
in the area. A similar observation was reported in Cubrinovski et al. (Cubrinovski, Green, et
al., 2011) where the north abutments of the Fitzgerald Bridge (point bar side) suffered
significant damage while damage to the south side was much less severe.
The selected CPT data illustrated in Figure 5-5 highlight the variable ground conditions across
the Avon Loop area. On the western cut bank, CPT_401 showed layers of non-liquefiable
material (Ic > 2.6) interbedded with loose to medium dense clean sand (qc1 ~8-10 MPa, Ic ~1.61.7), generally increasing in density with depth. Further upstream, CPT_10012 indicated a
thick (>2 m) deposit of loose fine to silty sand (qc1 ~6-7 MPa, Ic ~1.9-2) extending from about
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2.5 – 5.5 m depth, with a few non-liquefiable lenses (Ic >2.6), underlain by medium dense to
dense sand. Note the proximity of this CPT relative to transect avnlp2_ch in Figure 5-4 where
significant displacement (Ug_max = 1.58 m) and ground cracking was observed. Across the
bank, a somewhat similar soil profile was encountered in CPT_92, in the vicinity of transect
avnlp12_ch which exhibited moderate displacements (Ug_max = 0.65 m) and significant
ground cracking along the banks. Further downstream in the area of the Fitzgerald Bridge and
local cut bank, dense gravels were encountered in CPT_5339 at a relatively shallow depth of
about 3.5 m, just below the groundwater table. Not surprisingly, transects avnlp15 and avnlp16
located in this area exhibited negligible to small displacements (Ug_max < 0.2 m).
The abundant lateral spreading data collected within the Avon Loop highlight the variability
and complexity associated with this type of failure. In addition, site geology, subsurface
conditions, and local topography played a critical role in the observed deformation patterns and
ground cracking.
5.3.3 Avonside Loop
Further downstream from the Avon Loop area, the meandering Avon River creates another
large point bar loop in the Avonside suburb, approximately 650 m in diameter from east to
west at its widest point (general location provided in Figure 5-1. The locations surveyed and
selected CPT data in the area and corresponding results are provided in Figure 5-6(a) and (b)
for the both the post September and post February transects, indicating a repeat survey along
transect aslp1 located at the top of the point bar. The results of the ground survey are provided
in Figure 5-6(c) for each reconnaissance effort. Plots of the simplified soil profiles
corresponding to the selected CPT data are provided in Figure 5-7.
The September earthquake results along transects aslp1 and aslp2 indicate maximum ground
displacements of about 0.6 - 0.8 m manifested through a distributed failure with a partial block
movement at about 150 to 200 m from the bank. The distributed failure in aslp1_df was
generally concentrated within about 100 m from the bank (measured in the field as abundant
small cracks along Gailbraith Ave), while significant displacements of about 0.3 - 0.5 m was
encountered in aslp1 and aslp2 at significant distance from the bank resulting in the partial
block-like movement.
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Figure 5-6. Transect data near the Avonside Loop indicating (a) locations and mapped cracks; (b)
site topography; and (c) results of ground surveying

Figure 5-7. Selected CPT data in the Avonside Loop area
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The large cracks associated with the more distant displacements are mapped in Figure 5-6 and
were also encountered in the post February survey along transect aslp1. Given the significant
distance between the free-face and these cracks, it is difficult to determine whether these
fissures are associated with local soil conditions and a concentrated failure or part of a larger
movement to the free-face.
From a topographic perspective, the ground conditions along both transects (aslp1 and aslp2)
is relatively gently sloping toward the river with no significant change in elevation that might
have caused these significant fissures, inferring these cracks to indeed be part of the spread
towards the bank.
Results from the post February earthquake survey showed an increase to the distributed failure
along transect aslp1 resulting in a maximum displacement of about 1.5 m. The magnitude of
the block portion of displacement along aslp1 remained relatively similar in magnitude to the
September displacements at this location, on the order of about 0.3 – 0.5 m. Four additional
transects were surveyed in the post February reconnaissance, including transect aslp3, located
along the east bank of the point bar which showed a severe, distributed-type failure with a
maximum displacement of about 1.2 m concentrated within about 100 m of the free-face
(similar to magnitude and distribution along the first 100 m of aslp1_ch). Transects aslp5 and
aslp6 along the west bank of the point bar indicated a decrease in lateral spreading along in this
area that is likely associated with a change in soil conditions and the higher ground elevation
in this area.
The post-February transect aslp4 was surveyed along the western cut bank and indicated a
maximum displacement of about 0.6 m with a combined distributed/block-type failure
distribution as about 0.2 m of movement was concentrated at about 150 m from the bank.
Scrutiny of site topography indicated a 1 – 1.5 m rise in elevation at this distance. Cracks
mapped along this topographic feature are shown in Figure 5-6 and infer that these
displacements may be associated with topography and not spreading to the free-face. An
alternative interpretation of transect aslp4 should consider a maximum displacement of about
0.35 m at the bank, assuming cracks beyond about 140 m to be associated with a local groundslope movement, not lateral spreading to the river.
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The selected CPT profiles presented in Figure 5-7 show variable conditions across the site
generally consistent with field observations. In CPT_516, located along the western cut bank
near transect aslp4_ch where moderate displacement was observed, the subsurface conditions
consisted of fine-grained material underlain by approximately 1.5 m of loose to medium dense
sand (qc1 ~8-12 MPa, Ic ~1.7-1.8) and refusal at about 4.4 m depth. Across the bank, CPT_112
indicated the subsurface conditions to consist of fine-grained material to about 2.5 m, underlain
by medium dense coarse sand with a few looser lenses to about 5 m depth where relatively
dense sand and gravel was encountered. Further upstream, near the top of the point bar where
ground cracking and observed displacements increased, a significant change in soil profile was
observed, as indicated by CPT_118, which showed a thick (~ 4 m) deposit of loose liquefiable
material, becoming slightly denser from 4 to 5 m. This profile appeared relatively continuous
along the bank, as inferred by the somewhat similar profile shown in CPT_115 located
downstream. As indicated in Figure 5-6, the area bounded between CPT_118 and CPT_115
was generally associated with large ground cracking and large lateral displacements, as
measured in transects aslp1, aslp2, and aslp3 following the September and/or February events.
5.3.4 Dallington Loop
The most complex pattern of lateral spreading displacements observed in the ground surveying
efforts were encountered along the tight meander of the Avon River in Dallington, referred to
as the Dallington Loop. The point bar feature is approximately 390 m in diameter. Extensive
damage was observed within the point bar area as a result of heavy liquefaction and lateral
spreading induced in the Canterbury earthquake sequence, while the area along the cut bank
suffered far less damage. This contrast is apparent in Figure 5-8 where abundant cracks were
mapped within the point bar compared to the cut bank which exhibited relatively minor
deformation particularly in the east. In addition, the radial extension of the point bar can be
seen by the abundant short cracks mapped along Dallington Terrace/Locksley Ave, running
perpendicular to the river. As indicated in Figure 5-8, 19 locations were surveyed along the
Dallington loop as part of the ground reconnaissance efforts – five along the cut bank (one
repeated) and 14 within the point bar (two repeated). Simplified profiles of the selected CPT
data indicated in Figure 5-8 are presented in Figure 5-9.
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Figure 5-8. Transect data along the Dallington loop indicating (a) transect locations and mapped
cracks and (b) site topography
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Figure 5-9. Selected CPT data in the Dallington Loop area located (a) along the cut bank and (b)
within the point bar

The results of the ground survey are discussed below, first with regards to the cut bank transects
and then the point bar area, which required rigorous scrutiny of alternative datasets in order to
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better understand the complicated spreading patterns observed in this area. Lateral
displacements in the area estimated from LiDAR (CGD, 2012b) and aerial photogrammetry
(unpublished data) are presented in Figure 5-10 and will be discussed throughout the
subsequent sections. Note that displacements shown in Figure 5-10(c) and (d) reflect the effects
of the February 2011 earthquake (comparison of post September 2010 and post February 2011
datasets) only and are not cumulative. This dataset is considered higher accuracy than the
cumulative dataset which involves more dated data comparisons, as described in Chapter 3 and
Chapter 4.
Dallington Loop Cut Bank
Figure 5-8 provides the locations of the five transects surveyed along the cut bank with the
topography of the area indicated in Figure 5-8(b), all surveyed in the post September
reconnaissance effort, with one repeat location at transect dallp5. Of immediate note is an area
of depression along the western cut bank, near transects dallp1 and dallp2. Recall from Chapter
3, this area coincides with an old swamp site, as inferred from the 1850s black maps
(Christchurch City Council, 2006). This low-lying region also coincided with generally higher
ground displacements estimated from alternative data (Figure 5-10) in both events, when
compared with the higher elevation area downstream.
Results of the ground survey measurements along the cut bank are provided in Figure 5-11 and
indicate similar trends as the alternative data with larger displacements encountered in transects
dallp1 and dallp2 (low-lying area) and negligible displacement in the remaining three transects
downstream. Maximum displacements of about 0.4 m (dallp1) and 1.0 m (dallp2) were
encountered at these locations. The distribution of dallp1_df appears relatively distributed in
nature whereas that of dallp2_df appears to be a combination of distributed and block failure,
subject to interpretation: A large fissure measuring about 50 cm wide was encountered
approximately 95 m from the free-face along transect dallp2; the crack did not appear to extend
significant distances along the bank in either direction and was not mapped on the crack
database shown in Figure 5-8. It is questionable as to whether this fissure is part of the
movement to the free-face or an isolated feature associated with the significant liquefaction in
the vicinity.
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Figure 5-10. Alternative measurements of lateral displacements along the Dallington loop including (a) LiDAR and (b) aerial photogrammetry data
associated with the 2010 Sept. earthquake and (c) LiDAR and (d) aerial photogrammetry data associated with the 2011 Feb earthquake Dallington Cut Bank
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Figure 5-11. Results from ground surveying along the Dallington loop cut bank

Such alternative interpretation would result in a maximum displacement of about 0.5 m (as
opposed to 1 m) and a distributed failure pattern, concentrated within about 50 m of the bank,
which is more consistent with the results of nearby transect dallp1. In addition, adjacent lateral
displacement data from aerial photogrammetry (Figure 5-10(b)) indicated a displacement of
0.38 m near the bank, which is more consistent with this alternative interpretation.
Interestingly, the results from LiDAR in Figure 5-10(a) (September earthquake) indicated
lateral movement away from the river; while results from ground survey (dallp4 and dallp5)
showed negligible movement, consistent with results from aerial photogrammetry (Figure
5-10(b)). The LiDAR displacements may be associated with a deep-seated failure and site
topography (which slopes away from the river in this area) or inaccuracies associated with the
LiDAR methodology. The more accurate LiDAR dataset associated with displacements
induced with the February earthquake (Figure 5-10(c)) showed relatively zero displacements.
Transect dallp5 was re-surveyed in the post February reconnaissance and again indicated zero
displacement along the transect, consistent with alternative data in Figure 5-10(c) and (d). The
results of the ground survey are not shown in Figure 5-10 given the negligible displacement.
As depicted in Figure 5-9, the subsurface conditions in the area of transect dallp2 (CPT_107),
where the most significant displacement was observed (relative to cut bank transects) indicated
a relatively thick (~2 m) deposit of loose fine to silty sand underlain by medium dense to dense
silty sand with another lens of loose fine to silty sand interbedded from about 5 to 6 m. The
loose fine to silty sand layer appeared to grade into finer material downstream, becoming silty
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to non-liquefiable (Ic > 2.6) in CPT_104, CPT_1127 and CPT_1128. In addition, the depth to
the medium dense to dense sand became shallower downstream, and was at about 2.5 m in
CPT_1128. The increasing fines and depth to medium dense to dense material likely
contributed to the decrease in observed displacement in these areas.
Dallington Loop Point Bar
Figure 5-8 details the complex web of cracking and lateral displacements documented within
the point bar after the September and February earthquakes. The method of ground surveying
was employed along 14 transects within the point bar, as shown in Figure 5-8, consisting of 11
transects surveyed before the February earthquake (dallp6 through dallp16), 3 post February
earthquake (dallp17 though dallp19), and 2 repeat locations surveyed in both reconnaissance
efforts (dallp12, dallp16). It should be noted that a section of the transect from about 50 to 100
m was not surveyed due to access restraints at the time of ground surveying. No significant
cracks were mapped in this area in Figure 5-8 and thus, the data is still presented but may be
an underestimation of actual displacements. As indicated in Figure 5-8, dallp19 was considered
void for analysis due to the presence of the bridge structure which appeared to affect lateral
displacements along the transect.
The transect locations presented in Figure 5-8 indicated some transects roughly spanning the
entire width of the point bar, with significant cracking nearly continuous across the line of
survey. Given the relatively small diameter of the point bar loop (< 400 m), it can be difficult
to distinguish in which direction the ground displaced (i.e. free-face on three sides) and some
interpretation and engineering judgement was required in analysing field measurements. An
initial interpretation of the transect data might assume a radial movement from the centre of
the point bar out towards the nearest free-face and calculate cumulative displacements
accordingly. However, detailed review of topographic data, alternative measurements (Figure
5-10), and field notes revealed the displacements to be much more favourable in the south and
east directions. An analysis was performed with respect to these various data sources in order
to determine an estimated spread boundary denoting movement in opposite directions. The
interpreted spread boundary (A) considered for this study is presented in Figure 5-8 with two
alternatives (B, C) to be considered for transects extending from the west and east banks of the
point bar, respectively. In addition, scrutiny of remote imagery data interpretations (LiDAR,
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aerial photogrammetry) and topography can lead to a better understanding of ground cracking
associated with local ground-slope conditions versus spreading to the free-face (i.e. failures
influenced by soil conditions at the top of slope and topography that may not be contributing
to the maximum displacement at the bank). The following provides information regarding
alternative measurements, topography, and field notes that were used in the interpretation.
Alternative measurements
Review of lateral displacements from aerial photogrammetry and LiDAR analyses sparked the
investigation into the extent of lateral movement in a particular direction, i.e. the location of
the spread boundary. As indicated in Figure 5-10, data from LiDAR and aerial photogrammetry
suggest eastward movements in the September and February events extending more than 200
m from the east bank of the point bar as a result of biased topographic conditions resulting from
an elevated region along the northwest bank of the point bar.
The interpreted spread boundaries ‘A’ and ‘B’ generally separate vectors moving to the west
and those moving to the south (parallel to the bank) or east. Given the spacing between points
of measurement from LiDAR and/or aerial photogrammetry, it is difficult to define the exact
location of where cracks tend to orient one direction or another, hence the two alternatives ‘A’
and ‘B’ in the area of apparent direction change. Both boundaries are located along the higher
elevation area in the northwest portion of the point bar. While the alternative spread boundary
‘C’ does not separate movement directions, the boundary considers displacements west of the
boundary (which are still moving east) to be associated with a local ground-slope failure and
not spreading to the free-face. Data from LiDAR suggests that the spread continues as one
movement to the east up to about boundary ‘A’ or ‘B’ and data from aerial photogrammetry is
generally inconclusive in the area between boundary ‘B’ and ‘C’.
Topographic Data
As mentioned previously, spread boundaries ‘A’ and ‘B’ generally lie within the higher
elevation region in the northwest of the point bar. Scrutiny of topographic conditions along the
transects was used to finalize the location of these two spread boundaries. As inferred in Figure
5-8(b) the topography slopes up from the west bank to a relatively level area, and then begins
to slope down to the east bank. It is difficult to understand the movement direction of cracks
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located between these two changes in grade – hence, spread boundary alternatives ‘A’ and ‘B’.
Alternative ‘A’ generally follows the top of slope, up-sloping from the west bank, and
alternative ‘B’ generally coincides with the start of the downslope to the east bank. Note
alternative ‘B’ merges with alternative ‘A’ to the south, at about transect dallp7 where a more
obvious change in grade was observed and nearby alternative data was available, making the
spread boundary easier to define. Detailed elevation data along the transects extending from
the west banks used to define these spread boundaries are provided in Figure 5-12. In the
elevation profiles, the dashed line represents “average” ground conditions from which average
slopes were derived while the actual ground surface is indicated with a solid line.

Figure 5-12. Elevation profiles of transects extending from the west bank (facing north)
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Similarly, elevation data along transects dallp15 and dallp16 (extending from the east bank)
was also considered to determine the appropriate location of alternative spread boundary ‘C’,
as shown in Figure 5-13. Based on this data, ground slope conditions along transects dallp15
and dallp16 can be broken into three general segments: (1) an initial up-slope from the bank at
about +0.6 to 1.0% extending to L ~110-120 m; (2) slightly negative sloping/roughly flat
ground from about 110-120m to about 160-170 m; and (3) a second upslope at about +0.6 to
1.0% from about 160-170 m to about 290-300 m from the bank. The alternative ‘C’ boundary
assumes cracks along the more distant up-slope are strictly a reflection of this topographic
change and not extending to the free-face. Alternative ‘B’ is not considered in these transects
extending from the east as ‘A’ provides a “worst-case” scenario with regards to maximum
displacements at the eastern bank.

Figure 5-13. Elevation profiles of transects extending from the east bank (facing south)

Field Data
As reported in Chapter 4, vertical offsets were typically recorded as part of the ground survey
measurements. It is assumed that as the ground moves laterally, some slumping or settlement
is typically associated with the lateral movement. For example, the photograph in Figure 5-14
shows a large fissure extending through the St. Paul’s Church property in the middle of the
point bar following the September earthquake. The significant drop to the right (east) indicates
a lateral movement in that direction.
Although significant ground distortion resulting from liquefaction can cause tilting of the
ground and random orientation of offsets, the larger offsets (typically associated with larger
cracks) and trends in offset values (multiple cracks oriented a specific direction) can provide
some insight to the likely direction of movement. Scrutiny of field notes of the west bank
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transects identified several large cracks located east of the spread boundary ‘A’ with a vertical
offset indicative of eastward movement (west side of the crack was found to be higher than the
east side), implying alternative ‘A’ to be the more representative interpretation. However, both
alternatives are still considered. Details of the field investigation along each transect is
provided in Appendix B which includes recorded offset values.

Figure 5-14. Large fissure following the September 2010 earthquake extending through property at
St. Paul’s Church located in the middle of the Dallington point bar (Cubrinovski, Rees, et al., 2010a)

Results from Ground Survey
Using the interpreted spread boundaries at the appropriate locations (considering alternatives
‘A’ and ‘B’ for transects dalp17, 6, and 18, an alternatives ‘A’ and ‘C’ for transects dallp15
and dallp16), cumulative ground displacement distribution plots were computed and are
presented in Figure 5-15, broken up by location along the bank and time of ground survey (post
September on the left – Ug_Sep, post February on the right – Ug_Feb).
The thorough ground map cracking available from CGD (shown in Figure 5-8) was used to
identify large fissures that may have been missed in the post February transects due to the
increase liquefaction and sand ejecta that may have covered these cracks at the time of the field
investigation. The field data was adjusted accordingly using the estimated widths from CGD
and denoted accordingly in the Appendices B and C. Note that such adjustments were rare and
consisted of four locations (cracks) along the post February point bar transects.
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Figure 5-15. Results from ground surveying along Dallington loop point bar (a) west bank; (b)south
bank; and (c) east bank

West Bank
As shown in Figure 5-15(a), along the west bank, the transects from the post September and
February field survey indicated small to moderate maximum displacements corresponding to
about 0.1 – 0.4 m from the September event in the upstream transects dallp6 _df(A), 7_df, and
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8_df, and larger displacements of about 0.8 m in the downstream transect dallp9. This was
fairly consistent with the results following the February event where about 0.1 – 0.6 m
displacement was measured in transects dallp17_ch(A) and dallp18_ch(A), with the smaller
occurring at the upstream end of the point bar. The consideration of alternative ‘B’ in relevant
transects indicated a significant increase in maximum displacements of up to about 0.8 m in
dallp6_df(B) and 1.1m in dallp18_ch(B), while little change was observed in the northern-most
transect dallp17_ch(B) where elevations are higher (and ground conditions are likely different).
Results from LiDAR and aerial photogrammetry in this area (Figure 5-10) showed somewhat
contradictory results: In the September event LiDAR showed negligible movement along the
banks between dallp17 and dallp9 and some indication of southward movement near dallp9
(Figure 5-10(a)), while aerial photogrammetry showed displacements of about 0.4 – 0.8 m in
this area (Figure 5-10(b)), with a few anomalies indicating movement away from the bank or
parallel to the river near transect dallp8 and dallp9. In the February earthquake, LiDAR
indicated negligible movements in the area between dallp17 and dallp7 and an increase in
movement to the west near dallp8 and dallp9 (Figure 5-10(c)). Results from aerial
photogrammetry associated with the February earthquake showed movements, of about 0.6 –
1 m along the bank between dallp6 and dallp9 (Figure 5-10(d)), slightly larger than that
estimated from the September earthquake. Both LiDAR and aerial photogrammetry indicated
minimal displacement in each event in the area north of dallp17, consistent with field
observations along this transect.
In general, the distribution of the displacements along the west bank were block-like in nature,
with the majority of cracking concentrated along the top of slope, occurring anywhere from 40
m near dallp17 to over 100 m from the free-face in dallp7 and further south, as the slopes to
the west become more gradual. Recall from Chapter 2, Hamada et al. (1987) showed lateral
spreading associated with topographic movement (in the absence of a free-face) to be largest
at the top of the slope, decreasing towards the base of the slope. The topographic correlation
with the observed displacements in this area raise question as to whether these more distant
ground movements translate to the free-face, or are simply a reflection of the topographic
influence of the ground-sloping conditions that might have occurred even in the absence of a
free-face, or possibly a combination of both.
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The latter interpretation would result in large displacements occurring further from the bank
due to topography, which may be even be larger than those associated with the free-face
condition at the bank. It is obviously important to understand where the larger displacements
are occurring in order to better understand these lateral spreading failures with respect to
subsurface conditions. Figure 5-10(b) highlights a few locations near transects dallp9 and
dallp10 where aerial photogrammetry indicated this type of dominant ground-slope
displacement, resulting in larger displacement vectors occur further from the free-face,
decreasing in magnitude closer to the river along the down-sloping topography. (Though
interestingly, aerial photogrammetry showed the opposite displacement pattern in this area
associated with the February earthquake with displacements becoming larger closer to the freeface Figure 5-10(d)). Based on the former observation, the results of ground surveying along
transect dallp9 may be misrepresenting maximum displacements at the bank and an alternative
analysis considering only cracks within about 50 m of the bank (before the significant rise in
topography) should be considered, resulting in about 0.2 m maximum displacement at the freeface. This alternative is consistent with observations along transect dallp10_df (Figure 5-15(b))
which did not extend to the top of the slope and, by default, does not consider these distant
displacements. As mentioned above, aerial photogrammetry indicated significant displacement
occurring at the banks upstream of dallp9 with no indication of larger displacements further
from the bank; thus, this alternative was not considered for transects in this vicinity (north of
dallp9).
South Bank
As indicated in Figure 5-8, transects along the south bank were terminated at relatively short
distances from the bank due to access conditions. Thus, spreading at these locations may
continue and result in larger cumulative displacements at the bank. Scrutiny of the alternative
data in Figure 5-10(a) and (b) associated with the September earthquake show an increase in
vector magnitude at greater distances from the south bank, inferring a ground-slope type
movement coinciding with the change in topography at about 70-90 m from the bank. In
general, the southern transects are concentrated within the low-lying portion of the point bar
where ground conditions are relatively flat.
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The LiDAR and aerial photogrammetry data associated with the September earthquake and
presented in Figure 5-10(a), (b) indicated a large lateral movement towards the south extending
to high elevation area located about 300 m from the south bank. At some locations, the
magnitude of displacement towards the south bank increased with distance from the river
(reflecting ground-slope movements, discussed previously). Alternative data relating to the
February earthquake Figure 5-10(c), (d), generally showed two zones of movement to the
south: (1) a free-face movement within about 100 m of the bank characterized by larger
displacements at the water’s edge (0.5-0.8 m from LiDAR, 0.6 - > 1m from aerial) decreasing
with distance from the bank; and (2) ground-slope spreading occurring further from the bank
and increasing in magnitude up-slope (further from the bank).
The results from the ground survey are presented in Figure 5-15(b) showed maximum
displacements generally ranging from about 0.6 to 1 m associated with the September
earthquake and up to about 1.2 m in the February earthquake (at dallp12 where 0.6m was
measured from September). Transect dallp10_df, located on the upstream end of the south
bank, showed displacements more consistent with the west bank transects, as mentioned above.
The distribution of permanent ground displacement from the September earthquake along
transects dallp11, 12 and 13 exhibited a localized type failure, with the majority of movement
concentrated within about 20 to 30 m from the bank, while the results from February indicated
a slightly more distributed failure along transect dallp12 but still concentrated within about 50
m of the free-face. While there is a clear manifestation of spreading concentrated within a short
distance of the bank, there is possibility for the spreading to continue beyond the end of the
transects which, if considered, may result in a more distributed type spreading pattern.
Regardless, the field measurements indicate severe deformations in the vicinity of properties
along the river and quite significantly different failure pattern than the previously discussed
transects along the west bank, just a few hundred meters upstream (Figure 5-15(a)).
Results along transect dallp14, located on the downstream end of the south bank and extended
about 100 m from the bank, showed a different failure pattern – a combination of distributed
and block-type failure. About 0.2 m of displacement was encountered distributed within 50 m
of the bank (much different from the 0.9 m mapped along adjacent transect dallp13 within the
same distance) and about 0.5 m of movement occurring between about 70-90 m of the bank,

196

exhibited as block-like displacement, likely associated with the slight rise in topography in this
area.
East Bank
The largest cumulative displacements from the September event were measured along the east
bank of the point bar (dallp15, dallp16) which extended a significant distance from the river,
as shown in Figure 5-15(c). Considering alternative ‘A’ (i.e. assuming all cracks are
contributing to movement at the free-face) maximum displacements along the transect
dallp15(A) and dallp16(A) ranged from about 2.3 - 2.7 m in both reconnaissance efforts,
indicating only a slight increase in lateral spreading from the post February survey. The lateral
displacements were generally distributed in nature with significant displacements extending
about 250 to 300 m from the free-face. Scrutiny of the displacement patterns indicate two zones
of distributed failure occurring, the first generally concentrated within about 150 m of the river
and the second occurring from about 225 to 325 m from the east bank.
Recall the alternative analysis (C) considered only this initial distributed failure and assumed
the displacements beyond about 175 m to be localized to the topographic conditions in the
region and not extending to the free-face. The result from the alternative (C) interpretation
resulted in maximum displacements of about 1.2 – 1.7 m and effected distances of about 100130 m (in both reconnaissance efforts). The distribution profiles along the alternative (C)
interpretations for dalllp15 and dallp16 are similar (but of larger magnitude) to that of adjacent
upstream transect dallp14 (described above) which was terminated at about 100 m from the
bank.
Subsurface Data
The subsurface conditions indicated in Figure 5-9 from the select CPT data generally support
the interpretations from the field data presented above, with the largest displacements occurring
along the south and east banks of the point bar. The selected CPTs in this area of significant
movement (CPT_1126 and CPT_1129) indicated a thick (> 2 m) deposit of loose, fine to silty
sand extending along the bank. This soil profile is significantly different from the loose to
medium dense coarse sand encountered in CPT_1122 on the west bank, where field
displacements were interpreted to be much smaller. Data from CPT_1087, in the middle of the
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point bar showed the loose fine to silty sand layer encountered along the south and east banks
to be continuous across the area, allowing for either the continuous lateral movement to the
free-face or alternatively, lateral spreading along the local down-slope.
Remarks regarding lateral displacements along the Dallington loop
In general the Dallington Loop region exhibited highly complex lateral spreading patterns
following the September 2010 and February 2011 earthquake. Large variability in magnitudes
and distributions of displacement occurring within the relatively small point bar region were
observed. The results from the ground survey were considered with respect to topography, river
geometry and alternative measurements in order to provide a more accurate assessment of
spreading distributions in the point bar area. Consideration of these alternative datasets
highlighted several shortcomings of ground survey method including:
•

Occasionally unclear direction of movement;

•

Topographic effects and its effect on the direction of movement;

•

Differences in distribution of downslope/topographic movement versus
spreading to the free-face: When a significant ground slope is present in
addition to the free-face and the direction of movement is identified, it is
difficult to know whether the spread is associated with localized slumping due
to the sloping ground or the presence of the free-face or the combination of the
two. In addition, lateral displacements along sloping ground are maximum at
the top of slope, decreasing down slope (and in this case, towards the free-face);
whereas spreads towards the free-face assume maximum displacement at the
bank, decreasing away from the river. The two contradictory interpretations
make it difficult to accurately represent cumulative displacements.

•

Field limitations – discussed in Chapter 3, these limitations include exclusion
of cracks covered with sand ejecta or other reasons, truncating transects early
due to access, maintaining perpendicular alignment, etc.

•

Subsurface data generally agreeing with field observations with the largest
displacements occurring in areas of thick deposits of loose fine to silty sand
layers.

An analysis was performed to address these limitations and provide the best interpretations of
lateral displacement from the ground survey in the area. Detailed scrutiny of elevation data,
alternative lateral displacement data, and field notes of vertical offsets at significant crack
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locations was performed in order to provide the results provided within. A summary of
maximum displacements interpreted from field measurements are presented in Appendix C.
In general, the results of the transects surveyed within the Dallington loop area indicated the
smallest displacements occurring along the eastern cut bank, with slightly larger displacements
observed along the low-lying area on the western cut bank. The point bar deposit exhibited
much more complex lateral displacements, as detailed above. Interpreted maximum
displacements along the bank from both reconnaissance efforts ranged from about 0.1 m to
over 2.5 m with observed distribution patterns ranging from localized failures, distributed
displacements, and block-type movements. This variability clearly illustrates the complexities
associated within lateral spreading failures, even when considering a relatively small area
subject to similar ground accelerations and geologic processes, and may be attributed to the
problematic effects of:
•

Meandering river geometry;

•

Asymmetric and biased topographic conditions within the point bar with the highest
elevations located in the northeast;

•

Variable subsurface conditions (discussed in more detail in subsequent chapters)
likely resulting from the geologic processes associated with meandering river
bends, among other factors;

•

Required interpretation of ground surveying method with regards to interpreting
direction of movement and hence estimates of permanent ground displacement.

5.3.5 Avon Park
The open space area of Avon Park is situated along the south bank of Avon River along a small
stretch of straight-away stretch between the Dallington loop meander and the man-made bend
of the Avon River at Porritt Park (discussed in Chapter 3), shown in Figure 5-16(a), (b). Two
transects (avnpk1, avnpk2) were surveyed in this area following the September earthquake;
transect avnpk2 was resurveyed following the February earthquake. The results of the ground
survey are provided in Figure 5-16(c). The selected CPT data is presented in Figure 5-17.
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Figure 5-16. Transect data in Avon Park indicating (a) locations and mapped cracks; (b) site
topography; and (c) results of ground surveying

Figure 5-17. Selected CPT data in the Avon Park area
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As indicated in Figure 5-16, several large cracks were mapped throughout the park area and
along the western edge of the berm which runs across the site at about 110-120 m from the
water’s edge. A maximum displacement of about 0.9 m was obtained along transect avnpk1_df,
located along the western side of the park. The distribution of permanent ground displacements
is somewhat block-like due to two large cracks encountered at about 80 m and 115 m (near the
berm) from the river. The spreading pattern between 80 and 140 m appeared more distributed
in nature. Note the nearby trees located just west of the transect which may have inhibited
lateral movement in the vicinity. However, scrutiny of post September aerial photogrammetry
and LiDAR data indicated maximum lateral displacements of about 0.8 m at (aerial) and 0.6 m
(LiDAR) near the transect occurring at distances of about 15 and 45 m from the bank,
respectively. This data is relatively consistent with field measurements.
Transect avnpk2 was located further east and indicated minimal displacement (< 0.1 m) in both
ground surveys. The field data noted sand filled in the cracks which likely affected the
measured widths. While LiDAR and aerial photogrammetry suggest a decreasing in spreading
at the east end of the park in both the September and February events, results of aerial
photogrammetry in the immediate vicinity of the transect indicate displacements of about 0.5
– 0.6 m at the bank in September and 0.1 – 0.3 m in February (cumulatively ~ 0.6 – 0.8 m)
which is significantly less than the results of ground surveying in both field surveys. In
addition, mapped crack data in the area (post Feb) show cracks intersecting the transect
correlating to widths of 5-20 cm whereas the ground survey noted much smaller measurements.
Thus, it is likely the permanent ground displacement along avnpk2 are actually higher than that
inferred from the ground survey.
The subsurface data presented in Figure 5-17 generally support the field observations and
ground crack mapping. CPT_849, located in the west, at the bend in the Avon River, showed
~3 m layer of loose to medium dense sand sandwiched between a non-liquefiable, fine-grained
layer and medium dense to dense sand. Downstream, the thickness of the loose to medium
dense sand layer decreases (CPT_860) and becomes not apparent in CPT_850 where
predominantly medium dense coarse sand was encountered underlying the non-liquefiable
material. As indicated above, displacements along the western transect avnpk1 showed
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significantly larger movement than avnpk2, located downstream, despite the potential
uncertainties mentioned above regarding the field data.
As mentioned previously, the two locations surveyed near the Rowing Club and Porritt Park
(shown in Figure 5-16 as prtpk1, prtpk2) were considered void due to slumping of the fill at
this location (not typical spreading) and details from the ground survey can be found in the
Appendix B.
5.3.6 Bend at Locksley Ave
Five transects were surveyed along the north bank of bend in the Avon River in Dallington,
across from Avon Park and Porritt Park. Locksley Avenue runs adjacent to the river at this
location and the area will hereafter be referred to as the “bend at Locksley Ave.” Relevant
transect data along this stretch of the Avon River is shown in Figure 5-18. The selected CPT
profiles are presented in Figure 5-19.
As can be seen in Figure 5-18, three of the five transects along this bend were surveyed in both
reconnaissance efforts. While some of these transects extended about 175 m from the river,
review of alternative displacement data from LiDAR and aerial photogrammetry (presented in
Figure 5-20) and site topography (Figure 5-18) indicated that some of the cracks encountered
along the transects (in the area lcks1, 2 and lcks3, 4) were actually associated with movement
away from the bank. A similar analysis as to that performed within the Dallington loop point
bar was conducted to determine estimated spread boundaries near these four transects and
corresponding cumulative distribution of permanent ground displacement toward the river.
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Figure 5-18. Transect data along the bend in Locksley Ave including (a) transect locations and
mapped cracks; (b) site topography; and (c) results from ground surveying data
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Figure 5-19. Selected CPT data in the bend at Locksley Ave transect area near (a) lcks1, lcks2, and
lcks5 and (b) lcks3 and lcks4
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Figure 5-20. Alternative measurements of lateral displacements along the bend in Locksley Ave
including (a) LiDAR and (b) aerial photogrammetry data associated with the 2010 Sept. earthquake
and (c) LiDAR and (d) aerial photogrammetry data associated with the 2011 Feb earthquake (not
cumulative)

Review of detailed elevation data along these four transects (provided in Figure 5-21) showed
a slight upslope from the river at about +1 - +2 % (+0.5 % in lcks1) which generally levelled
off for a short distance before beginning to slope away from the river at about -0.4 – -0.9%.
The relatively flat area located along the top of slope and associated change in grade made it
difficult to determine an exact location in which the ground displacement direction changes;
hence, two alternatives, (A) and (B), were considered for the analysis which assumes all cracks
between the river and the particular spread boundary are associated with permanent ground
displacement at the free-face. The locations of the two spread boundaries generally agree with
the alternative data presented in Figure 5-20, with the exception of a few locations; e.g. the
September LiDAR (Figure 5-20(a)) indicated movement away from the river occurring even
south of the interpreted spread boundary (A), though the February LiDAR displacement data
(which is of higher accuracy) did show some minimal movements in the direction of the river.
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Figure 5-21. Elevation profiles along transects lcks1 through lcks4

Aside from the difference in movement directions from LiDAR in the September versus
February earthquakes near lcks1, a few other observations regarding the alternative data were
noted in Figure 5-20 including:
-

The discrepancy in aerial photogrammetry vector magnitude and direction
corresponding to the September event Figure 5-20(b);

-

Larger movements from aerial photogrammetry towards the river at greater distances
from the river in the February earthquake Figure 5-20(c), indicative a ground-slope
movement occurring further from the bank and not translating to the free-face;

-

Both LiDAR and aerial photogrammetry indicate a significant increase (~ 0.4 – 0.8 m)
in lateral displacements along the north side of the bend, near lcks3 and lcks4,
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associated with the February earthquake where negligible displacements were observed
in the September earthquake.
The results of the ground surveying data from both reconnaissance efforts were processed using
the approximate alternative spread boundaries, as presented in Figure 5-18(c), and are
discussed below.
Transects lcks1 and lcks2
The post September data near transect lcks1 and lcks2 indicated maximum displacements of
about 0.2 m at the bank, considering alternative (A), and up to about 0.4 m considering
alternative (B) in transect lcks1 (not available in lcks2 – transect did not extend to spread
boundary (B)). These displacements were generally distributed across the transect consisting
of a number of small cracks (typically < 3 cm) and resulting in relatively small to moderate
displacements. Following the February event, lateral displacements along transect lck2
indicated a maximum displacement of about 0.4 m (considering alternative (A)); however, as
noted in Figure 5-18(c), about 0.15 m of this displacement was measured at the end of the
transect (L ~ 90 m) in the area of slight rise in elevation (Figure 5-21) and may have attributed
to local slope failure, not contributing to movement at the free-face (consistent with the aerial
photogrammetry data observation noted above). The interpretations from LiDAR and aerial
photogrammetry in this area are inconclusive as to whether these ground surveying
measurements are an accurate representation of permanent lateral displacements. The
contradicting interpretations from alternative data and difficult ground slope conditions (with
regards to interpretation of movement directions) render these two sites void for further
analysis as the direction of movement and/or magnitude of displacement at the bank cannot be
confidently quantified from the ground surveying results.
Transects lcks3, lcks4
At the north end of the site, across from Porritt Park, results from the post September
reconnaissance indicated negligible movement at the locations surveyed (lcks3, lcks4) which
appeared consistent with LiDAR and aerial photogrammetry interpretations in this event.
Interestingly, a significant increase in movement was observed following the February
earthquake with maximum displacements ranging from 0.4 – 0.6 m, considering alternative (A)
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and 0.6 – 0.7 m, considering alternative (B). The displacements were distributed across the
transect through a number of small to medium cracks (up to about 10 cm wide). As mentioned
above, LiDAR and aerial photogrammetry showed a similar lateral displacement pattern in the
two events – negligible movements associated with the September earthquake and 0.4 – 0.8 m
interpreted at the bank from the February earthquake dataset.
These two transects were the only repeat locations which exhibited negligible (< 5 cm)
permanent ground displacement in the post September survey and significant (~ 0.5 m)
displacement associated with the February earthquake. The atypical behaviour sparked interest
into the subsurface conditions in the vicinity and a subsurface investigation was conducted as
part of this research. Four CPTs, two along each transect, were advanced within 45 m of the
bank (east of spread boundary (A)) to better understand the mechanism behind the field
observations. The results indicated the subsurface to generally consist of a shallow weak
clay/silt layer overlying relatively dense coarse sand/gravel. The weak layer may be associated
with fill placed in the vicinity during the man-made construction of the channel at this locations
(as described in Chapter 3). The combination of this weak material and the inertial effects of
the strong ground shaking that occurred in the February earthquake likely led to the observed
displacements. As these conditions do not reflect a typical “lateral spreading” mechanism
associated with liquefaction, the data was not considered in further analyses presented in this
thesis.
Transect lcks5
As indicated in Figure 5-18, transect lcks5 was advanced at the point bend of the Avon River
in this area and a total of about 0.9 m of permanent ground displacement was measured along
the transect. As evident in the distribution plot presented in Figure 5-18(c), the largest cracks
were encountered at the bank, significantly decreasing with distance from the river, and
becoming negligible beyond about 50 m. The transect was terminated at about 80 m from the
bank due to access restrictions but the lack of significant mapped cracks (Figure 5-18) beyond
the end of the transect (with the exception of distant cracks in the area of higher elevation)
suggest the majority of lateral spreading at the site was captured within the surveyed distance.
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Subsurface Data
Interestingly, review of the subsurface data presented in Figure 5-19 in the area of lcks1, lcks2,
lcks3, and lcks4 showed a similar profile at the bank consisting of non-liquefiable material
overlying medium dense to dense coarse sand (CPT_1131, CPT_McM04, CPTMcM01). Thus,
it is not surprising the results of the post September earthquake indicated negligible to small
displacements. Moreover, the subsurface data presented raise question to the mechanism
causing the increase in measured displacements following the February earthquake, which may
have been associated with some cyclic softening of the non-liquefiable material. Additional
analysis outside the scope of this thesis is required to determine the exact cause of movement
in these areas.
On the contrary, CPT_1132 located at the bend in the vicinity of transect lcks5, showed a thick
(~1.5 m) deposit of loose fine to silty sand extending from the ground water table to about 3.5
m and grading to a dense coarse sand at about 4 m. The presence of this weak layer at the bank
likely contributed to the large displacements observed in transect lcks5_ch, discussed in more
detail in Chapter 7.
5.3.7 Avondale
About 1 km downstream of Porritt Park lies the suburb of Avondale, another part of
Christchurch that was severely affected by liquefaction and lateral spreading during the
Canterbury earthquakes. The locations of transect surveyed in the area are provided in Figure
5-22 consisting of two from the post September survey, avd1 and avd2, and three from the post
February reconnaissance, avd1 (repeated), avd3(void), and avd4. Data from the selected CPTs
are presented in Figure 5-23.
As inferred in Figure 5-22, transect avd3 was considered void for analysis due to the shift in
alignment and effects of the bridge structure inhibiting free-field displacements. In general, the
topography in the area was relatively flat with ground elevations of about +1.5 to +2.5 MSL
across the site (Figure 5-22(b)).
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Figure 5-22. Transect data in Avondale indicating (a) locations and mapped cracks; (b) site
topography; and (c) results of ground surveying
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Figure 5-23. Selected CPT data in the Avonside area near (a) avd1 and avd2 and (b) avd4

The results of the ground surveying efforts are provided in Figure 5-22(c). All of the transects
exhibited distributed failure behaviour, affecting distances within about 100 m of the bank, but
with the largest displacements (cracks) occurring at/close to the river bank (particularly in avd1
and avd2). The magnitude of spreading was largest in the western transects where maximum
displacements of about 0.6 (avd1_df) and 0.9 m (avd2_df) were obtained in the post September
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survey and about 1.6 m (avd1_ch) in February survey, indicating an increase in displacement
of more than 2 times the 2010 measurement at this location. Significant sand ejecta and small
cracking was noted in the post February survey beyond about 160 m from the river; these cracks
were assumed to be associated with local ground distortion and not lateral spreading. Ground
displacements along transect avd4_ch indicated more moderate displacements with a
maximum value of about 0.6 m in the post February survey.
The subsurface data presented in Figure 5-23 is discussed in more detail in Chapter 7; however,
it is important to note the significant loose fine to silty sand deposit encountered in CPT_50
and CPT_37 which likely contributed to the large displacements encountered in transects avd2
and avd2 following the September and/or February events. Interestingly, more moderate
displacement was observed in avd3_ch where the CPT data indicated thinner layer of loose
liquefiable material which also appeared to be more silty in nature.
5.3.8 Anzac Bridge
Several locations were surveyed in the post February reconnaissance in the vicinity of Anzac
Bridge, just east of Avondale. The area suffered substantial liquefaction and lateral
displacements as detailed in Cubrinovski et al. (2014) with regards to the lateral spreading
damage of the Anzac Bridge. Figure 5-24 provides the locations of four transects in the area;
note all were conducted post February. The selected CPT data is presented in Figure 5-25.
Note transect anz4 is considered “void” for further analysis as the presence of the wetland just
to the north of the river channel at this location made it difficult to discern in which direction
the ground displaced and hence the estimate of cumulative displacements. The local
topography indicated in Figure 5-24(b) shows the significant embankment for the bridge on the
south bank, coinciding with several cracks encountered in the field that are likely associated
with this feature. Results of the ground survey, provided in Figure 5-24(c), indicated large
displacements of about 1 m occurring along the south bank at transects anz2_ch and anz3_ch.
Note that about 0.15 m of this displacement measured along both transects at distances greater
than 50 m may be associated with the local embankment feature, but the results at these
distances seem to be consistent with transect anz1_ch, located upstream away from the
embankment.
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Figure 5-24. Transect data near Anzac Bridge indicating (a) locations and mapped cracks; (b) site
topography; and (c) results of ground surveying
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Figure 5-25. Selected CPT data in the Anzac Bridge area

Transect anz1_ch showed a significantly lower cumulative displacement at the bank of 0.4 m,
compared with the 0.9 and 1.1 m measurements in nearby transects anz2_ch and anz3_ch,
respectively. The larger displacements in the latter may be associated with a change in
subsurface conditions, the surcharge effects of the bridge embankment, slight point bend in the
river, or the variable nature of lateral displacements. Regardless of this magnitude difference,
all three transects on the south bank maintain a consistent distribution profile showing less than
about 20 cm distributed between about 30 – 80 m, with the largest displacements occurring
within 30 m of the river indicating a potential larger variability of ground displacement near
the river. The resulting distribution patterns appear to be distributed with a partial localized
type movement at the bank.
The majority of the CPT shown in Figure 5-25 were located more than 30 m from the bank,
with the exception of CPT_McM07 which showed about a 1 m layer of loose fine to silty sand
overlying relatively dense clean sand. CPT_McM07 is located in the vicinity of transect
anzbr2_ch, where significant lateral displacement was observed (Ug_max ~1.1 m). The layer
appeared to become more silty in CPT_McM08, as discussed in Chapter 7. The loose to
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medium dense clean sand indicated in CPT_85 and CPT_89 likely resulted in the sand ejecta
prevalent throughout the area.
5.3.9 Bexley
The suburb of Bexley was one of the hardest hit areas, with respect to liquefaction, during the
Canterbury earthquake sequence. The suburb, located approximately 1 km upstream of the
Avon-Heathcote Estuary, is bounded by the Avon River on the east and the Bexley Wetland to
the south, as shown in Figure 5-26(a) and (b). Selected CPT data is presented in Figure 5-27.
The southern portion of the suburb was developed on reclaimed land during the late 1990’s and
later (Cubrinovski, Green, et al., 2010). This reclaimed area can be seen on the topographic
map of the area – Figure 5-26(b). Cubrinovski et al. (2010) provides details of the observed
damage throughout the area following the September 2010 earthquake which included large
ground cracking, differential settlements, lateral spreading, and extensive sand ejecta,
inevitably destroying much of the residential homes and infrastructure in the vicinity.
Seven locations were surveyed in the Bexley suburb following the September and February
earthquakes as indicated in Figure 5-26. The post September survey included two transects
along the Avon River (bx1, bx2) and four transects along the wetland area (bx3 through bx6);
the post February reconnaissance repeated two of these locations (bx2 and bx4) and also
included transect bx7 located along the Avon River downstream of bx2. It should be noted that
several transects extended a significant distance from the free-face (300 to 600 m) where small
cracks were measured up to the end of the transect. However, scrutiny of this data indicated
these small cracks to likely be a result of the widespread liquefaction and associated ground
cracking/distortion that occurred throughout the area. Therefore, these measurements were not
considered as lateral movements. This is supported by the small (< 5cm) cracks randomly
oriented and short in length shown Figure 5-26(a) and (b) in this area. These small cracks are
likely a result of hydraulic fracturing due to the heavy liquefaction that occurred in the area (as
discussed in Chapter 3). This interpreted boundary between lateral spreading displacements
and hydraulic fracturing is likely a result of the geologic transition in the subsurface materials
from those associated with the local point bar to older alluvial or beach sand deposits. In
addition, the CPT profiles presented in Figure 5-27 indicate loose, liquefiable soil extending to
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depths of up to 9 m which is consistent with the widespread liquefaction and hydraulic
fracturing observed across the suburb.

Figure 5-26. Transect data in Bexley indicating (a) locations and mapped cracks; (b) site topography;
and (c) results of ground surveying
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Figure 5-27. Selected CPT data in the Bexley area (a) along the Avon River and (b) near the wetlands

The results of the ground surveying are presented in Figure 5-26(c). The most extensive lateral
spreading damage was concentrated along the wetlands, in the area of transects bx4 and bx5.
Cumulative lateral displacements measured along these transects were estimated to be about
0.7 – 0.9 m following the September event, increasing to 2.1 m (bx4_ch) in the post February
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survey. The distribution of spreading at these locations is generally distributed in nature,
effecting distances of up to about 100 – 120 m, with the largest fissures closest to the river.
Note that transect bx5 was terminated at about 50 m from the bank and therefore is not an
accurate representation of the affected area but does confirm the large displacements occurring
closer to the free-face.
While significant liquefaction was observed in the areas of the remaining transects, the
measured lateral displacements were more moderate with permanent displacements on the
order of 0.2 – 0.3 m from the post September survey and 0.4 – 0.5 m from post February survey.
In general, these displacements appeared to be relatively distributed in nature (with the
exception of bx7 discussed below). The results from the September survey indicated a large
number of small cracks between about 100-150 m from the bank which may be associated with
the severe liquefaction of the area.
Ground slope conditions along transects bx1 and bx2 indicate a gentle slope away from the
bank at gradients of about -0.6 to -0.7 % extending about 200 m from the Avon River. The
sloping ground conditions may have influenced lateral displacements; however, given the
relatively high channel walls in this area, estimated to be about 4.3 – 4.5 m, the lateral
displacements measured in the field are assumed to be in the direction of the free-face. This
interpretation is consistent with results from LiDAR data corresponding to the September
earthquake and the February earthquake which show some movement (generally < 0.3 – 0.5
m) toward the Avon River in the area of transects bx1 and bx2, as indicated in Figure 5-28(a)
and (b). The LiDAR data shown in Figure 5-28 near these transects also confirms the exclusion
of small cracks encountered in the ground survey beyond about 200 m and totalling about 0.1
– 0.2 m of movement along these transects, indicating these displacements to be associated
with liquefaction, not lateral spreading.
An average slope along transect bx7 was estimated to be about +0.4% toward the river; based
on the site topography depicted in Figure 5-26(b), the average slope was largely influenced by
the rise in elevation at the distinct fill boundary. The displacements encountered along this
transect were concentrated at this topographic change (resulting in the deformation pattern
shown in Figure 5-26(c)) and may be associated with ground failure in the fill, not spreading
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to the free-face. Results from LiDAR (Figure 5-28) support the latter interpretation with little
to no movement shown at the free-face near the transect.
Topography along the transects abutting the Bexley Wetlands generally indicated ground
slopes of about -0.2 to -0.4 % (away from free-face) extending about 150 m from the wetlands,
estimated to be about 2 m high, based on available topographic data and field observations.
While LiDAR results in Figure 5-28(a) and (b) show a significant movement away from the
wetlands, the movement appears to begin some distance from the bank, generally near the end
of the transects or near minimal displacements. The LiDAR displacements from September
provide little data along the banks of the wetlands; however, the vectors relating to the February
earthquake indicate significant spreading to the wetlands, largest near transects bx4 and bx5
which is consistent with field observations. The LiDAR displacements towards the wetlands
indicate the free-face to be the more dominating topographic feature in this area where mild
ground slopes away from the wetlands were noted.

Figure 5-28. Lateral displacements from LiDAR in Bexley associated with (a) the September 2010
earthquake and (b) February 2011 earthquake (not cumulative)
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5.3.10 Pleasant Point Yacht Club
The Pleasant Point Yacht Club is located near the junction of the Avon River and the AvonHeathcote Estuary and south of the South Brighton Bridge (Bridge St), as shown in Figure
5-29. The area was highly damaged by lateral spreading in the Canterbury earthquake sequence
and exhibited some of the largest lateral displacements measured along the Avon River in the
ground survey reconnaissance efforts. Transect locations, site topography, and results from
ground surveying are presented in Figure 5-29.

Figure 5-29. Transect data near the Pleasant Point Yacht Club (PPYC) indicating (a) locations and
mapped cracks; (b) site topography; and (c) results of ground surveying

Three of the four transects were surveyed following the September earthquake, the post
February reconnaissance resurveyed two of these locations (ppyc1, ppyc2) and also added a
fourth transect (ppyc4) located in the marsh area between the South Brighton Bridge and the
yacht club. As indicated in Figure 5-29(b), the ground surface in the area is very low-lying,
about elevation + 1-1.5 m MSL. Channel data was not available in the area and therefore the
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height of the free-face is unknown. Note that there was also no available CPT data in the
vicinity of the surveyed locations.
The results of the field measurements from the September earthquake reconnaissance
indicated maximum displacements of about 0.8 - 1.1 m, with cracks 15 to 25 cm wide running
through the property. As indicated in Figure 5-29(c), these displacements were concentrated
within about 30-50 m from the bank indicating a more localized-type movement which could
also be interpreted as distributed. Results from the post February survey were similar with even
larger displacements observed (> 2x). Maximum displacements after the February earthquake
ranged from 2.2-2.9 m, again generally concentrated within about 50 m of the bank.
It should be noted that cracks running parallel to the transect or possibly spreading away from
the start of the transects were not considered in the interpreted displacements. In the field, all
cracks intersecting the transect were recorded and engineering judgement was used to yield the
final displacement profiles presented in Figure 5-29. Appendix B provides details of crack
measurements that intersected the transect (running close to perpendicular) that were not
considered due to interpreted movement in the opposite direction. It should also be noted that
in this area, several cracks intersected the transect at an oblique angle, indicative of movement
at some angle from the transect. Theoretically, the width of these cracks multiplied by the
cosine of the angle of intersection (between crack orientation and transect alignment) would be
the most accurate representation of these cracks. However, given the general roughness and
variability of cracks in the field, the ability to discern this angle of intersection, and the typically
small nature of such oblique cracks (as the transect was generally oriented in the predominant
direction of movement, perpendicular to the largest cracks), the width of these crack was
measured in-line with the transect and used in the final interpretation of spreading
displacements. These occasional oblique crack measurements are noted in Appendix B but are
assumed to have close to negligible effect on the data presented.
5.4

Results of Ground Survey along the Heathcote River

As described above, the majority of locations surveyed along the Avon exhibited significant
lateral displacements, particularly following the February 2011 earthquake where at least one
transect in each suburb investigated east of the CBD showed maximum movements of over 1.5
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m. In contrast, the suburbs located along the Heathcote River experienced minor, if any, lateral
spreading towards the river, despite the higher ground accelerations throughout most of these
areas. Spreading along the Heathcote River was generally smaller in magnitude and on a
localized scale, when compared with spreading observations from the Avon River. Nine
transects were surveyed along the Heathcote River following the February earthquake at the
locations indicated in Figure 5-30(a) with respect to site topography based on post February
2011 LiDAR elevation data (CGD, 2012c). Two of these locations (sm1 and sm2) were also
surveyed during the post September reconnaissance and exhibited negligible displacements, as
shown in Figure 5-30(b).

*surveyed after the June 2011 (Mw6.0) earthquake

Figure 5-30. Transect data along the Heathcote River indicating (a) locations and site topography
and (b) results of ground surveying
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The results of the ground survey are provided in Figure 5-30(b). In general, the locations
surveyed following the February event typically exhibited about 0 to 0.3 m permanent lateral
ground displacement, including three locations showing negligible movements of < 0.05 m.
Note that transects sm1_ch and sm2_ch were surveyed after the June 2011 (Mw 6.0) earthquake
and the effects of this seismic event should be noted. The site topography along the Heathcote
River, shown in Figure 5-30(b) generally indicates ground elevations along the bank ranging
from about +3 to +5 m in the area between Beckenham and Woolston. This ground elevation
is significantly higher than the typical bank elevation observed in the eastern portion of the
Avon River, typically +1 to +2 m, and likely contributed to the reduction in lateral spreading
deformations in this region. The largest displacements (0.5 m) were encountered in transect
fry1_ch located near the head of the Avon-Heathcote Estuary, in an area of lower elevation.
Details regarding each of the areas investigated are provided in the subsequent sections in
downstream order, beginning in the west. Transect locations are provided on aerial photographs
with associated mapped crack data (CGD, 2012d) and results of ground survey (categorized by
cm class). As mentioned previously, the results of the ground survey are summarized in the
Appendix C with regards to maximum displacements, affected distances, average ground
slopes, and estimated channel heights.
5.4.1 Beckenham
Two transects (bck1, bck2) surveyed in the Beckenham/St. Martins suburb area exhibited
negligible spreading displacements. A field reconnaissance was performed in the area of
transect bck1, located along Castle Way, following the February earthquake. The area was
surveyed and less than a few cm permanent ground displacement was observed, consisting of
small cracks along the access drive. This observation was consistent with the absence of
mapped cracks and lack of sand ejecta and liquefaction evidence in the area, as seen in Figure
5-31. Typical CPT profiles for the area are presented for the selected data in Figure 5-32.
Transect bck2, was located along a driveway at Riverlaw Terrace (in what is technically
considered St. Martins but denoted “bck2” given the proximity to Beckenham and transect
“bck1”). The reconnaissance along Riverlaw Terrace noted a few small cracks across a few of
the drives along the waterway, as mapped by the CGD in Figure 5-31, but no more than about
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Figure 5-31. Locations of transects bck1 and bck2 along the Heathcote River near Beckenham

Figure 5-32. Selected CPT data in the area of Beckenham

3 cm cumulative displacement was observed at the time of the field investigation. As can be
seen in Figure 5-31, more concentrated lateral cracking (typically denoted as less than 5 cm in
width) was mapped beyond the transect at about 115 m from the Heathcote River. These cracks
coincide with a change in elevation and local down slope away from the river occurring at this
location and are likely related to movements away from the river. This interpreted direction of
224

movement is also consistent with the relatively small (< 0.3 m) displacements from LiDAR
data, which considers the September and February events, in the vicinity of transect bck2. No
additional transect was performed in the vicinity of these topography-induced cracks given the
focus of the research on lateral spreading toward the free-face. In addition, each transect is
performed independently; thus, an additional transect in this area would not affect the results
presented.

The subsurface data presented in Figure 5-32 indicated a significant zone of relatively dense
sand or gravels resulting in CPT refusal at depths of 3 to 4 m in 3/4 CPT profiles shown. In
addition, potentially liquefiable layers encountered above the gravel zone appeared thin (< 1
m) or non-existent, which is consistent with the relatively small to negligible ground
deformations observed in these areas. In contrary, the zone of cracking highlighted in Figure
5-31 were likely associated with the topographic conditions and the thick zone of saturated,
loose fine to silty sand encountered in CPT_9570 from about 5 to 9 m.
5.4.2 St. Martins
Slightly more pronounced lateral displacements were measured in St. Martins, just downstream
of the St. Martins Road Bridge. Four transects, including two “repeat” locations (sm1, sm2)
from the post September field reconnaissance, were surveyed in the area at the approximate
locations presented in Figure 5-33. Subsurface data from selected CPTs in the area are
presented in Figure 5-34. As indicated in Figure 5-30(b), the results from the post September
survey resulted in cumulative displacements of less than 5 cm. Following the February
earthquake (and Mw6.0 June 2011 earthquake), permanent ground displacements along these
transects increased to about 0.20 to 0.34 m along transects sm2 and sm1, respectively, and
mainly resulted from abundant small cracking located within about 50 m of the river.
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Figure 5-33. Locations of transects in St. Martins area of the Heathcote River

Figure 5-34. Selected CPT data in the St. Martins area

Subsurface data in this area (CPT_21272, CPT34179, CPT_792) support the negligible
displacement observations following the September earthquake and suggest a possible
alternative mechanism, not associated with liquefaction, causing the increase in displacement
observed after the February earthquake. As can be seen in the profiles, generally no loose to
medium dense liquefiable material was encountered.
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Transect sm3, located across the bank, extended a significant distance from the river and
identified approximately 10 cm of displacement between about 185 to 250 m from the bank,
including some significant cracks mapped by the CGD (Figure 5-33) that continued for some
distance perpendicular to the transect. These cracks are likely associated with a local spread to
a branch of the Heathcote River that runs through this area (as shown in Figure 5-30) and were
not considered as part of the cumulative displacements for the transect. Based on surveyed data
within about 150 m of the river, approximately 0.20 m was measured along transect sm3 and
assumed to be associated with movement to the Heathcote River free-face.
South of this transect, some failure at the banks were observed near transect sm4, which
extended from the river up a relatively steep drive (14%) and was terminated at a distance of
about 64 m because of access; though, review of the mapped crack data showed no significant
displacements occurring in the open area beyond the end of transect. Approximately 0.27 m of
displacement was measured along transect sm4_ch, with the majority of this displacement
concentrated within 10 m of the bank and about 10 cm of displacement distributed along the
driveway.
5.4.3 Woolston
Areas of Woolston exhibited significant liquefaction in the February earthquake. Extensive
sand ejecta and a large sinkhole can be seen in Figure 5-35, near transect wlst1. CPT profiles
for the selected data are presented in Figure 5-36. Despite the evidence of liquefaction
throughout much of the suburb, lateral displacements at the banks remained small at the
locations investigated. Two transects were surveyed following the February 2011 earthquake
within the Woolston suburb and recorded cumulative displacements of less than about 0.15 m.
Figure 5-35 shows detailed locations plans of the two transects and the minimal mapped ground
cracking which generally agrees with the small displacements encountered in the ground
survey. The area near transect wlst1 was visited following the February 2011 event and less
than about 1 cm cumulative displacement was noted in the area. Some compression of about 5
cm was noted near the pedestrian bridge structure located just downstream of MacKenzie Ave.
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Figure 5-35. Location of transects surveyed within the Woolston suburb

Figure 5-36. Selected CPT data in the Woolston area

CPT_17322 indicated a potentially liquefiable layer of loose silty material extending from
about 1 to 2.5 m. However, the layer did not appear continuous in CPT_17323, slightly further
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from the bank. The silty nature and lack of continuity of this layer may have contributed to the
negligible spreading displacements observed in the area.
Transect wlst2 was surveyed along MacRae Street extending from a meander of the Heathcote
River. Some cracking was observed in the street near the bank and permanent ground
displacements were estimated to be about 0.14 m along wlst2_ch.
5.4.4 Ferrymead
The largest displacements encountered in the ground survey along the Heathcote River were
associated with several large fissures located in Ferrymead, along transect fry1, located just
south of Ferry Road Bridge as shown in Figure 5-37. Results of ground survey indicated about
0.5 m displacement along the transect predominantly associated with a 25 cm crack located in
the marsh area approximately 36 m from the river and two 10-12 cm cracks located at about
60-65 m.
The transect was terminated at about 105 m from the waterway; however, abundant smaller
cracks were mapped beyond the end of the transect (Figure 5-37(a)), indicating the spread may
continue and the possibility of larger cumulative displacements in the transect area should be
noted. Review of cumulative LiDAR data (considering the September and February
earthquakes) in the vicinity of the transect showed a more global movement toward the
southeast, typically on the order of about 0.7 m, with larger displacements located near the
wetland area on the order of 0.9 to 1 m, as shown in Figure 5-37(b).
Given the potential for the lateral displacements to continue beyond the transect in this area, as
well as the lack of subsurface data in the vicinity of the field measurements, this data was not
used in subsequent analyses. Likewise, CPT data for the general area was not considered.
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(a)

(b)
Figure 5-37. Transect data in Ferrymead indicting (a) locations surveyed and mapped cracks and (b)
cumulative LiDAR displacements from the September and February (S+F) earthquakes

5.5

Results of ground survey in the Township of Kaiapoi

The township of Kaiapoi, located about 20 km north of Christchurch, suffered some of the most
severe lateral displacements observed in the September 2010 earthquake, particularly along
Courtenay Stream in South Kaiapoi, as described in Chapter 3. The widespread liquefaction
along the Kaiapoi River and nearby streams induced severe lateral spreading throughout the
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area. The area was a main point of investigation in the post September reconnaissance,
including 21 surveyed locations (transects). Three of these locations were revisited following
the February 2011 earthquake. Note that the post February survey was performed after the June
2011 earthquake (Mw 6.0) which may have influenced displacements. While PGA values
associated with this event were estimated to be less than 0.1(g) in Kaiapoi (Bradley & Hughes,
2012a), the time lapse between the post September and post February survey should be
considered with regards to creep movements and the numerous aftershocks felt throughout the
Canterbury region.
An overview of the locations surveyed and site topography (from September 2010 LiDAR
elevation data) is provided in Figure 5-38. Soil profiles for the selected CPT locations are
presented in Figure 5-39 (South Kaiapoi) and Figure 5-40 (North Kaiapoi). The areas of field
measurements included several transects located: (1) in the open paddock area along Courtenay
Stream, south of Courtenay Drive; (2) along Courtenay Stream in South Kaiapoi extending
toward the residences along Courtenay Drive; and (3) along the Kaiapoi River in North
Kaiapoi. Details regarding the ground survey measurements within each of these areas are
provided in the subsequent sections.
In general, the soil conditions in South Kaiapoi showed very soft and loose soils extending up
to 10 m depth. Some areas of slightly denser material were encountered, as depicted in
CPT_15751. In North Kaiapoi, the selected CPT data indicated medium dense to dense coarse
sand in CPT_1287 in the northwest, grading to loose silty and fine to silty sand material
downstream in CPT_1269.
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Figure 5-38. (a) Locations of ground survey measurements in Kaiapoi and (b) site topography

Figure 5-39. Selected CPT data in the South Kaiapoi area
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Figure 5-40. Selected CPT data in the North Kaiapoi area

5.5.1 Paddock Area, South Kaiapoi
Large fissures were encountered across the open paddock area in post September ground survey
and are mapped in Figure 5-41 with respect to additional transect data. Note these cracks were
traced during the ground survey and are presented in replace of the CGD mapped crack data
which did not include this area. The results from the ground survey presented in Figure 5-41(b)
indicated lateral displacements on the order of about 2 – 3.5 m. Note that transect kps1 was
located approximately 55 m from the free-face due to access restraints and therefore cumulative
displacements at the free-face are unknown. The large lateral displacements generally exhibited
a block-like behaviour (with some distributed displacement exhibited in kps3_df), with the
majority of large fissures encountered between about 100-200 m from the free-face.
The slightly skewed orientation (not quite perpendicular to the river) of some of the transects
in this area (particularly kps2) should be noted and resulted from misalignment in the early
stages of fieldwork and the difficulty in determining the exact river geometry in the field due
to the dense vegetation along the bank. Regardless, given the large displacements encountered,
it is believed that a slight shift in the angle of the transect (to perpendicular to the river) would
have a negligible effect on the end results presented in Figure 5-41.
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Figure 5-41. Transect data in paddock area of South Kaiapoi indicating (a) location and traced
cracks and (b) results of ground surveying

5.5.2 Courtenay Drive, South Kaiapoi
The extensive ground cracking observed in the open paddock area continued north along
Courtenay Stream and into the subdivision along Courtenay Drive where numerous homes
were severely damaged by these lateral displacements moving towards Courtenay Stream and
Courtenay Lake. The CGS mapped crack data is provided in Figure 5-42(a) and gives an
indication of the severity of ground distortion concentrated in this area. Details regarding some
of the observed damage to the residential homes following the September 2010 earthquake in
this area are provided in Cubrinovski et al. (2010).
Figure 5-42 provides the locations of seven transects that were surveyed in the residential
suburb of South Kaiapoi following the September earthquake, including two repeat transects
(R) that were re-surveyed following February 2011 earthquake. The majority of transects were
located along Courtenay Stream/Lake, with the exception of kps12 located on the south bank
of the Kaiapoi River. The ~55 m shift in transect kps11 at 135 m from the lake (for access
purposes) should be noted and may have affected cumulative measurements at this location.
The results of the ground survey are provided in Figure 5-42(b) for each of the reconnaissance
efforts. Following the September earthquake, maximum displacements ranging from about 1.5
– 2.7 m were obtained along the surveyed transects and showed a significant block-type
movement defined by the concentration of displacements between 100 and 250 m from the
bank, consistent with the lateral spreading distributions encountered in the paddock area.
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Figure 5-42. Transect data along Courtenay Drive indicating (a) transect locations and mapped
cracks and (b) results of ground survey

A similar permanent ground displacement pattern was observed in the post February
earthquake measurements where permanent ground displacements were estimated to be about
3 m (excluding the additional 0.9 m measured close to bank in transect kps8_ch) along the
repeat transects (kps8, kps10). Results from the post September at these locations indicated
about 2 to 2.5 m (excluding the 0.3 m localized displacement at the bank in kps8_df) of blocktype movement, indicating the net displacements in the post February survey to be less than
that of from September, as expected given the lower seismic demand estimated for the region
in the events following the September 2010 earthquake.
As shown in Figure 5-38, the area extending from Courtenay Stream is generally low-lying
with a steep increase in elevation at about 100 – 200 m from the bank in the area of the
residential development. Recall from Chapter 3, this distinct topographic feature correlates
with an abandoned channel of the Waimakariri River as detailed in Wotherspoon et al. (2012).
The extensive weak material associated with the alluvial deposition of soil in this area is likely
the root of the large block-type failure observed. In addition, the large ground fissures were
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typically concentrated along the top of this elevation rise, indicating the topographic change
also influenced the observed spreading displacements.
Transect kps12_df located along the south bank of the Kaiapoi River indicated a large failure
at the banks, regressing with distance. The topography along the transect generally consists of
a steady down-slope of about -2.2 % away from the stop bank for a distance of about 100 m
(Figure 5-38). Some of the observed displacements may be moving away from the river as
indicated by post September LiDAR and aerial photogrammetry data in the area. As indicated
in Chapter 4, the method of ground survey is limited in determining the direction of movement
in such cases when opposing forces are present (sloping ground away from the free-face).
Similar failure patterns were observed along the stop banks in North Kaiapoi, discussed in the
subsequent section.
5.5.3 North Kaiapoi
Lateral spreading in North Kaiapoi following the 4 September 2010 earthquake was generally
concentrated along the stop banks of the Kaiapoi River with some lateral movements extending
beyond, inducing significant damage to nearby structures and lifelines. Large fissures
propagated the banks, with some cracks measuring over a meter in width. More information on
damage induced in the area is provided in Cubrinovski et al. (2010). Ground surveying data in
the North Kaiapoi area is provided in Figure 5-43 and included measurements along nine
transects following the September event with one location (kpn5) resurveyed after the February
2011 earthquake. The extensive mapped crack data from the CGD, shown in Figure 5-43 (a),
provide an indication of the severe ground distortion observed in the area.
Total displacements ranging from 0.2 m to over 3 m were measured along the post September
ground survey locations provided in Figure 5-43(b). However, it is unknown what portion of
this is actual movement to the free-face and what is movement down-slope away from the river.
In addition, the extensive liquefaction and sand ejecta predominant in the area resulted in
significant ground distortion and cracking, making lateral measurements from ground survey
difficult (i.e. it was difficult to determine what may be local settlement cracking and what may
be lateral movement associated with spreading). Thus, the measurements in North Kaiapoi
should not be considered in future analysis of lateral displacements.
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Figure 5-43. Transect data in North Kaiapoi indicating (a) transect locations and mapped cracks and
(b) results of ground survey

Figure 5-43 also highlights the relatively short length of transect kpn8, terminated at about 50
m from the water’s edge. The mapped ground cracks beyond this distance indicate lateral
movement towards the river occurring beyond the end of the transect. However, the data
presented still provided an indication of total displacement measured within a relatively short
distance of the free-face. As mentioned previously, this data (along with the other field transect
data collected in North Kaiapoi) was not used in subsequent analysis of lateral spreading but
provides an indication of magnitude of ground cracking along the line of survey. Interestingly,
the post February 2011 transect indicated a total permanent ground displacement of about 2.2
m, compared to the 2010 measurement of about 1.8 m (indicating smaller net movement in the
subsequent earthquakes, consistent with the repeat transect observations in south Kaiapoi).
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Despite the limitations of the ground survey method with regards to the direction of movement
and ground distortion from other liquefaction-related failures, cumulative distribution plots are
provided in Figure 5-43 in order to gain an understanding of total movements along the transect.
Although cumulative displacements might not be accurately represented, the results of the field
investigations do highlight several findings regarding lateral spreading at the locations
surveyed, including:

5.6

•

The largest ground fissures were typically measured in the stop banks, some measuring
over 1 m in width.

•

The majority of displacements were encountered within about 40 m of the bank with
cumulative displacements beyond 40 m (in the area of the residential structures) on the
order of about 20 to 40 cm typically distributed over ~ 100 m or more.
Spencerville/Brooklands

A case study was conducted along the cul-de-sac of Riverside Lane in the township of
Spencerville, located about midway between Christchurch and Kaiapoi. Riverside Lane
branches off of Lower Styx Road and provides access to several properties located on the Styx
River which suffered significant lateral spreading damage in the September earthquake. Large
fissures propagated through the area along the banks, splitting foundations and houses and
making the majority of structures in the vicinity uninhabitable. Ten transects were surveyed
following the September earthquake at the locations indicated Figure 5-44(a), (b). Soil profiles
from the selected CPT data are presented in Figure 5-45.
The transects were closely spaced in the area of five, severely-damaged houses in order to
provide information on the variability of displacements within the area as well with the method
of ground survey. Large cracks were encountered running along the edge of houses and
occasionally right through the houses, as mapped in Figure 5-44(a) from cracks traced during
the reconnaissance. The site topography is provided in Figure 5-44(b) based on 2011 LiDAR
elevation data (vertical effects of the February 2011 earthquake noted) and indicate a slight rise
in elevation in the area of the residential structures, with average ground slopes along the
transects range from about +1 – 2% toward the river.
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Figure 5-44. Transect data in Spencerville including (a) transect locations and traced cracks; (b) site
topography; and (c) results of ground surveying

Figure 5-45. Selected CPT data in the Spencerville/Brooklands area
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The results of the ground survey provided in Figure 5-44(c) were fairly consistent within the
residential area surveyed with maximum displacements ranging from about 1 to 1.5 m along
the bank, with the larger displacements occurring at the north end of Riverside Lane. Transect
sp1_df was performed in the free-field paddock area north of the subdivision and indicated
cumulative displacement on the order of about 0.4 m, about one third of the displacement
measured in transects along Riverside Lane. Topography along sp1_df shows generally level
ground with an approximate ground slope of about 0.2 % within about 50 m of the bank. The
change in magnitude of spreading observed in this open field area may be attributed to change
in topography; changes in the subsurface materials; or limitations of the ground survey method
in open field areas where displacements may not manifest at the surface (versus measuring
cracks in rigid pavement).
The majority of lateral movement within the residential area was concentrated at about 30-50
m from the free-face, indicative of a block-type movement. The displacements were
concentrated along the top of the rise in elevation similar to the pattern observed in South
Kaiapoi (but occurring much closer to the free-face). Most of the transects were terminated at
about 60 to 80 m from the bank due to access restrictions which may have led to underestimations of cumulative movement at these locations and possible misinterpretation of
distribution patterns. However, the four transects which extended to about 130 m or more
indicated minimal displacements (< 0.1 – 0.2 m) beyond about 60 m from the free-face,
validating the data provided in these shorter transects.
As indicated in Figure 5-45, the soil conditions in the area generally consisted of a layer of
loose fine to silty sand in the upper 2.5 – 3.5 m, underlain by medium dense sand with nonliquefiable lenses (or predominantly non-liquefiable in CPT_671). Medium dense to dense
clean sand was typically encountered in all CPTs at about 5 to 6.2 m depth.
5.7

Summary of Observations from Ground Surveying Measurements

A summary of the findings detailed in the above sections are presented below with regards to
maximum displacement (summation of cracks moving toward the free-face) and distribution
of permanent ground displacement with distance from the bank (Ug-L).
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5.7.1 Maximum Displacements
In general, maximum displacements (Ug_max) along the Avon River typically ranged from
less than 0.1 m to about 0.8 m following the September event and up to about 1.6 m in the post
February survey, with larger displacements encountered within the Dallington loop point bar,
along the wetlands in Bexley, and near the Avon-Heathcote Estuary at the Pleasant Point Yacht
Club where displacements of up to 3 m (post Feb) were measured. In contrast, much smaller
displacements were measured at all locations surveyed along the Heathcote River where
maximum displacements from both reconnaissance efforts were generally less than 0.3 m.
The largest displacements surveyed in the post September reconnaissance occurred in Kaiapoi
where maximum displacements typically ranged from 1.3 – 2.5 m in south Kaiapoi, along
Courtenay Stream. Along the north bank of the Kaiapoi River (North Kaiapoi) total
displacements of up to 3.1 m were measured; however, scrutiny of the data revealed most of
the movement to be associated with slumping of the stopbanks in two directions and hence,
accurate assessments of cumulative displacements towards the river could not be appropriately
determined. Investigations in Spencerville following the September event indicated maximum
displacements of about 1 – 1.4 m within the residential area surveyed. Table 5-1 summarizes
the typical maximum displacements estimated from field surveys at the various locations
investigated. As mentioned previously, a more detailed summary table with individual transect
data is provided in Appendix C, with data from each transect provided in Appendix B.
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Table 5-1. Typical maximum displacements measured through ground survey
Location

post Sep – Ug_max (m)
-

post Feb – Ug_max (m)

-

< 0.1 – 1.6

0.6 – 0.8

0.4 – 1.5

< 0.1 – 2.5 (alt.: 1.7)

< 0.1 – 2.8 (alt.: 1.6)
0.6 – 1.6

Anzac Bridge

0.6 – 0.8
-

Bexley

0.2 – 0.9

0.4 – 2.1

Pleasant Point Yacht Club

0.8 – 1.1

2.2 – 2.9

0 – 0.1

0 – 0.3

South Kaiapoi

1.3 – 2.5

3.1 – 3.7

North Kaiapoi 3

0.2 –3.1

2.3
-

CBD

Avon River

Avon Loop
Avonside Loop
Dallington Loop 1
Avondale

Heathcote River
Kaiapoi

Spencerville

1 – 1.4 3

< 0.1 – 0.7

0.4 – 1.1

1

complicated spreading patterns within the Dallington loop point bar lead to alternative
interpretations (shown in brackets)
2
large displacements in North Kaiapoi are likely associated with failure of the stopbanks and
movement in two directions; void for further analysis
3
excludes 0.4 m displacement in transect sp1_df located in paddock area

A comparison of maximum displacements at the 19 repeated locations is shown in Figure 5-46
with respect to general location and with post-June 2011 data indicated with ‘*’. The grey fill
symbols in Figure 5-46 correspond to measurements taken across stopbanks that failed at
Porritt Park and in North Kaiapoi. At both of these locations, the observed ground cracking
was likely associated with slumping of the stop bank feature and not unison movement towards
the free-face and therefore not an accurate representation of “Ug” or lateral spreading; the total
displacements are still provided in Figure 5-46 for comparison purposes. The yellow fill
symbols represent locations with two alternative interpretations (spread boundaries) in which
case alternative (A) was used and the error bars represent the alternate data interpretation
described previously for the transects shown. Error bars on the remaining data represent a
question in the field data.
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Figure 5-46. Comparison of pre (post Sep 2010) and post Feb 2011 EQ lateral displacements at
repeated transect locations

As can be seen in Figure 5-46, a large increase in the magnitude of lateral spreading was
observed at many locations, some showing maximum displacements more than three times that
measured in the September event. Recall that the post February measurements (Ug_Feb) are
cumulative, so a Ug_Feb value of two times that measured from the September earthquake
(Ug_Sep) represents equal displacements in the two events. Likewise, Ug_Feb values less than
two times Ug_Sep indicates larger displacements was associated with the September
earthquake, as observed in Kaiapoi where the seismic demand associated with the February
earthquake was much smaller than that of the September earthquake. However, the majority of
cases lie above the 2:1 line, indicating larger failures associated with the February earthquake.
There are many factors that may have influenced the observed increase in displacement. As
reported in Chapters 3 and 4, the February earthquake resulted in increased accelerations and
decreased site-to-source distances for areas within Christchurch. Clearly, many of these repeat
locations also liquefied in the September earthquake resulting in changes to the subsurface
materials as pore pressures dissipate and the ground settles. Though comparison of pre and post
event CPT data has indicated no significant changes in tip resistance values, pre- and postquake, there are additional factors such as changes to the soil fabric and groundwater table that
can have an effect on the soil resistance to liquefaction and consequential lateral displacements.
In addition, comparison of event-specific ground water models (CGD, 2014a) showed
relatively little changes (< 0.5 m) in the depth to groundwater at the locations considered in the
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transect vicinity (detailed in Chapter 5) . Thus, the changes to subsurface conditions pre
September earthquake and pre February earthquake were likely not the main cause of increased
displacements but should be noted.
One factor of possibly more significance relates to the pre-existing fissures from the first event
that were likely more susceptible to widening during the subsequent shaking. But, the biggest
factor affecting the observed increase in displacements is likely associated with the increased
seismic demand from the February earthquake on Christchurch and more severe liquefaction
induced in many parts along the Avon River.
5.7.2 Typical Distribution Patterns
The distribution of lateral spreading is a critical component of this failure mechanism. It allows
for improved understanding of the spatial distribution of the failure with regards to the distance
from the river affected by the spread as well as where displacements are concentrated. It can
also provide an indication of lateral strains and ground distortion within the affected zone.
Figure 5-47 provides a summary of observed distributions from post February ground
surveying along the Avon River (from CBD to PPYC) and from the post September survey
along Courtenay Stream. The data was presented on the same scale at all locations considered
for comparison purposes. The more complex sites associated with the Dallington loop and the
data across from Locksley Ave across from Avon and Porritt Parks were not included in the
figure. Based on the findings from the ground surveying at the locations presented, three types
of distribution patterns were observed:
(1) The most common, highlighted in gray, shows an exponential decrease of cumulative
displacement with distance from the river, referred to as a distributed failure pattern.
The magnitude of distributed displacements can generally be divided into
small/negligible (< 0.3 m); moderate (0.3 – 1 m); and severe (> 1 m). In general, the
negligible displacement were concentrated at the upstream end of the Avon River, near
the CBD while the severe distributed spreading patterns were concentrated from the
Avonside loop and east (downstream). Moderate displacements were generally
encountered throughout the locations investigated and indicate the variability in
observations even within a small area. In general, the moderate and severe distributed
displacements were concentrated within 100 to 150 m from the river, beyond which
displacements typically became negligible (< 0.1 m). Occasionally, some more distant
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Figure 5-47. Observations of permanent ground displacements from ground surveying results

concentrated failure was observed (e.g. Avonside loop) at about 200-220 m from the
bank, but this was atypical of most locations surveyed and possibly associated with a
local topographic change or subsurface anomaly.
(2) The blue shading in Figure 5-47 corresponds to a localized failure pattern which was
observed at only a few locations in the upper reaches of the Avon River (CBD and
Avon Loop). In general, the distribution of displacements at these locations consisted
of large fissures concentrated within 20 – 30 m of the river and negligible movement
beyond that distance. Maximum displacements of up to 1.6 m were observed (Avon
Loop) within this short distance. It should be noted that the localized displacements
highlighted in the CBD correspond to transects that were terminated a short distance
from the bank (which may affect the distribution pattern if the spreading continues).
(3) Lastly, the failure pattern encountered along Courtenay Stream in South Kaiapoi,
shaded in red, indicated a block-type movement with displacements of about 1.3 – 2.5
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m (post September) concentrated a at 100-200 m from the waterway. As described
above, these failures were likely associated with the historic channel of the Waimakariri
River resulting in weak subsurface materials within the “block” and a change in
topography coinciding with the large fissures encountered at such far distances from
the free-face.

5.8

Conclusions

Scrutiny of ground measurement locations with respect to additional datasets including
historical data, post event aerial photographs, mapped cracks, topography, and alternative
measurements of lateral displacement, were performed at each location to provide the most
appropriate interpretation of the spreading observations at each site, as presented in this
chapter. The detailed data at each location surveyed is provided in Appendix B and summarized
in Appendix C. Limitations of the method were described in Chapter 4, a few of which were
highlighted in this Chapter through the site-specific interpretation of ground measurements and
included: (1) the inclusion of small cracks in heavily liquefied areas that may not necessarily
be associated with spreading; (2) the potential for erroneous cumulative displacements in the
area of large stop banks where displacements may be moving in two directions; and (3) areas
covered by vegetation which may result in underestimation of ground displacements.
Interpretations of the ground surveying results are provided with respect to maximum
displacements at the bank and distributions of cumulative permanent ground displacement with
distance from the river, both of which exhibited extreme variability in terms of magnitude of
displacement and area affected by spreading. In Christchurch, the most severe spreading
displacements were typically encountered along the Avon River, generally increasing in
magnitude in the eastern (downstream) area of the river, with the most damage observed
following the February 2011 earthquake, after which displacements of up to about 3 m were
measured. In contrast, locations surveyed along the Heathcote River exhibited minimal
displacements (<0.3 m), despite the stronger ground shaking felt in this regions in the February
2011 earthquake. The September 2010 earthquake induced severe lateral spreading (~1.3 – 2.5
m) in the residential area of South Kaiapoi located about 100-200 m from Courtenay
Stream/Lake. Extremely complex failure patterns were observed within the Dallington loop
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point bar on the Avon River resulting in a range of maximum displacements and distribution
patterns.
Observations of the distribution of lateral displacement with distance from the free-face were
divided into three failure categories. A schematic of the three distributions referred to
throughout this thesis are provided in Figure 5-48 with a summary of key characteristics of
each. In the schematic, all three distributions have the same maximum displacement, they are
very different in terms of affected distances and concentration of associated damage.
The block-type failures were typically associated with large cracking occurring at a significant
distance from the bank (South Kaiapoi). Along the Avon River, concentrated zones of cracking
were sometimes observed in areas of topographic change (rise in elevation) at significant
distances from the bank and it can be difficult to interpret whether the observed deformations
are associated with a partial block-type movement to the free-face or with a localized spreading
failure due to sloping ground.

Distributed

Localized

Block

• most common lateral spreading
failure;
• characterized by exponential decay
of displacement with distance from
the river;
• largest cracks closer to the bank,
becoming smaller with distance;
• affected distances typically within
100-150 m of the free-face and up
to 220 m in some cases.

• large cracks concentrated within 20
- 30 m of the bank;
• little cracking/damage observed
beyond about 30 m;
• difficult to verify localized
movement if transect is terminated
a short distance from the bank.

• significant cracking occurring at
large distances (> 100 m) from the
river
• little movement observed between
the distant failure and river;
• typically associated with a rise in
topography with cracks
concentrated along the top of
higher elevation.

Figure 5-48. Schematic and key characteristics of various failure modes observed from ground
surveying results

Such differences are critical in interpretation as they are a reflection of two things: (1) the
cumulative interpretation of maximum displacement at the free-face (including these more
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distant failures or not) and (2) the subsurface conditions influencing the observed failure (if the
failure is due to local ground-sloping, the subsurface conditions at the bank are irrelevant and
the soil conditions along the top of slope are likely the driving factors for displacement; on the
other hand, if the movement is block-like and moving to the river, the conditions at the bank
are critical for displacement to occur). Unfortunately, with the limitations of ground survey, it
is very difficult to decipher these two types of movements which both appear as block-type.
Analysis of alternative data measurements (e.g. LiDAR) were used to help identify such cases
and alternative interpretations were presented appropriately throughout the chapter.
The rigorous interpretation and presentation of lateral spreading observations at so many
locations from two different seismic events highlighted the variability and complexities
involved in lateral spreading and identified several distribution patterns relating to the
magnitude and extent of lateral displacements. Some key factors affecting the observed
spreading displacements included river geometry (meandering loops), site topography, historic
data, and seismic demand. Inevitably, the subsurface materials play a significant role in the
magnitude and distribution of spreading, as preliminarily assessed in this chapter. Areas of
thick deposits of loose fine to silty sand typically corresponded to larger field displacements
and ground cracking. In contrast, soil profiles such as those encountered along the Heathcote
River, consisting of relatively thin or no liquefiable layer resulted generally corresponded to
small or negligible spreading displacements. A more rigorous scrutiny of the subsurface will
be discussed in Chapter 7 with regards to various spreading patterns and other key
characteristics contributing to the observed deformations. First, the comprehensive field data
will be used in the following chapter to scrutinize two empirical models and compare model
predictions with field observations.
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6.

SCRUTINY OF EMPIRICAL LATERAL SPREADING MODELS AND
COMPARISON WITH FIELD OBSERVATIONS

6.1

Introduction

The data presented in Chapter 5 illustrated many of the complexities associated with lateral
spreading. For example, the data presented indicated a range of observed failure patterns
ranging from localized spreading at the bank, block-type movements, distributed
displacements, and areas of negligible spreading. Magnitudes of displacement ranged from less
than 10 cm to over 2 m along the Avon River alone, despite relatively similar seismic and
geologic conditions. Lateral spreading cracks were often influenced by site topography which
in some cases resulted in a bias in the movement direction away from the channel or resulted
in a concentration of cracks along a rise in elevation. Additional complexities were observed
within the meandering loop of the Dallington Loop point bar resulting in large displacements,
a significant contrast to the much smaller movements observed along the Dallington Loop cut
bank across the bank. Clearly, there are a number of factors that need to be considered when
attempting to predict lateral spreading displacements, which as discussed in previous chapters
and illustrated in Chapter 5, can be very difficult to quantify. The results of field measurements
presented in Chapter 5 were often associated with significant uncertainty in the interpreted
displacement as a result of the complex behaviour of lateral spreading and limitations in the
ground surveying method.
In previous studies, case histories of lateral spreading occurrence during historic earthquakes
have been collated and used to develop simple empirical and semi-empirical models for
estimating the magnitudes of lateral displacement due to spreading of liquefied soils (e.g. Youd
et al. 2002, Zhang et al. 2004). Resulting uncertainties in spreading displacement estimates
from these models are often on the order of +200% to -50% (i.e. a factor of two), which is not
surprising given the many complexities involved. Much of the case history databases used in
the development of these models are based on pre- and post- aerial photogrammetry data. As
discussed in Chapter 4, the results of aerial photogrammetry data when compared with ground
survey measurements showed a general sense of agreement but also indicated several instances
of considerable disagreement with field measurements, possibly due to limitations of the aerial
photogrammetry methodology. Such limitations in the case history data would undoubtedly
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introduce uncertainty in the developed correlations. In addition, the uncertainty in the
prediction of lateral spreading is further compounded by the large uncertainty in ground motion
estimation and variability in site conditions.
Regardless of these limitations, the empirical models are widely used in current practice and
the abundant lateral spreading data presented in Chapter 5 provide a means of scrutinizing these
models at a number of locations. Two of the more common models used in current practice
were selected for the analysis including the semi-empirical model of Zhang et al. (2004) and
the empirical model provided in Youd et al. (2002). The Zhang et al. (2004) model combined
results of laboratory testing relating to maximum cyclic shear strains and case history data from
12 major earthquakes (predominantly in Japan and the US) to derive equations for estimating
lateral displacement as a function of site geometry (channel height and distance from the river
or ground slope), seismic demand, and geotechnical conditions. Similarly, the Youd et al.
(2002) model compiled geotechnical, seismic, and geometric parameters at case history sites
from nine different seismic events in Japan and the US to develop empirical equations for
predicting lateral displacements for free-face or sloping ground conditions. Both models
considered hundreds of displacement measurements, the majority of which were estimated
from comparing pre and post aerial photographs. The large number of data considered allowed
for a range of seismic demand parameters, subsurface conditions, and site geometry (e.g.
sloping ground, distance to the free-face, and height of the channel).
Recent works related to the Canterbury earthquakes provided in the Canterbury Geotechnical
Database provide abundant information regarding seismic, topographic, and geotechnical data
throughout Christchurch and surrounding suburbs. The data, in addition to the channel height
data discussed in Chapter 3, was used to extract the necessary input for the scrutinized models
at locations considered for analysis. These sites were limited to well-documented field survey
locations with adequate subsurface data (cone penetration test, CPT) available, typically within
30 m of the transect. The Canterbury sites considered in the analysis generally exhibited
seismic, geometric, and geotechnical characteristics within the range of values considered in
Zhang et al. (2004) and Youd et al. (2002) databases. However, the primary sources for case
history data used to develop the empirical relationships of both models were located in the
western US and Japan, differences regarding the seismic regions considered as well the method
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used to measure lateral displacement (ground survey used in the Canterbury earthquakes versus
aerial photogrammetry used at the majority of locations in the model databases) should be
noted.
CPT data was used to determine the geotechnical input parameters in the Zhang et al. (2004)
and Youd et al. (2002) models as Standard Penetration Test (SPT) data in proximity to the field
measurements was scarce or unavailable for the latter. While the Zhang et al. (2004) model
provided recommendations for CPT-based calculations of lateral displacements, the
geotechnical parameters of Youd et al. (2002) are based on SPT data. Thus, conversions were
applied to relate the CPT data to the appropriate parameter, e.g. N- qc resistance correlations
relating CPT tip resistance to SPT blow count, N.
Abundant CPT and grain size data (fines content, FC, and median grain size, D50) along the
Avon River were used to develop site-specific correlations for estimating the F15 and D5015
used in Youd et al. (2002). In particular, a site-specific relationship between the CPT-based
parameter, Ic, and fines content, FC, was developed for soils located along the Avon River in
Christchurch. The site-specific Ic-FC relationship was not only used in defining the appropriate
grain size parameters for the Youd et al. (2002) model but also represents a significant standalone contribution from this work that can be used for geotechnical applications in
Christchurch.
Details regarding parameter inputs and resulting comparisons are discussed including
sensitivity analyses around the uncertainty associated with the input values used for each
model. The analysis focused on lateral displacement measurements from the September
earthquake to avoid compounding uncertainties with cumulative predictions from the two
events (as field measurements after the February earthquake are cumulative). However, given
the abundant locations corresponding to post February field data and available for comparison,
an additional analysis was performed considering cumulative displacements with the
shortcomings duly noted. In addition, the analysis provides insight into the models performance
considering two different seismic events. Lastly, an alternative analysis was considered which
limited the geotechnical parameters defined in each model to a depth of two times the channel
height. The limiting depth approach was intended to eliminate the influence of loose soil strata
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at great depths that is likely not contributing to the observed lateral spreading at the ground
surface.
6.2

Locations Considered for Model Comparisons

Chapters 4 and 5 provided details of the field investigations performed following the 4
September 2010 (Mw 7.1) and 22 February 2011 (Mw 6.2) events documenting lateral spreading
from each event at 126 locations (transects) throughout Christchurch and surrounding suburbs.
As part of the documentation process, the data was scrutinized with respect to field notes, highquality aerial photographs, detailed crack mapping, and alternative lateral displacement
measurements such as LiDAR. Reliable transect data (i.e. neglecting transects considered
“void” in the data processing scrutiny) with adequate information for determining the necessary
model input parameters were used to compare lateral spreading estimates predicted by the two
selected empirical models with those observed in ground surveying. Complicated sites were
not considered in the analysis in order to provide a more rigorous comparison and included:
the Dallington loop point bar where extremely complex spreading patterns were observed as a
result of the point geometry, topographic conditions and severe liquefaction; several transects
along Locksley Ave across from Avon Park and Porritt Park where field displacements were
not consistent with alternative measurements or did not appear to be caused by liquefactioninduced spreading; and locations in North Kaiapoi where field data was complicated by failure
of the stopbanks and severe ground distortion in the area. In addition, transects extending along
the Bexley Wetlands were also omitted as the height of the free-face in this area could not be
verified (no channel cross-section data was available in wetlands area).
As with most lateral spreading models, information regarding the seismic, topographic, and
geotechnical conditions at the site are required. Scrutiny of data available indicated 33 locations
surveyed after the September event (which will be the focus of the analysis) suitable for model
comparisons with the Youd et al. (2002) model. 48 locations were considered in the model
comparisons with post-February field survey data (including nine locations from “repeat”
transects that were also used in the September analysis). Slightly fewer locations were used in
the comparisons with Zhang et al. (2004) model predictions due to stricter boundaries on the
site geometry parameters recommended by the 2004 model (i.e., the Youd et al. (2002) model
allows for model application for sites located further from the river). A location plan of the
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selected transects is provided in Figure 6-1 indicating post-September (red lines) and postFebruary (blue lines) field data located along the (a) Avon River and (b) Heathcote River in
Christchurch, (c) Styx River in Spencerville and (d) Courtenay Stream in South Kaiapoi. Note
that data from one transect may be used for multiple comparisons if more than one CPT was
located within 30 m of the transect. The majority of data in the September analysis
corresponded to transects in Christchurch (Avon and Heathcote River), Spencerville, and
Kaiapoi, indicated by the red transects in the figure, while the cumulative analysis was
predominantly based on locations along the Avon and Heathcote Rivers (blue lines). Table 6-1
provides a summary of the sites considered in September earthquake analysis along the relevant
transects presented in Figure 6-1 (red lines). Sites considered from the post February field
survey data are tabulated in Appendix F. The process used to obtain the various topographic,
seismic and geotechnical parameters used in the analysis is described the preceding sections.
6.2.1 Site Topography and Geometry
Geometric and topographic parameters such as distance from the free-face (L), ground slope
(S), and channel height (H) have been considered influential in observed lateral displacements
in the past and are therefore typically used in empirical formulas including that of Zhang et al.
(2004) and Youd et al. (2002). As described in Chapter 4, average ground slopes were estimated
along the transects from high-quality LiDAR elevation data (CGD, 2012c) and typically taken
over the distance effected by spreading while surveyed channel cross-section data were used
in conjunction with estimated elevations at the bank to approximate the channel height (+/-0.2
– 0.3 m) at the locations surveyed. These parameters were summarized in Appendix C for all
transects. Sites selected for model application (considering post September ground
measurements) typically had estimated channel heights of about 2 to 4.5 m and average ground
slopes of about -0.5 to +2% (positive value indicates sloping towards the river).
Distance from the free-face or river channel (L) was documented at each crack location during
the field investigations and then refined in GIS during the data processing described in Chapter
4. The GIS ruler function and high quality aerial photographs were used to adjust distances,
assuming the edge of the waterway at the bank, as shown on the aerial photograph, to define
“L=0”. To maintain consistency with field measurements and model predictions, the same
method was applied in estimating the distance from the waterway to the point of comparison,
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Figure 6-1. Location plan of transects considered for analysis of empirical model predictions along
the (a) Avon and (b) Heathcote Rivers (Christchurch); (c) Styx River (Spencerville); and (d)
Courtenay Stream (South Kaiapoi)
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Table 6-1. Summary of selected sites used for model application considering the September 2010
earthquake
Location

Avon River

Avonside Loop

Styx River

aslp1

2

aslp2

1

dallp2

2

dallp4

5

dallp5

2

Avon Park

avnpk1

1

avd1

2

avd2

1

bx1

1

sm1

2

sm2

1

sp2

1

sp4

2

sp6

1

sp7

1

sp8

3

sp9

1

sp10

1

kps5

3

Bexley

Courtenay
Stream

No. Sites Considered 1
(Sep EQ)

Dallington
Loop (Cut
Bank)

Avondale

Heathcote
River

Transect ID

St. Martins

Spencerville

South Kaiapoi

1

Some locations at greater distances from the bank were not considered in the Zhang et al. (2004)
model due to boundary conditions recommended by the model

as determined by the location of the CPT. It is noted that the empirical models considered in
the analysis define L as extending to the base of the free-face and therefore the estimates of L
from GIS at the edge of the waterway may vary slightly from the actual distance defined by
the base of the free-face. However, given the relatively steep slopes typical of the channel
cross-sections investigated for this study (presented in Chapter 3 and in Appendix A), the
discrepancy with this computation of L is assumed to be negligible. Nearly all of the sites
considered in the analysis were located within 100 m of the river, with the majority of locations
within 20 m of the waterway.
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In order to gain an idea of the channel geometry at the locations investigated, approximate
channel widths were also documented at each of the selected transects for the September
analysis and ranged from about 20 to 60 m at locations along the Avon River and 10 to 15 m
in Kaiapoi and Spencerville. The widths were estimated in GIS using the ruler function and
high quality aerial photographs and represent the width of the waterway (edge to edge of
waterway/bank) shown on the aerial photograph and are considered approximate. Figure 6-2
provides histograms of relevant geometric and topographic features discussed above for sites
listed in Table 6-1 including approximate (a) channel heights, H (b) average ground slopes; (c)
distance from the waterway, L; and (d) channel widths. Note that some bias may be introduced
in the histogram plots where multiple sites were located along a single transect which typically
had constant channel height, width, and average ground slope.
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Figure 6-2. Estimated geometric and topographic conditions at selected post September surveyed
sites including (a) channel height; (b) average ground slope; (c) distance from the waterway; and (d)
approximate channel width
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6.2.2 Seismic Conditions
For the relevant empirical models scrutinized in this chapter, seismic demand was defined in
terms of some combination of earthquake magnitude (Mw) and either peak horizontal ground
acceleration, PGA, as in the Zhang et al. (2004) or alternatively, site-to-source distance, R, as
in the Youd et al. (2002) model. Chapter 4 (see Table 4-2) provided a summary of estimated
event-specific seismic demand parameters for the various suburbs surveyed in the post
September and post February ground measurements including peak ground acceleration
(PGA), site-to-source distance (R) based on the methods developed by Bradley and Hughes
(2012a, 2012b). Typical ranges of these parameters corresponding to the 4 September 2010
(Mw 7.1) and 22 February 2011 (Mw 6.2) earthquakes are summarized in Table 6-2 for the
surveyed locations along the Avon River, Heathcote River, Spencerville, and South Kaiapoi.
In general, PGA values in the September earthquake ranged from about 0.17 – 0.24 (g) and
site-to-source distances ranging from about 16 – 26 km. For the February earthquake, PGA
values ranged from about 0.45 – 0.64 (g) in Christchurch and site-to-source distances were
estimated to be about 1.1 – 4.6 km, with the higher seismic demand associated with locations
along the Heathcote River. Note no locations in Spencerville or Kaiapoi were considered in the
model comparisons with post February ground survey data. Site-specific values used in the
model applications are provided in Appendix F.
Table 6-2. Typical ranges of estimated seismic parameters used in model applications
Sep 2010 EQ (Mw 7.1)

Feb 2011 EQ (Mw 6.2)

PGA (g)

R (km)

PGA (g)

R (km)

Avon River

0.18 – 0.21

15.7 – 22.9

0.45 – 0.56

1.9 – 4.6

Heathcote River

0.23 – 0.24

16.9 – 18.4

0.57 – 0.64

1.1 – 1.2

Spencerville

0.17

25.1

-

-

South Kaiapoi

0.20

26.3

-

-

Location

6.2.3 Subsurface Data
Given the generally well-defined seismic and topographic information available at most
locations surveyed, model and field data comparisons were generally limited to locations with
nearby subsurface exploration data. The Canterbury Geotechnical Database (CGD, 2014b)
provided an excellent source of geotechnical data throughout Christchurch and surrounding
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suburbs with thousands of cone penetration tests (CPT) available for interpretation. In addition,
the University of Canterbury conducted a supplemental field exploration programme consisting
of eight CPTs adjacent to four transects located along the Avon River in Christchurch where
such CPT data was not available on the CGD. While SPT-borehole data is also available on
the CGD, results from CPT tests were preferred for determining the necessary geotechnical
model input parameters for several reasons:
a) Abundant number of CPT tests (~18,000) available on the CGD compared to less
available SPT data, particularly in the vicinity of field measurements;
b) The continuous nature of CPT allows for improved understanding of the soil
profile (versus intermittent sampling with SPT);
c) The CPT test is less susceptible to operator error when compared with SPT;
d) Zhang et al. (2004) provides recommendations for model application with CPT
data.
CPT data (sleeve friction and tip resistance) was initially collected within about 50 m of reliable
ground survey data and approximately 190 CPTs in the vicinity of the selected transects were
compiled for processing. However, given the variable subsurface conditions typical of the
alluvial deposits in the region, the comparison analysis focused on ground survey locations
within 30 m of a CPT. CPTs which were terminated at depths shallower than about 5 m were
not considered as the data was considered insufficient for this type of analysis. Occasionally,
CPT data provided on the CGD noted an “issue” with the sleeve friction for a particular test;
these tests were omitted from the analysis.
Many of the CPTs used to derive geotechnical parameters for model applications were
advanced after the September 2010 or February 2011 seismic events. There may be concern
that the post-quake data does not accurately represent the initial, pre-quake soil conditions
which were subject to severe ground shaking. However, recent geotechnical studies performed
in the Christchurch area of pre- and post- quake CPT tests at approximately the same location
have indicated negligible changes in CPT tip resistance, qc, following a significant seismic
event, e.g. Lees et al. (2015). Therefore, the post-quake data is assumed to be applicable for
the purposes of this study. Consideration of post-quake subsurface data has also been used in
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previous case studies of lateral spreading and similar comparisons with empirical models, e.g.
Chu et al. (2004), as discussed in Chapter 2.
In order to provide a general idea of the subsurface conditions considered in the analysis,
simplistic profiles from each of the four regions shown in Figure 6-1 were considered. Figure
6-3 provides CPT data showing tip resistance, qc, and friction ration, Rf, and interpreted soil
conditions for a selected location considered along (a) Avon River; (b) Heathcote River; (c)
Styx River in Spencerville; and (d) Courtenay Stream in South Kaiapoi. All four CPTs were
located within 20 m of the waterway and represents typical subsurface conditions at each of
these locations. Clearly, subsurface conditions at sites considered along the Avon River were
quite variable given the significant distance between sites, as shown in Figure 6-1(a). The CPT
shown in Figure 6-3(a), CPT 118, corresponded to a site in the Avonside Loop (near transect
aslp1) and indicated about 5 m of generally loose fine to silty sand underlain by medium dense
to dense sand. These conditions were similar to adjacent sites along the bank in the vicinity.
Figure 6-3(b) indicated quite a different soil profile representative of a site located in St.
Martins along the Heathcote River. At this location (CPT_34179), the subsurface conditions
consisted of about 3 m of very soft clayey soil overlying dense coarse sand becoming very
dance with depth. As indicated in Figure 6-1(c), the sites considered along the Styx River in
Spencerville were concentrated within a relatively small area with relatively consistent
subsurface conditions representative of CPT_668 in Figure 6-3(c) consisting of about 3 m of
loose fine sand underlain by loose to medium dense sand becoming dense below about 5 and
with occasional lenses of silty to clayey material. In South Kaiapoi, the site considered closest
to the bank indicated a significant deposit of loose fine to silty sand extending to more than 6
m depth, underlain by very dense sand.

259

Figure 6-3. Simplistic soil profiles at selected sites along the (a) Avon River; (b) Heathcote River; (c)
Styx River in Spencerville; and (d) Courtenay Stream in South Kaiapoi

6.2.4 Groundwater
As with all liquefaction analyses, the depth to groundwater plays a critical role in the potential
for liquefaction and lateral spreading and therefore is an obvious requirement for predicting
displacements. The Canterbury Geotechnical Database provided high-quality, event-specific
groundwater models (CGD, 2014a) for Christchurch and surrounding suburbs developed
through rigorous analysis of well data at 967 locations located throughout Christchurch and
surrounding are (van Ballegooy et al., 2014). The well data was combined with LiDAR
elevation data to yield depth-to-groundwater contour maps. Groundwater depths at each CPT
location were spatially interpolated in GIS using the event-specific median groundwater
models for the 4 September 2010 and 22 February 2011 events. Typically, the difference
between these two groundwater depths varied by less than ten centimetres at the CPT locations
investigated, as shown in Figure 6-4 which compares September 2010 and February 2011
groundwater depths at the 72 locations selected for analysis. Based on the data in Figure 6-4,
groundwater depths generally ranged from about 1 to 3 m below the ground surface at the
majority of locations investigated.
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Figure 6-4. Comparison of 4 Sep 2010 and 22 Feb 2011 estimated groundwater depths at selected
locations used in lateral spreading analysis

6.2.5 Field Displacements, Ug
The lateral displacement, Ug, along a transect decreased in magnitude with distance from the
bank, L. Therefore it is important to compare the appropriate Ug value with the CPT location
used to determine the model prediction. As discussed in Chapter 4, the field displacements
measure a rigid movement assuming no change in displacement between crack locations. Thus,
the Ug value used in the analysis was not interpolated between two points (as the Ug-L
distribution plots imply) but was taken as the actual lateral displacement at that point, equal to
the displacement measured at the next closest crack between the river and the point of
comparison. In order to account for large cracks in the vicinity of L and affecting field
measurements at the point of measurement, field measurements within +/- 10 m of L were
considered as potential uncertainty when evaluating Ug. An example of this method for
determining Ug is illustrated in Figure 6-5 showing CPT_50 located at a distance, Lx, from the
waterway. For this example, a field displacement of 0.49 m was used for comparison of the
predicted displacement based on CPT_50. An uncertainty of +0.34 m was considered in the
analysis due to the location of a 34 cm crack within 10 m of Lx.
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Figure 6-5. Illustration of method used to determine field measurement, Ug, for comparison with
model predictions

If more than one field measurement was taken within 30 m of the CPT under consideration,
e.g. two transects located within 60 m of one another, field displacements corresponding to the
closest field measurement were used and additional uncertainty was added to the field
measurement to reflect changes in displacements along the adjacent transect. As can be seen in
Figure 6-1(c) the area along the Styx River in Spencerville consisted of several closely-spaced
transects with more than one transect often within 30 m of a CPT.
6.2.6 Model Application
Using the acquired site-specific data described above, lateral spreading predictions were
computed using the methods described by Zhang et al. (2004) and Youd et al. (2002) and
compared with field measurements. As the post-February field measurements inevitably
included effects of the 4 September 2010 and 22 February 2011 earthquakes, model predictions
were computed for each of these events and added together in order to more accurately compare
with the post-February ground survey data. As this cumulative approach obviously introduced
additional error associated with cumulative effects of multiple events, the chapter focuses on
the results from the September earthquake only and briefly presents the post February data for
comparative purposes.
The results of the comparisons are presented using different symbols corresponding to the
general locations surveyed (Avon River, Heathcote River, South Kaiapoi, and Spencerville).
Recall from Chapter 5, that various modes of failure regarding the distribution of displacement
with distance from the free-face were identified in the ground survey data. These included a
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more typical distributed failure along the Avon River; block-type failure in South Kaiapoi and
Spencerville; and small to negligible movement along the Heathcote River where significantly
different soil conditions were encountered (Figure 6-3). Separating the areas according to
location inherently separates the distributed and block failures.
6.3

Lateral Spreading Predictions Using Zhang et al. (2004) Method

6.3.1 Zhang et al. (2004) Model
The Zhang et al. (2004) semi-empirical model was introduced in Chapter 2 and is one of the
most commonly used methods in current practice for predicting lateral displacements as it can
be easily applied to CPT or SPT data. As stated previously, this analysis used the CPT—based
approach. The model was based on the assumption that lateral spreading results from an
accumulation of residual shear strains within the liquefied layer. There are three factors
controlling these residual shear strains: the maximum cyclic shear strain (γmax) within the layer;
the thickness of the layer; and biased in-situ static shear stress induced by the ground slope,
free-face, or distance from the waterway (Zhang, 2001). Recall from Chapter 2, laboratory
testing has shown maximum cyclic shear strains for sands of different relative densities to be a
function of factor of safety against liquefaction triggering (Ishihara, 1993). Zhang et al. (2004)
modified these relationships (based on Ishihara and Yoshimine (1992)) by accounting for the
dilative response of sand at large shear strains which would limit the maximum cyclic shear
strains by some maximum value, as proposed by Seed (1979). By combining these two datasets,
Zhang et al. (2004) proposed the relationship shown in Figure 6-6 for calculating maximum
cyclic shear strains as a function of factor of safety against liquefaction triggering (FS) and
relative density (Dr).
Zhang et al. (2004) recommended calculating FS using the CPT-based methods described in
Youd et al. (2001). Equations used in this FS calculation after Youd et al. (2001) are
summarized in Table 6-3. The relative density was calculated using the normalized tip
resistance (qc1N) – relative density (Dr) relationship provided by Tatsuoka et al. (1990) shown
in equation (6. 1), as recommended by Zhang et al. (2004) in CPT-based analysis.

263

Figure 6-6. Relationship between factor of safety and maximum cyclic shear strain for various
relative densities of clean sand provided in Zhang et al. (2004)
  85  76

ଵே 

(6. 1)

Note that the relationship provided in Figure 6-6 was based on laboratory test data of clean
sands and the effects of grain size characteristics must be considered when extracting these
relationships to soils containing fines. In order to account for the effect of grain size
characteristics on the relationship provided in Figure 6-6, Zhang et al. (2004) recommended
using the same approach applied in the factor of safety calculation, assuming the effects of
fines content on lateral displacements to be similar to their effect on liquefaction triggering.
The model therefore recommended the equivalent clean sand resistance, qc1N-cs (defined in
Table 6-3) be used in place of qc1N when calculating relative density (equation (6. 1)).
Zhang et al. (2004) integrated the calculated maxim cyclic shear strain values throughout the
depth of the soil profile to yield a lateral displacement index, LDI, as seen in equation (6. 2).
Zmax corresponds to the maximum depth below all potential liquefiable layers with a calculated
FS less than 2. Depths greater than 23 m were not considered in the model application, as this
is beyond the range of applicability of the Youd et al. (2001) factor of safety calculation, as
noted in Zhang et al. (2004). In this analysis, CPT data typically extended to depths shallower
than 23 m and thus, Zmax generally corresponded to the maximum depth of the CPT (though
the 23 m limit was applied appropriately).
ೌೣ

  



௫ 

(6. 2)
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Table 6-3. Equations used in FS calculation against liquefaction per Youd et al. (2001)
Variable



௪

Definition

Calculation

factor of safety against
liquefaction
magnitude scaling
factor
earthquake magnitude

 = (.ହ⁄) ∗  ∗ ఙ ∗ ఈ

ఙ

effective overburden
correction factor

ఈ

correction factor for
sloping ground 1

.ହ

cyclic resistance ratio
normalized to ௪ 7.5

(ଵே )௦

equivalent clean sand
resistance normalized
to ~ 100 kPa



grain characteristic
correction factor



soil behavior type
index
normalized cone
resistance

Q


normalizing factor



stress exponent


ଵே

௫ ⁄
௩ ,

′௩
ௗ

 = 10ଶ.ଶସ ⁄௪ ଶ.ହ

௪ = 7.1 (4 

2010); ௪ = 6.2 (22  2011)
ఙ = ( ᇱ ௩ ⁄  )(ିଵ)
where ᇱ ௩ = vertical effective stress;  = atmospheric pressure
(101.3 kPa); and
 = 0.8   ≤ 50% ;  = 0.7  50% ≤  ≤ 70%;
 = 0.6   > 70%
ఈ = 1

.ହ

(ଵே )௦ =  × ଵே
 = 1.0   ≤ 1.64
 = −0.4031 ×  + 5.581 ×  ଷ − 21.63 ×  ଶ + 33.75 × 
− 17.88   > 1.64
ସ

 = [3.47 − ଶ +1.22 + ଶ ].ହ
=(

 −



௩

) × 

 = ( Ϭᇱ ) ≤ 1.7
௩
   = 1:   > 2.6,  = 1 ( ! ! "")
"    = 0.5:   < 2.6,
 = 0.5 " #! ""
"  = 0.7  $ #  
௦
=
 × 100%
( − ௩ )

normalized friction
ratio
stress-corrected tip
resistance normalized
to 1atm

ଵே =  ×  /
 = 0.65 × ௫ ⁄ × 

cyclic stress ratio
peak ground acceleration
(PGA/g)
total vertical and
effective stresses
stress reduction
coefficient

(ଵே )௦
 + 0.05
 (ଵே )௦ < 50
1000
ଷ
(ଵே )௦
= 93 
 + 0.08
 50 ≤ (ଵே )௦ < 160
1000

.ହ = 0.833 


௩ ⁄

′௩  ×

ௗ

as tabulated in Chapter 4 for suburbs/sites investigated
calculated assuming a unit weight = 19 kN/m3 and the event-specific GW
depth
ௗ

=

(1 − 0.4113 × .ହ + 0.04052 × + 0.001753 × ଵ.ହ )
(1 − 0.4177 × .ହ + 0.5729 × − 0.006205 × ଵ.ହ + 0.001210 ×

ଶ)

1

Kα = 1 given the generally mild sloping ground in the majority of areas investigated and also common of
lateral spreading analyses (Idriss & Boulanger, 2008)
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Though the units of LDI are in meters, this value is not a predicted lateral displacement. The
LDI parameter captures the effects of maximum cyclic shear strains and the thickness of the
liquefied layer on residual shear strains, but it fails to consider the effects of in-situ static shear
stresses. Zhang et al. (2004) turned to empirical data to develop a relationship which considers
these topographic and site geometry effects as a function of LDI.
13 lateral spreading case histories from large seismic events (Mw 6.4 – 9.2) in Japan, US, and
one site in the Philippines from the 1990 Luzon Earthquake were selected for the empirical
analysis (Zhang et al., 2004). PGA at the sites considered were estimated to range from 0.19 –
0.6 g and thicknesses of liquefied soil at these sites were estimated to range from 0 – 8.8 m, as
summarized in Zhang et al. (2004). The majority of estimated field displacements were based
on measurements from aerial photogrammetry or offsets from dislocated engineering
structures.
The data was divided into three categories based on site topography and geometry: (1) gently
sloping ground without a free-face, where ground slopes ranged from +0.2 to +7.5%; (2) nearly
level ground with a free-face, where free-face heights ranged from 1.9 m to up 17.2 m; and (3)
gently sloping ground with a free-face, with average ground slopes ranging from - 0.5 to +1.5%,
and estimated free - face heights of 1.6 – 5.2 m. A free-face ratio (L/H) was developed to
normalize the distance from the waterway (L) by the height of the free-face (H). Given the
concentration of lateral spreading proximate to the streams and rivers of Christchurch and
surrounding suburbs and the relatively gently sloping ground conditions typical of the areas
investigated, this chapter will focus on the results from the latter two cases (sites with a freeface).
Measured lateral displacements (LD) from sites with a free-face were normalized by the
calculated LDI parameter estimated from SPT or CPT data and plotted with respect to the freeface ratio. An initial relationship was derived using only the data with a free-face and relatively
level ground and is shown by the solid line in Figure 6-7 (Zhang et al. 2004). It should be noted
that this relationship was based on data from 80 sites, only 7 of which were derived from CPT
data. The results from the gently-sloping ground with a free-face cases (open symbols) were
then considered and typically plotted within the scatter from the relatively level ground
conditions with a free-face. LDI for these locations were also predominantly SPT-based, with
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CPT data considered at only 12/31 locations considered. The relationship developed for the
relatively level ground case was adopted for both conditions and is provided in equation (6. 3).
 ି.଼
 = 6 ∗  
∗ 




4 < / < 40

(6. 3)

Zhang et al. (2004) recommended using the proposed relationship (equation (6. 3)) for
predicting lateral displacements for free-face conditions with level or gently-sloping ground
within a factor of two (typical accuracy of most empirical models). In addition, the model
warranted caution when applying the equation to sites with ground slopes (S) greater than 0.5%
as these case history sites (S = 0.7 – 1.5%) plotted near the upper limit (2x) of the scatter. The
model limited the application of equation (6. 3) to free-face ratios between 4 and 40, based on
the ranges considered in the case histories.

Figure 6-7. Results from Zhang et al. (2004) plotting the ratio of LD and LDI versus L/H for
relatively level ground sites with a free-face (solid symbols) and gently-sloping ground sites with a
free-face (open symbols)

6.3.2 Determination of Input Parameters
Lateral Displacement Index, LDI
LDI was computed per the CPT-based model recommendations described above using the
liquefaction triggering analysis of Youd et al. (2001); the qc1N – Dr correlation from Tatsuoka
et al. (1990) (where qc1N = qc1N-cs as recommended by the model); and the maximum cyclic shear
strain relationships defined in Zhang et al. (2004) (based on FS and Dr). Site-specific PGA and
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earthquake magnitude (Mw), previously discussed in Section 6.2.2, were used in the
liquefaction triggering analysis, as well as event-specific depths to groundwater estimated at
each CPT location, discussed in Section 6.2.4. An example analysis considering the September
earthquake (Mw 7.1) for CPT_118 located near transect aslp1 along the Avonside Loop of the
Avon River (PGA = 0.2 g) is shown in Figure 6-8. The figure illustrates the various parameters
used in the computation of LDI (and subsequent calculation of LD) and the depth to
groundwater table, indicated with the blue solid line at a depth of 1 m in the example provided.
Similar plots are provided in Appendix F for each CPT considered in the analysis.

Figure 6-8. Example of LDI calculation for CPT_118 considering Mw 7.1, PGA = 0.2 g

Free-face Ratio, L/H
The height of the free-face, H, was taken as the channel height computed at the relevant transect
location and used in conjunction with the previously defined L parameter, as discussed in
(Section 6.2.1). While a rigorous analysis would only consider L/H ratios within the model
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recommended range of 4 – 40, sites with L/H values less than 4 (i.e. close to the free-face)
were still considered as part of this analysis and were assigned a default value of 4. While this
resulted in a lower prediction of lateral displacement, the default value was employed to avoid
erroneously large predictions. These sites (with actual L/H < 4) were noted appropriately in the
results. Given the range of channel heights at the sites considered in the analysis (1.9 – 4.5 m
as presented in Figure 6-2), limiting the free-face ratios to less than about 40 corresponded to
distances within about 80 – 180 m of the waterway which by and large covered the distances
affected by spreading in the 2010-2011 Canterbury Earthquakes at the locations considered in
the analysis.
6.3.3 Comparison of Field Measurements with Zhang et al. (2004) Model Predictions
Using the appropriate input parameters defined above, lateral displacements corresponding to
the 4 September 2010 earthquake were computed and plotted against the measured field
displacements (referred to as the “September analysis”). Inevitably, field measurements taken
after the February earthquake are a reflection of cumulative displacements from both events.
To compare model predictions with these cumulative field measurements, the predicted lateral
displacement (LD) was first calculated for the 4 September 2010 (Mw 7.1) earthquake and again
for the 22 February 2011 (Mw 6.2) event. The two LD values were added together to yield a
cumulative predicted displacement for comparison purposes (referred to as the “cumulative
analysis”) in the case of the February event.
The results within each analysis were plotted by general location including the Avon River
(circle symbol), Heathcote River (triangle symbol), Spencerville, (square symbol) and South
Kaiapoi (diamond symbol). The uncertainty with field measurements discussed previously
(typically accounting for large cracks within +/-10 m of L) was presented in the results using
horizontal error bars.
2-to-1 and 0.5-to-1 relationships are plotted with the results to represent the expected accuracy
of the model (factor of two). The smaller, yellow-filled symbols used in the plots represent
CPTs located close to the waterway with actual free-face ratios less than 4 (outside the
recommended bounds) that were calculated using a default minimal value of 4.
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The results of the September analysis, which considered 31 sites, are provided in Figure 6-9.
In general, the model showed an expected level of agreement (within a factor of two) at slightly
less than half of the sites when considering field displacements greater than 0.3 m and either
over-predicted or under predicted field observations at the remaining displacements.

Figure 6-9. Field measurements versus predicted displacements using the empirical model developed
by Zhang et al. (2004) for the 4 Sept 2010 earthquake

Considering locations along the Avon River (red circle symbol), the model predictions were
within the factor of two expectancy at only two locations while considerably over-estimating
field observations by more than two times at most of the remaining sites. Sites which exhibited
less than 0.3 m field displacement generally corresponded to predicted values of less than about
0.5 m (with one exception) showing some consistency at these smaller displacement locations.
Interestingly, sites located close to the free-face which were computed using the lower bound
free-face ratio of 4 (yellow fill) over-predicted field measurements by more than two times
(and about two times at one location) even with the default value of 4; consideration of the
actual free-face ratio would have resulted in even a larger over-prediction.
The computed displacements in Spencerville (blue square symbol) compared reasonably well
with three data points plotting approximately 1-to-1; two locations with 0.5 times that
observed; and the remaining indicating small movements (< 0.2 m) consistent with field
observations. The relatively consistent results may be due to the relatively short distance
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between points of measurement, given the closely spaced CPTs and field measurements in this
area (Figure 6-1). In addition, field displacements in this area were relatively uniform in terms
of magnitude and distribution patterns (discussed in Chapter 5) and the CPT data considered
showed similar subsurface profiles. This combination likely influenced the consistency among
locations considered. The displacements in this area exhibited a block-type movement with
cracks concentrated 30 – 50 m from the bank, resulting in uniform large displacements at
distances less than 30 – 50 m which may have led to the underestimation from model
predictions at two of the sites considered.
Results from the analysis in South Kaiapoi (along transect kps5) indicated underestimation
(about 0.5 times the observed displacement) at two locations. The block-type failure in this
area resulted in large displacements occurring at significant distances (100 - 200 m) from the
bank, where the model would expect small movements and may have been the cause with this
under-prediction. One location in South Kaiapoi showed excellent agreement with field
measurements and was located within 25 m of the free-face.
The small measurements observed along the Heathcote River were generally consistent with
model predictions. As indicated in Figure 6-3, the subsurface conditions at these sites were
significantly different from the above locations, with relatively no liquefiable layer
encountered in the representative CPT shown in the figure. Thus, despite larger PGA values in
this area, the lack of liquefiable material resulted in negligible maximum cyclic shear strains
and consequently small predictions, which were consistent with the minimal spreading
observed in the field.
6.3.4 Uncertainties in Model Application
There are several reasons that may contributed to the disagreements between measured and
predicted displacements from the Zhang et al. (2004) model exhibited in Figure 6-9. For
example, variability in site conditions from the point of exploration (the analysis considered
CPTs up to 30 m away from transects where spreading displacements were measured) as well
as possible errors associated with the ground survey method used in the field (discussed in
Chapter 4) are factors independent of model input. In addition, each input parameter of the
Zhang et al. (2004) model was associated with some level of uncertainty, discussed below.
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The effects of topography are translated in the Zhang et al. (2004) model using the free-face
ratio, L/H as previously discussed. Computation of L determined in GIS with the ruler function
may vary typically +/- about 3 m. Similarly, the channel height determined at each transect
location from high quality elevation data from LiDAR (post event) and surveyed cross-section
data may vary on the order of +/- 0.3 m based on review of datasets involved, as discussed in
Chapter 4.
Uncertainty in the site-specific determination of PGA for each event is detailed in Bradley and
Hughes (2012a). The many variables affecting determination of ground accelerations at the
surface are beyond the scope of this analysis. In addition, the data used for analysis are assumed
to be fairly reliable given the fortuity of a large number of ground motion stations throughout
Christchurch and the site-specific model developed by Bradley and Hughes (2012).
An important factor in all liquefaction analysis, including the computation of LDI, is the
location of the groundwater table. Despite the fortuity of the high-quality ground water models
(CGD, 2014a) used in the analysis, uncertainty at interpolated CPT locations is inevitable. Van
Ballegooy et al. (2014) suggested a seasonal fluctuation of the groundwater table of up to about
0.5 m for the eastern areas of Christchurch. Considering a fluctuation of +/- 0.5 m, LDI values
corresponding the September earthquake were computed at the locations considered in the
analysis to gain an understanding of this effect predicted displacements. The results are
presented in Figure 6-10 and indicate the groundwater fluctuation has a larger effect (about +/two times) on LDI when LDI is small (< 0.2 m), and a decreasing effect on LDI as LDI increases
(near negligible effect for LDI > 1.5).

Figure 6-10. LDI values for the 4 Sep 2010 earthquake considering +/- 0.5 m groundwater fluctuation
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In addition to these parameter uncertainties, the results from comparisons along the Avon River
presented in Figure 6-9 (red circle symbols) indicated a clear bias towards over-prediction of
computed displacements (by more than two times) at most of the locations considered along
the Avon River. There are several factors that may have caused this outcome:
•

The influence of weak liquefiable layers located deep within the soil profile,
contributing to LDI but possibly too deep to physically contribute to lateral
displacements at the ground surface. An additional analysis which limits LDI to a depth
of two times the channel height is provided later in this chapter to investigate this
potential source of bias. The results showed a slight improvement in model agreement
at some locations, particularly at small field displacement sites, and negligible changes
at the majority of sites.

•

As described in Chapter 4, cracks may have been filled, covered, or repaired by the time
of the ground survey resulting in a possible under-representation of ground
displacements in the field data. However, given the rigorous scrutiny of field
measurements with respect to alternative datasets and the out-ruling of questionable
field measurements, it is unlikely for this to be a significant cause of the model bias.

•

The majority of case histories used in the derivation of the Zhang et al. (2004) model
for free-face conditions considered SPT data, with only a few locations (19/111) using
CPT-based calculations of LDI. Given the continuous nature of the CPT, CPT-based
calculations of LDI may result in higher values of LDI than that SPT-based calculation
at a given site. This bias would then be reflected by a lower LD/LDI ratios used in the
model derivation (Figure 6-7) and lend toward over-prediction when CPT-based
methods are applied.

•

The model warranted caution when applying the equation to free-face sites with ground
slopes between 0.5 to 1.5% and did not consider sites with slopes greater than 1.5%. As
suggested in Figure 6-2, sites with ground slopes of up to 2.1% were considered in the
analysis and may have led to these higher estimates. However, scrutiny of the majority
of sites over-predicted by the model in Figure 6-9 showed ground slopes typically
ranging from -0.3 – 0.8% indicating this was likely not a factor in the observed overpredictions.

6.3.5 Model Sensitivity
Given the uncertainty described above for the various parameters used in calculating predicted
displacements from the Zhang et al. (2004) model, a sensitivity analysis was performed for a
specific location in Avondale (Avon River) considering CPT_37 and the adjacent transect
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avd1, shown in Figure 6-11, where the results from the September analysis showed the model
significantly over-predicting the field displacement, estimated to be about 0.4 m. The
uncertainties described above were applied in the analysis to determine whether the observed
over prediction was attributed to these potential sources of error.

Figure 6-11. Location plan of transects in Avondale and nearby CPT data

CPT_37 is located approximately 15 m from the river, and the estimated channel height is 3.5
m at this location (L/H = 4.3). The computed LDI value determined from CPT_37 considering
the September (Mw 7.1) earthquake (using a PGA of 0.18 (g) and a depth to groundwater of 1.4
m) resulted in a value of about 1.2 m. The uncertainty ranges for the parameters investigated
consisted of varying free-face ratios (L/H) from 4 to 5.5 based on (1) the combined error in
estimating channel heights (H estimated to vary within +/-0.3 m) and distance to the free-face
(changing L +/-3 m) and (2) the recommendations of the model resulting in a limiting value of
4 (4 < L/H < 40). The LDI parameter was varied between 1 and 1.3 m based on changes in
groundwater levels of +/-0.5 m (due to seasonal fluctuations discussed above). However, it
should be noted that given the negligible difference between estimated depths to groundwater
corresponding to the 4 September 2010 and 22 February 2011 (Figure 6-4), a fluctuation of +/0.5 m is likely conservative for this analysis.
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The sensitivity of predicted displacements was assessed by varying a one input parameter over
its range of values considered while holding the remaining parameter constant (at the original
input value). The results are presented as a tornado chart in Figure 6-12 which shows the
variability in predicted displacement and field observations (associated changes in field
displacements at L +/-10 m are shown with red shading).

Figure 6-12. Sensitivity analysis of parameter uncertainty used to compute Zhang et al. (2004) lateral
displacements for 4 Sep 2010 earthquake

The results indicated varying L/H from 4 to 5.5 (a change of about 35%) led to a decrease in
predicted displacement of about 0.5 m (about 23% of the initial prediction). The relatively
small change in predicted displacements (23%) suggested that the uncertainty associated with
the L and H parameters discussed above were likely not the cause of the significant overprediction at the site, with the lower bound prediction still over-estimating the observed
displacements by more than two times. In addition, given that the uncertainty associated with
L and H for this analysis is absolute, the effect of this uncertainty on predicted displacements
decreases as distance from the bank increases (and L/H ratios become large). For example, if
the site was located 30 m from the bank and same +3 m and -0.3 m change in L and H were
applied, the resulting displacement would decrease by about 12%, compared with the ~18%
decrease shown in Figure 6-12.
The uncertainty associated with LDI is directly related to the lateral displacement given the
form of equation (6. 3). Thus, the fluctuation in LDI of about 27% based on a change in the
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groundwater table of +/-0.5 m, resulted in the same percentage change in predicted
displacement, or about +0.2/-0.4 m. Recall from Figure 6-10 that sensitivity of LDI to +/0.5 m
fluctuations in the groundwater table was inversely proportional to the value of LDI (about a
factor of 2 for LDI < 0.2 m). Thus, while higher fluctuations LDI might be expected for small
values of LDI, the predicted displacements associated with such small values of LDI would be
small and thus an associated factor of two uncertainty would still yield a relatively small value
of predicted displacement. For example, if and LDI value of 0.2 m was applied, the resulting
displacement would be about 0.2 m and a consideration of +200/-50 % would result in a
predicted displacement range of about 0.1 – 0.3 m.
It should be noted that, in reality, the uncertainty associated with the LDI calculation is not
strictly limited to the groundwater fluctuation. For example, the extensive set of equations
listed in Table 6-3 to compute factor of safety against liquefaction incorporates a number of
parameters, each with their own uncertainties. In addition, the application of equation (6. 1) to
compute relative density via 

ଵே ௦

inevitably introduces additional error into the calculation

of maximum shear strain, which in turn has its own deviations from the relationships provided
in Figure 6-6. These uncertainties associated with the methods provided in Zhang et al. (2004)
for computing lateral displacements are acknowledged but are considered outside the realm of
the relatively simple sensitivity analysis presented herein.
6.3.6 Cumulative Displacements Caused by September and February Earthquakes
A less rigorous comparison considered the post February field measurements and the combined
predictions from the September and February earthquakes. Cumulative predictions were
compared with field displacements at 40 sites, as shown in Figure 6-13, and indicated a large
over-prediction (more than two times) from the model at nearly all locations. The majority of
locations considered were located along the Avon River, where the previous observations from
the September analysis indicated over prediction from the Zhang et al. (2004) model at most
locations. Thus, it was not surprising to see this bias more than twice the over-prediction
observed in Figure 6-9. The cumulative analysis also showed this over-prediction extending to
sites with relatively small field displacements (< 0.3 m), where cumulative model predictions
yielded values over 0.5 m at nearly 40% of the “small” field sites.
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Figure 6-13. Field measurements versus predicted displacements per Zhang et al. (2004) for the
cumulative effects of the 4 September 2010 and 22 February 2011 earthquakes

The increased deviation between prediction and observed displacements likely resulted from
cumulative errors in model predictions. A plot comparing lateral displacement indices (LDI)
for the September versus February earthquakes is provided in Figure 6-14(a). Since predicted
displacements are directly correlated with LDI, the comparison gives an idea of model
predictions for each event (not cumulative). Similarly net maximum displacements, i.e.
maximum displacement induced by the February earthquake alone (post September Ug_max
subtracted from post February Ug_max) were compared with September maximum
displacements at the 19 repeat transect locations discussed in Chapter 5 (Figure 5-31). The data
is presented in Figure 6-14(b). It should be noted that these are maximum displacements at the
bank (L = 0) and not the values used in the analysis (taken at a given L).
The February LDI values were higher, more than two times at over half of the locations
considered. The higher seismic demand associated with the February 2011 earthquake in
Christchurch resulted in lower factors of safety against liquefaction triggering in this event and
consequently higher LDI values. However, a very different trend was observed at the repeat
transect locations when considering net displacements associated with the February earthquake
alone. Figure 6-14(b) suggested the February field measurements ranged from less than half to
about two times that measured in the post September ground survey. Given this clear difference
between predictions and observations associated with the February earthquake, as well as the
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obvious uncertainties associated with a cumulative analysis, the poor agreement between
predictions and field data presented in Figure 6-13 was not unexpected.

(a)

(b)
Figure 6-14. Lateral displacement indices (LDI) computed for the September and February
earthquakes

6.4

Scrutiny of Predicted Displacements from Youd et al. (2002)

6.4.1 Youd et al. (2002) Model
Another common method used in current practice to estimate lateral spreading displacements
for a given seismic event is that described in Youd et al. (2002). The empirical model evolved
from regression analysis on documented field measurements of lateral spreading following
earthquakes in the U.S. and Japan. Regression parameters considered were related to the
ground motion (via. earthquake magnitude and source-to-site distance parameters), topography
(i.e. free-face or sloping ground cases), and geotechnical properties (thickness of potential
liquefied layer and intrinsic soil gradation characteristics). As mentioned in the Zhang et al.
(2004) analysis, the free-face form of the equation is more applicable to the locations
investigated throughout Christchurch and surrounding suburbs given the presence of the
adjacent river channel/stream serving as the free-face and relatively gently sloping (generally
less than about 1 to 2%) ground conditions. The functional form of the equation developed for
free-face conditions is provided in equation (6. 4) after Youd et al. (2002) with parameters
defined in Table 6-4.
  = −16.713 + 1.532௪ − 1.406 ∗ − 0.012 + 0.592
+ 3.413 100 − ଵହ  − 0.795(50ଵହ + 0.1
)

+ 0.54

ଵହ

(6. 4)
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Table 6-4. Definition of parameters used in Youd et al. (2002) free-face equation


lateral spreading displacement (m)

௪

earthquake magnitude
horizontal distance to the nearest seismic source or fault rupture
(km)

∗

ℎ



=

+

= 10


ሺ.଼ଽெೢ ିହ.ସሻ

= / ∗ 100

modified source distance
free-face ratio, where H is the height of free-face and L is the
distance from the crest of the free-face (1% < W < 20%)

ଵହ

thickness (m) of saturated, cohesionless sediment with SPT
(N1)60<15

ଵହ

average fines content, FC, (%) within T15

50ଵହ

median grain size, D50 (mm) within T15

6.4.2 Development of geotechnical model parameters F15 and D5015
In addition to the geotechnical data acquired in the vicinity of transect locations (section 6.2.3),
abundant CPT and SPT borehole (BH) data was collated from sites along the Avon River
(CGD, 2014b) to develop relationships for estimating the required Youd et al. (2002) model
parameters, specifically F15 and D5015, from CPT data. As discussed previously, there is
relatively limited borehole (with SPT) data in close proximity (<50 m) to the majority of
surveyed locations, and even fewer boreholes providing D50 and FC data needed for the model
input. As a result, an attempt has been made to establish correlations for FC and D50 from
boreholes with SPT and the soil behaviour type index, Ic, obtained from CPT test results (Youd
et al., 2001). In principle, this approach is not recommended because Ic, a measure of soil
behaviour type, is not a direct means of determining grain size characteristics and fines content.
However, due to the current scarcity of available soil gradation data at individual sites where
lateral spreading occurred in addition to other advantages of CPT versus SPT data previously
discussed, the CPT data serves as the best resource to quantify the F15 and D5015 Youd et al.
(2002) model parameters for this analysis. In what follows, the development of a site-specific
Ic-FC relationship along the Avon River is presented.
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Developed Ic - FC Correlation along the Avon River
Available data on the CGD (CGD, 2014b) for sites located between Hagley Park in central
Christchurch and the estuary in the east of the city; and within 300 m of the Avon River were
used. The collated data was limited to boreholes with available soil gradation information (fines
fraction and/or particle size distribution curve) and located within 5 meters of a CPT, which
totalled 61 sites shown in Figure 6-15.

Figure 6-15. Location plan of collated SPT and CPT data for analysis

A relationship between soil behaviour type index, Ic (calculated using the equations provided
in Table 6-3), and fines content, FC, specific to the soils subject to lateral spreading along the
Avon River was developed from the available CPT and nearby boreholes with soil gradation
data in the upper 15 m. A simplified soil profile was developed based on interpretation of CPT
tip resistance, qc, and computed soil behaviour type, Ic, in order to obtain approximate Ic values
at depths corresponding to the soil gradation data in adjacent boreholes. The interpreted strata
were compared to the borehole (BH) logs to ensure consistency in the soil description for the
sample and corresponding Ic values. The elevation of BH and CPT were noted and the sampling
depths/ Ic values adjusted accordingly to ensure comparisons at equivalent depths. An example
of the data used to obtain these correlations is provided in Figure 6-16. The sample locations
indicated on the right of the CPT log were adjusted for elevation differences accordingly.
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Figure 6-16. Example of borehole and CPT data used in correlation of grain size parameters and Ic
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Similar summaries for each of the datasets considered (BH, CPT and grain size data) are provided
in Appendix E.
Figure 6-17 presents the site-specific relationship developed between Ic and FC. The Ic value
within an interpreted soil layer typically varied on the order of +/- 0.1, as represented by the
horizontal error bars in the plot. Samples located near a strata or lens that may have affected Ic or
FC were excluded from the analysis but are plotted with grey symbols in Figure 6-17. Strata that
exhibited significant variation in Ic (typically > +/-0.3), e.g. at a transition zone between two layers,
were not considered. Similar relationships are provided in Robinson et al. (2013a; 2013b) which
have been further scrutinized and updated to the relationships presented herein.

Figure 6-17. Correlation between FC and Ic for Christchurch soils in comparison to the general
relationship of Robertson and Wride (1998) and Boulanger and Idriss (2014)

To develop a parametric relationship between Ic and FC, two distinct zones of data were
considered, as delineated by FC = 30%. Previous research shows the soil-skeleton behavior of
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sand transitions from a sand-controlled matrix to that of fines-controlled matrix at a threshold fines
content of around 30% (20% to 40%), e.g. (Cubrinovski & Ishihara, 2002; Cubrinovski, Rees, et
al., 2010a). Similarly, the selected zone boundary is consistent with liquefaction resistance curves
adjusted for fines up to 35%, e.g. (Youd et al., 2001). When compared to the general empirical
correlation proposed by Robertson and Wride (1998), the Christchurch data for FC > 30%
generally fits with the Robertson and Wride bound for low-plasticity soils (PI < 5%) as expected
given the non-plastic nature of the fluvial silty sands prevalent in Christchurch. Boulanger and
Idriss (2014) have recently proposed an Ic - FC relationship that correlates well with the
Christchurch data presented within, as shown in Figure 6-17 (green line). In addition, the data for
FC > 30% is typically bounded by the soil-type behavior line defined by Robertson and Wride
(1998) of Ic = 2.05. Figure 6-17 provides a relationship to approximate FC from CPT-derived Ic
(for Ic > 2.05); +/- sigma (where sigma = 15%) should be considered when employing this
relationship given the relatively large amount of uncertainty (R2 = 0.54).
A larger degree of scatter associated with the FC < 30% data indicates no apparent trend,
illustrating decreasing effects of fines on Ic for soils with low fines content. Due to the lack of Ic FC correlation for soils with FC < 30%, an average fines content of 7% (+/- one sigma where
sigma = 6%) has been adopted in the Youd et al. (2002) model analyses when Ic < 2.05. The two
equations used for this analysis to define FC from Ic are presented below, though a discontinuity
in these relationships should be acknowledged for their general application.
  > 2.05
  < 2.05

 = 67 ∗  − 106 +/−
 = 7 (+/− ) (%)

%

ℎ 

= 15%

(6. 5)

ℎ 

=6%

(6. 6)

Estimation of median grain size D50
To estimate the D5015 parameter for the Youd et al. (2002) model, trends between D50, Ic, and FC
were examined using the same data discussed in the last section. Figure 6-18 illustrates the weak
correlation between D50 and Ic. Given the small number of data points corresponding to FC > 30%
(due to poor confidence in Ic for these data), a best-fit line was calculated for all data provided in
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Figure 6-18, i.e. regardless of fines content. The relationship is provided in the figure and was
associated with an R2 value of 0.42, not surprising given the scatter in the plot.

Figure 6-18. Relationship for Christchurch soils between D50 and Ic

However, the site-specific grain size data presented in Figure 6-19 indicated a stronger correlation
exists between FC and D50, particularly for soils with FC > 30%. The relationship provided in
Figure 6-19 may be used for estimating D50 for a given FC (for FC > 30%). In general, for sandy
soils with FC < 30%, D50 approximately ranges between 0.08 - 0.3 mm (+/- sigma) with an
average value of about 0.19 mm. While a slight correlation with D50 for FC < 30% was observed
(with considerable scatter), the use of the mean value was applied for simplicity in the analysis.
Thus, the analysis will consider the F15 value from the CPT-based correlations in Figure 6-17 to
determine a corresponding D5015 parameter using the equation in Figure 6-19 for F15 > 30% or an
average value of 0.19 mm for F15 < 30%. The cumulative uncertainty associated with using F15 to
determine D5015 is noted and further illustrates that actual grain size data at the site is strongly
preferred over these CPT-based relationships.

284

Figure 6-19. Relationship for Christchurch soils between D50 and FC

While the use of the poor CPT-based correlation presented in Figure 6-18 (Ic - D50) would reduce
the double uncertainty associated with using F15 to determine D5015, the site-specific, physical
nature of the grain size data presented in Figure 6-19 (FC - D50) was considered more appropriate
for this analysis. In addition, the large uncertainty associated with the Ic - FC relationship presented
in Figure 6-17 was assumed to overshadow the double uncertainty in using the FC - D50
correlation. The significance of the variability within these applied correlations is assessed in a
subsequent section regarding uncertainty in model application which also investigates an
alternative approach utilizing the Ic – D50 relationship to compute the D5015 parameter.
6.4.3 Determination of Youd et al. (2002) input parameters for analysis
Given the site-specific correlations defined above for evaluating the grain size parameters FC and
D50 from CPT data, the model was applied to the selected locations of field measurements
discussed in Section 6.2. Using the geotechnical, seismic, and topographic data collated at these
locations, the necessary Youd et al. (2002) input parameters were determined as described in the
following subsections.
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Geotechnical Parameters T15, F15, and D5015
The T15 parameter is defined by Youd et al. (2002) as pertaining to saturated, cohesionless material
with corrected, normalised SPT blow count, (N1)60, < 15. In order to compute T15 using CPT data,
an equivalent threshold of normalized tip resistance, qc1 < 8 MPa, was used, based on a qc/N
(MPa/blows per 300 mm) ratio provided by Jeffries and Davies (1993) of about 0.5 for medium
sand (D50 ~ 0.2 mm). Normalized tip resistance values were computed using the normalizing
factor Cq defined in Table 6-3 (qc1 = Cq * qc).
To satisfy the “saturated, cohesionless” conditions, material with an  > 2.6 (indicative of plastic,
fine-grained soil response, typically of low susceptibility to liquefaction), or above the
groundwater table, were not considered to contribute to T15. This interpretation of T15 is consistent
with previous comparisons of the Youd et al. (2002) model using CPT data; e.g. Chu et al. (2006).
The event-specific depth to groundwater was determined at each of the CPT locations as described
in Section 6.2.4. A maximum depth of 20 m was considered for computation based on the depth
considered by Youd et al. (2002) during model development, though a majority of CPTs
considered for analysis were terminated at shallower depths as noted previously. CPTs terminated
above about 4m were not considered.
Using the grain-size relationships described previously, the F15 and D5015 parameters were
estimated using the following approach: equation (6. 5) presented in Figure 6-17 was used to
compute FC for each Ic > 2.05 value within T15. For Ic < 2.05 within T15, an average value of FC
= 7% was adopted (equation (6. 6)). The continuous nature of the CPT allows for estimations FC
estimations throughout the depth of the profile (or at the spacing of CPT readings, typically every
10 cm) using the relationships defined herein F15. Averaging the FC values for layers contributing
to T15 yielded the F15 parameter, defined as the average fines content within T15. Upper and lower
bounds for F15 were considered by repeating the calculation with respect to +/- one sigma bound
(Figure 6-17). The F15 value was then used to determine the appropriate D5015 value, either
computed from the equation in Figure 6-19 for F15 > 30%, or taken as an average value of 0.19
mm for F15 < 30%. The uncertainties associated with the D50 - FC relationships are recognised
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and discussed further in the subsequent sensitivity analysis. Histograms of input parameters T15
and F15 computed from CPT locations considered in the analysis are presented in Figure 6-20.
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Figure 6-20. Histogram of computed input parameters T15 and F15 used in the analysis

Values of T15 generally ranged from less than 1 m to about 4 m, with occasionally large (> 5 m)
values occurring at some locations. Average fines content within T15 (using the derivations
provided within) were estimated to be predominantly about 15 to 35% at the majority of locations
investigated. Consideration of +/- one standard deviation in the computation of F15 typically
resulted in an increase/decrease of F15 by about 13% (on average). Mean grain size values within
T15, D5015, were estimated from the computed F15 values and generally corresponded to the
adopted 0.19 mm (as expected, given the large number of mean F15 values < 30%). Review of
empirical data used in the model derivation indicates these computed input parameters to be within
the case history database range. However, the majority of F15 values used in the model derivation
were less than 15% (Bartlett & Youd, 1992).
The location of the T15 layer within the profile was considered in terms of depth to the top and
bottom of T15 with respect to the thickness of T15, as shown in Figure 6-21. T15_top corresponded
to the depth of the first saturated, liquefiable layer with qc1 < 8 MPa. T15_bottom was taken as the
depth below which T15 < 0.2 m; the 0.2 m cut-off was employed in an attempt to avoid bias of
T15_bottom due to thin layers of weak, liquefiable material encountered at significant depths and
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contributing to T15. Note that while the top and bottom values provide general boundaries of the
weak T15 layer, T15 by definition is a cumulative thickness and therefore often represents a stratified
deposit between these bounds, as inferred by the significant gap in top (blue circle) and bottom
(red triangle) symbols for relatively small values of T15. Similarly, over 10 locations show T15
extending below 17 m depth and indicate an isolated weak layer at such depth, likely overlain by
denser material (and likely not contributing to lateral spreading but considered in the analysis as
recommended by the model definition of T15).

Figure 6-21. Estimated depth to top and bottom of T15

In most cases, the top of the layer was encountered within 3 to 4 m of the ground surface. However,
a number of locations (nearly half) show these layers (or some portion of T15) extending below 6
to 7 m depth which typically corresponds to more than two times the channel height. An
investigation into these deeper contributions to T15 is discussed in a subsequent section of this
chapter.
Free-face ratio ܹ
The free-face ratio, W, was computed from the channel height, H, estimated at each transect
location (section 6.2.1) and the distance, L, taken as the distance from the CPT to the waterway as
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previously determined in the Zhang et al. (2004) model application (section 6.3.2). The analysis
was limited to 20% > W > 1%, per the Youd et al. (2002) parameter specifications. Similar to the
determination of input parameters for the Zhang et al. (2004) model, free-face ratios larger than
20% (i.e. close to the bank) were computed with a default value of 20% in order to avoid overlyconservative displacements beyond the models limits and were noted appropriately in the results.
Free-face ratios less than 1% were not considered.
The recommended bounds of free-face ratio between 1 and 20% correspond to L/H values of 100
and 5, respectively. Recall the Zhang et al. (2004) model was limited to L/H values between 4 and
40. The slight differences in these recommended limiting values allowed for additional
comparisons with the Youd et al. (2002) model at locations further from the bank (i.e. L/H = 40 to
100) and an increase in the use of default values of the upper bound (W = 20%) at close distances
to the free-face (L/H < 5).
Seismic Parameters R and M
Site-to-source distance, R, and peak ground acceleration (PGA) values are defined at each transect
location as explained at the beginning of this chapter (section 6.2.2) and were considered
applicable to the relevant CPT locations used in the analysis. The PGA value was used in an
alternative analysis that considered an equivalent R value, Req, back-calculated from the estimated
PGA and the earthquake magnitude, using a suggested relation provided in Youd et al. (2002), as
shown in Figure 6-22. PGA values corresponding to the 4 September 2010 (Mw 7.1) earthquake
and 22 February 2011 (Mw 6.2) earthquake (used in a subsequent analysis investigating the
cumulative effects of both earthquakes) were used to estimate the respective Req values from Figure
6-22. Youd et al. (2002) recommends the use of Req for seismic regions outside the western U.S.
and Japan.
In general, PGA values corresponding to the Mw 7.1 September 2010 earthquake ranged from
about 0.18 to 0.21 (g) for locations investigated along the Avon River, which corresponded to
equivalent site-to-source distances (Req) estimated from Figure 6-22 of about 26 to 30 km. Actual
site-to-source distances (R) computed at transect locations via ground response analysis and
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seismic recording stations (Bradley & Hughes, 2012a) typically ranged from about 17 to 23 km.
The Mw 6.2 February 2011 earthquake located within a few kilometres of the city resulted in much
larger ground accelerations on the order of about 0.45 to 0.55 g at the areas investigated along the
Avon River. Estimated site-to-source distances from Bradley and Hughes (2012a) ranged from
about 4 to 5 km while derived Req values from Figure 6-22 yielded much closer site-to-source
distance values on the order of 1 km, or less. Given the limitation of Figure 6-22 for extracting Req
values less than 1 km, a Req value of 1 km (slightly un-conservative) was applied to all locations
along the Avon River in the February 2011 event analysis (despite interpretation of slightly lower
values when accelerations were greater than about 0.45 g).

Figure 6-22. Recommended relation used to compute ܴ from PGA and Mw (Youd et al. 2002)

6.4.4 Comparison of Field Measurements with Youd et al. (2002) Predictions
Lateral spreading displacements associated with the September earthquake were computed at the
33 locations identified in Section 6.2 considering two cases: (a) using R = R as site to source
distance and (b) using R = Req (determined from PGA and Mw). While the site-specific grain size
correlations developed for the analysis were based on locations along the Avon River, application
at further locations (Kaiapoi, Spencerville, and Heathcote River) may cause additional uncertainty
but were still considered applicable, given the large scatter observed within the data.
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As with the Zhang et al. (2004) analysis, the comparison considered an uncertainty in field data
typically associated with cracks located within +/-10 m of L (represented by the horizontal error
bars in the plot). Locations close to the bank computed using the default free-face ratio of 20%
(actual free-face ratios greater than 20%) were indicated with yellow fill and smaller plot symbols
in the results, similar to the yellow fill symbols used for the Zhang et al. (2004) analysis for site
with actual L/H values < 4 (computed with a default value of 4).
The uncertainty associated with determining F15 were represented by vertical error bars, i.e.
computing displacement using the upper and lower bounds of F15 and the corresponding D5015
values. It should be noted that given the form of equation (6. 4), the higher fines content (upper
bound of F15) yields a lower displacement, represented by the negative error, and vice versa.
The results of the September analysis are provided in Figure 6-23 for the (a) R=R and (b) R=Req
cases. The data was categorized by locations consistent with the previous analysis of Zhang et al.
(2004) predictions. Figure 6-23(a) which considered the R=R analysis (using actual site-to-source
distance), showed predictions along the Avon River (circle symbols) generally within a factor of
two (expected accuracy) of field observations at about half of the sites where field displacements
were greater than about 0.2 m; the remaining predictions under-estimated field observations by
more than a factor of 2. In contrast, the model typically over-estimated “small” displacements
(Avon River), where field displacements were less than about 0.2 m, with predicted values ranging
from 0.3 – 0.6 m.
For locations in Spencerville and South Kaiapoi, the model under-predicted field measurements at
nearly all locations, with predictions less than half of field measurements (considering field
measurements > 0.2 m). Recall a similar observation was made in the Zhang et al. (2004)
comparison at these locations (Figure 6-9), though more significant under-prediction is apparent
in the Youd et al. (2002) comparison. As mentioned previously, these locations were associated
with a block-type movement which may have attributed to this under-prediction. The Youd et al.
(2002) predictions at “small” displacement sites (Ug < 0.2 m) in Spencerville and along the
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Heathcote River generally agreed with field observations with estimated displacements of less than
0.2 m.

(a)

(b)
Figure 6-23. Field measurements versus predicted displacements using the empirical model developed by
Youd et al. (2002) for the 4 Sept 2010 earthquake considering (a) R=R and (b) R=Req
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Figure 6-23(b) presents the case results considering R=Req (back-calculated using recorded PGA
and earthquake magnitude). The model estimates for the larger field displacement sites (Ug > 0.2
m) significantly reduced predicted displacements and further emphasized the under-predictions
from the model. This was expected given the larger Req values associated with the September
earthquake determined in Section 6.4.3. The downward shift in predictions resulted in improved
agreement at some locations along the Avon River where field displacements were small (Ug < 0.2
m) but increased the number of under-predictions to nearly half of the sites corresponding to field
displacements greater than about 0.2 m.
The large degree of uncertainty associated with deriving the grain size parameters, F15 and D5015
can be seen by the vertical error bars in Figure 6-23(a) and (b), which typically increased in
magnitude as predictions became larger. In some cases, the consideration of +/- one sigma for
these grain size parameters resulted in a change in the predicted displacement by more than a factor
of two. Consideration of the upper bound (excluding yellow fill symbols) in the R=R analysis
(Figure 6-23(a)) indicates an increase in agreement (to within a factor of two) between predicted
and field observations at the larger displacement sites (Ug > 0.2 m) that were under-predicted using
the initial grain size parameters. However, given the relatively small values associated with the
under-predictions of the R=Req analysis (Figure 6-23(b)) and consequently smaller error bars,
consideration of the upper bound of lateral displacement estimates in this case still results in underprediction by less than half at most locations. Scrutiny into the sensitivity of the various input
parameters used in Youd et al. (2002) model are discussed in a subsequent section but the clear
influence of the grain size parameters were evident in the vertical error bars shown.
6.4.5 Uncertainties in Model Application
As with the Zhang et al. (2004) model analysis, there are several sources of uncertainty that may
contribute to the variation between predicted values and field measurements shown in Figure 6-23.
Potential sources of variability with CPT offset, field measurements, topographic parameters, and
groundwater fluctuations (discussed in Section 6.3.4) are also applicable to the Youd et al. (2002)
analysis. In addition to these uncertainties, there are obvious limitations in attempting to derive
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SPT-based parameters from CPT data. The scatter in the empirical relationships between Ic - FC
and FC – D50 used to convert CPT data into the geotechnical parameters, F15 and D5015, required
for the model, as well as the use of CPT to determine the SPT-based parameter T15, may have all
contributed to the observed disagreement.
As discussed previously, additional uncertainty may have been introduced by using the sitespecific FC - D50 correlation from the CPT-based F15 parameter to determine D5015. An
alternative analysis was performed using the Ic – D50 relationship presented in Figure 6-18 to
compute D5015 based on the average Ic value determined for the cumulative T15 layer. The
estimated lateral displacements were compared to the findings from the initial analysis and are
presented in Figure 6-24, for the R=R and R=Req cases.

Figure 6-24. Comparison of two approaches for determining D5015 and associated lateral displacement,
Dh, using the Youd et al. (2002) model

In general, the alternative analysis resulted in slightly higher (~20%) values of lateral displacement
when predicted displacements were greater than about 20 cm. For predicted displacements less
than about 20 cm, the alternative approach appeared to have negligible difference from the initial
interpretation. Given the uncertainty associated with considering +/- one sigma in computing F15,
which lead to fluctuations in lateral displacement of up to 70% (+ 50 / - 30 % on average for the
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R=R analysis), this alternative approach would likely not have improved the agreement between
predictions and field observations presented in Figure 6-23.
In addition, uncertainty with determining the seismic demand should also be noted. The attenuation
relations contain significant uncertainties and the particular relationships used to derive Figure
6-22 are based on stiff soils sites in Japan and the western United States. Extrapolation of this data
to other seismic regions (e.g. New Zealand) inevitably introduces additional uncertainty in the
model application. This uncertainty likely contributed to the decrease in model-field observation
agreement when the Req parameter was used in place of R in the September analysis.
6.4.6 Model Sensitivity
An analysis was performed on all parameters to access the sensitivity of the various model input
(excluding earthquake magnitude) on predicted displacement considering the uncertainties
described above. The same measurement location in Avondale (CPT_37) near transect avd1 which
was scrutinized in the Zhang et al. (2004) sensitivity analysis (section 6.3.5) was considered
(location indicated in Figure 6-11).
The post September field survey indicated a displacement of ~ 0.4 m at a distance of about 20 m
from the bank, while the Youd et al. (2002) model predicted a value of ~ 0.7 m. This prediction
over-estimated the field observations by nearly two times but, coincidentally, does meet the models
expected agreement within a factor of two, though the majority of cases considered in the
comparison did not. Regardless of showing some “agreement” with observations, the sensitivity
analysis at this measurement location, still serves to gain a general understanding of parameter
sensitivity. Table 6-5 provides a summary of the various input values and ranges applied based on
the associated uncertainty with each parameter.
Figure 6-25 presents the results of the analysis using the same methods employed for the Zhang et
al. (2004) sensitivity analysis (section 6.3.5). Given the significant vertical error bars previously
noted in Figure 6-23 and Figure 6-26 reflecting the grain size parameter uncertainty, it is not
surprising that the F15 and D5015 parameters showed the largest sensitivity.
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Table 6-5. Summary of parameters considered in Youd et al. (2002) sensitivity analysis
Parameter Input

Range

Uncertainty Consideration

W

20% (H = 3.5 m, L =
15 m, W < 20%)

18 - 20

variation in L +/-3 m in addition to variation in H +/0.3 m; model limitation of W = 20%

T15

5.3 m

4.8 - 5.8

+/-0.5 m in depth to groundwater

F15

30 %

18 – 42

+/- one sigma of Ic – FC relationship (Figure 6-17)

D5015

0.19 mm

0.08-0.31

+/- one sigma of FC – D50 relationship (Figure

6-19)
R

18.6 km

28

consideration of R = Req

Figure 6-25. Sensitivity analysis for associated uncertainty with Youd et al. (2002) input parameters

A decrease in the average fines content parameter of just 14% (from 30% to 16%) increased the
predicted value by about 1.9 times, and, if considering the total range in uncertainty (16% to 44%),
the resulting predictions change by a factor of about 2.6 which is beyond the expected accuracy of
the model. While clearly there is uncertainty in determining this parameter from the CPT data, the
range considered is not unrealistic when attempting to define an average fines content within a
typical stratified, alluvial deposit, comprised of loose sands and silty sands all contributing to T15.
Similarly, the median grain size value D5015 showed significant sensitivity, though slightly smaller
than F15, when a variation of +/- one sigma (for FC<30%) based on actual FC-D50 data was
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considered. Again, this variability is likely to naturally occur within the soil profile. The median
grain size and fines content parameters are average values within T15; yet, they are extremely
difficult to accurately quantify in the field given the natural variability within the soil profile and
potential soil types within T15 and the difficulty to obtain samples in the field and corresponding
laboratory test data (fines content and median grain size) on all layers contributing to T15. The
analysis highlights these shortcomings of the grain size input parameters which should be noted
when considering the model predictions. Part of this extreme sensitivity may be associated with
the empirical database used in the model development and predominantly consisted of F15 values
between 0 to 15 % and D5015 values between 0.1 to 0.4 mm (Bartlett & Youd, 1992). Given the
empirical nature of the model, it is likely to assume model uncertainty to increase as the input
values approach these bounds.
Aside from these largely sensitive grain size parameters, the use of Req in place of the actual siteto-source distance, R, caused about a 50% decrease in the predicted value, consistent with
observations presented in Figure 6-23(b). For the case shown, changes in the free-face ratio (W)
and T15 (despite changing a meter in total thickness) proved to have little influence on the predicted
displacement. The relatively small variation of W from 20% to 18% (limited by the value of 20%
recommended by the model) resulted in a mere 5% reduction in displacement. It is also noted that,
as with the Zhang et al. (2004) model, the free-face sensitivity decreases with distance from the
bank.
Interestingly, one might expect that fluctuating the thickness of T15 by a whole meter might have
significant consequence on the end prediction; yet, this parameter showed the least sensitivity in
the analysis. Given that T15 characterizes the thickness of the liquefied layer, a larger influence
might be expected.
Though the initial predicted displacement did (just) fall within the expected factor of two accuracy
of the model, the sensitivity analysis presented above highlighted the significant influence of fines
content and median grain size on these predictions and likely contributed to the poor agreement
observed at the majority of locations considered in Figure 6-23. The overall range of predictions
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corresponding to the uncertainty of these grain size parameters appears too large for most practical
purposes.
6.4.7 Cumulative Displacements Caused by September and February Earthquakes
Cumulative predictions corresponding to the September and February events were compared with
the appropriate post-February field measurements employing the same methods described above
for the September earthquake comparisons. The obvious limitations of the cumulative approach
were discussed in Section 6.3.6. However, the analysis allowed for comparisons with post
February field data at a number of sites and investigated the model performance considering two
seismic events. Figure 6-26 presents the results considering (a) R=R and (b) R=Req cases. As
expected, both analyses showed poor correlation between predicted and observed values with the
majority of locations plotting outside the factor of two delineations, mainly due to overpredictions. A significant increase in predictions, and corresponding increase in over-predictions,
is observed in Figure 6-26(b) using the Req parameter, likely resulting from the decrease in
interpreted site-to-source distance (Req) for the February earthquake.

(a)

(b)

Figure 6-26. Field measurements versus Youd et al. (2002) predictions considering the cumulative effects
of the 4 September 2010 and 22 February 2011 earthquakes and (a) R=R or (b) R=Req

The analysis of two seismic events allowed for scrutiny of seismic demand parameters Mw and R
(or Req) and their influence on predicted displacements. A plot comparing Youd et al. (2002)
computed displacements at the same locations for the Mw 7.1 September 2010 and for the Mw 6.2
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February 2011 earthquakes (not cumulative) is provided in Figure 6-27, comparing the effects of
increasing or decreasing the site-source distance parameter for a given seismic event. For the
September earthquake, R < Req and therefore the results indicate a decrease in displacement (about
half) when calculated with Req. In contrast, the February event analysis, where Req > R, showed
an increase of about four times when the Req value was applied, indicating increasing model
sensitivity as this value becomes smaller. The significant increase observed from a relatively small
change in the site-to-source distance parameter in the February event (from R ~ 4 km to Req ~ 1
km at most locations) may be attributed to approaching the minimum recommended R value of 0.5
km and highlights the uncertainty of model application at such small distances. Recall from
Chapter 2, Bowen et al. (2012) compared Youd et al. (2002) predictions from the February
earthquake (not cumulative) with displacements from LiDAR and found a general over-prediction
of measured displacements from LiDAR, particularly when considering the Req parameter.

Figure 6-27. Youd et al. (2002) predicted displacements for the September versus February earthquakes
using R and Req

6.5

Depth of Influence Limited to 2H

In both model applications, the analysis considered the whole depth of the CPT (or within 20-23
m of the ground surface) in determining the appropriate parameter accounting for weak liquefiable
material in the profile, i.e. LDI (Zhang et al. (2004)) or T15 (Youd et al. (2002)). However, it is
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likely the influence of weak layers at significant depths are not contributing to static shear stresses
and the corresponding ground surface manifestations of lateral spreading. This consideration may
be particularly applicable to Christchurch where weak alluvial soils are often encountered below
depths of ten meters or more. Previous studies (Chu et al., 2006) have suggested preliminarily
limiting the strata under consideration to a depth of two times the channel height, 2H.
Thus, an alternative analysis was performed which limited the calculation of LDI and T15 to soils
within a depth of 2H. The depth of two times the channel height was computed at each transect
considered for the September earthquake analysis and used as a threshold depth in the calculations.
Lateral displacements were then recalculated using the revised LDI or T15 (and corresponding F15
and D5015) values and compared to field observations. The analysis focused on the September
earthquake data given the additional uncertainties associated with the cumulative interpretations.
The actual site to source distance, R, was used in the Youd et al. (2002) calculation, as opposed to
Req which yielded a larger under-prediction (at sites with Ug > 0.2 m) in the initial analysis which
did not limit the depth under consideration.
Results of the depth-limited analysis considering (a) the Zhang et al. (2004) model and (b) the
Youd et al. (2002) model are presented in Figure 6-28 for the September earthquake. In addition,
original lateral displacement predictions which considered the upper 23 m (or depth of the CPT)
are presented on the plots in smaller faded purple circles, for comparison purposes. The plots
utilize the same symbols as the initial analysis corresponding to site location. As mentioned
previously, the failures encountered in South Kaiapoi and Spencerville were block-type in nature,
as opposed to the distributed type failures observed along the Avon River.
The change in predicted displacements are presented more clearly in Figure 6-29 which compares
(a) associated changes in LDI and T15 parameters computed in the initial analysis (z< 23 m) with
values computed the limiting depth approach (z<2H) and (b) corresponding changes in model
predictions from the two analyses.
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Figure 6-28. Comparison of model predictions and field observations considering a limiting depth of 2H
for the (a) Zhang et al. (2004) and (b) Youd et al. (2002) models

(a)

(b)

Figure 6-29. Consideration of 2H limitation on empirical model predictions of (a) T15 or LDI (b) lateral
displacement from Youd et al. (2002) or Zhang et al. (2004)

Results from the Zhang et al. (2004) 2H depth limiting analysis presented in Figure 6-28(a) showed
relatively little change in the overall agreement between field measurements and model predictions
when compared with the initial analysis (considering the whole depth of the CPT). Some locations,
particularly where Ug < 0.2 m, which were previously significantly over-predicted by the model,
showed slightly better agreement with field observations associated with a reduction in the
predicted displacement. Figure 6-29 indicated a slight decrease (on average ~75% of the initial
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LDI value) in the end predicted value when limiting LDI to within 2H which resulted in a similar
decrease in predicted displacement and the slight improvement in agreement at some locations.
Two locations which showed significant reduction in the predicted value and corresponding
improved agreement with field observations, CPT_107 and CPT_1127, are highlighted in Figure
6-28. Plots of these CPT profiles are provided in Figure 6-30 and indicate the depth to 2H and the
deeper layers that lead to the significant over-prediction in the initial analysis. In CPT_107, this
layer was encountered at about 2H and therefore the influence of this layer is difficult to determine;
however, the weak zone encountered at about 18 m depth in CPT_1127 is likely not contributing
to lateral displacement. By applying the limiting 2H boundary condition, the predicted
displacements reduced from 1.7 m (CPT_107) and 0.9 m (CPT_1127) to 1.1 and 0.4 m,
respectively, closer to the field displacements of 0.9 m (-0.5 m i.e. 0.5 m crack encountered ~ 90
m from the river that may be localized/not considered as spreading) and 0.03 m.

Figure 6-30. Scrutiny of (a) CPT_107 and (b) CPT_1127 indicating deeper liquefiable layers possibly
contributing to over-estimating predicted displacements

With regards to the Youd et al. (2002) model performance in Figure 6-28(b), the limiting depth on
the T15 parameter showed relatively little change in the overall model performance, similar to the
trend in Figure 6-28(a). Recall from Figure 6-21 that the depth to the bottom of T15 extended below
6 to 7 m (i.e. below 2H as H typically ranged from 2 – 3.5 m) at nearly 50% of the locations
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considered; thus, a significant reduction in predicted displacement might be expected when the
analysis is limited to within 2H. In addition, based on Figure 6-29(b), the majority of sites
considered showed a decrease in T15, and in some cases a reduction of more than half was observed.
Yet the reduction in predicted displacement considering the 2H limited T15 value, showed small
change in predictions as shown in Figure 6-29(a) where most of the predictions fall near the 1-to1 line. The lack of significant reduction in computed displacement is likely associated with the
generally small magnitude of initial predictions (typically < 1 m). Given the form of the empirical
models, the relative sensitivity of the model to various parameters decreases as the initial
prediction decreases. Similarly, the Zhang et al. (2004) model appeared to have a larger reduction
in displacement but this trend is simply more evident due to the larger initial displacements
predicted by the Zhang et al. (2004) model.
Table 6-6 compares the empirical predictions from four locations considering the full depth of
CPT (z<23 m) and the limiting 2H analysis for both the Zhang et al. (2004) model (LD) and Youd
et al. (2002) model (Dh). As inferred in the table, two of these locations correspond to previously
discussed CPT_107 and CPT_1127 (Figure 6-30). Interestingly, the percent reduction in prediction
considering 2H at these four locations was relatively consistent for both models and appears to be
quite variable, ranging from about 14 - 54% reductions.
Table 6-6. Summary of model predictions at four locations considering 2H limitation

Location

CPT_107
CPT_1127
CPT_122
CPT_37

6.6

Zhang et al. (2004)
z< 23 m
z< 2H
LDI

LD (m)

LDI

LD (m)

0.9
0.5
1.2
1.2

1.7
0.9
2.4
2.2

0.6
0.2
0.9
1.0

1.1
0.4
1.7
1.9

Youd et al. (2002)
z < 23 m
z < 2H
Dh
Dh
T15
T15
(m)
(m)
2.7
1.5
0.9
0.6
1.4
0.7
0.2
0.1
2.8
1.9
1.0
0.7
5.3
4.5
0.7
0.6

% reduction
Zhang

Youd

35%
54%
29%
14%

30%
54%
30%
14%

Conclusions

Liquefaction-induced lateral displacements are an extremely complicated phenomenon influenced
by a number of factors such as topographic, seismic, and geotechnical parameters. Chapter 5
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illustrated the variety and complexity associated with lateral spreading within the Christchurch
region considering just two seismic events and a relatively small area. Thus, it is not surprising
empirical models, based on case histories from very different areas, struggle to provide accurate
predictions of lateral displacement.
Rigorous analysis was performed to compare predictions from the widely-used Zhang et al. (2004)
and Youd et al. (2002) empirical models with field observations from the September 2010
earthquake at 33 locations throughout Christchurch, Spencerville, and Kaiapoi. Necessary model
input parameters were determined using available topographic, seismic and geotechnical data
(CPT).
In general, the results from the Zhang et al. (2004) showed significant scatter at most sites, with
the model over- and under- predicting field displacements by more than a factor of two. A few
points in Spencerville showed relatively good agreement (within a factor of two).
Two approaches were used to compute Youd et al. (2002) predictions. One involved using the
actual source-to-site distance parameter and the second used an equivalent site-to-source distance
recommended by the model. In the former analysis (actual site-to-source distance), the model
generally under-predicted (by more than a factor of two) field displacements greater than about
0.2 m while over-predicting several locations which showed negligible movement. The latter case
showed a similar trend with under-predictions even more exaggerated, indicating the use of the
actual site-to-source distance might be the more appropriate parameter for sites in Christchurch.
This is consistent with findings from Bowen et al. (2012) which found better agreement with the
actual-site-to-source distance when comparing the model predictions to LiDAR displacements
associated with the February earthquake (discussed in Chapter 2).
Due to limited SPT borehole data in the vicinity of field measurements, an attempt was made to
derive the SPT-based parameters, T15, and grain size parameters, F15 and D5015 from CPT data.
As a result, a site-specific correlation was developed based on data along the Avon River relating
the CPT-based soil behaviour type index, Ic, and fines content, FC. The site-specific Ic-FC
correlation matched up well with the lower-bound relationship presented by Robertson and Wride
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(1998) for low-plasticity soils, and with the more recent correlation proposed by Boulanger and
Idriss (2014).
Sensitivity analyses were conducted on the various Zhang et al. (2004) and Youd et al. (2001)
parameters used in computing predicted displacements for a site in Avondale where model
displacements over-predicted field measurements. The results from the Zhang et al. (2004) model
analysis indicated the largest sensitivity (~27%) associated with a groundwater table fluctuation
of +/-0.5 m, resulting in a corresponding change in LDI of 27%. The relatively small fluctuation
in predicted values (< 30%) indicated that the uncertainties of model prediction were not the cause
of the significant over-prediction at the site. It should be noted that there are additional
uncertainties associated with the LDI calculations which rely on existing equations, e.g. factor of
safety against liquefaction and relative density computations, as well as the uncertainty in defining
the seismic parameters used in the liquefaction analysis.
The analysis for Youd et al. (2002) showed nearly considerably sensitivity to the grain size
parameters F15 and D5015. A fines content reduction of just 14% was applied to the model and
resulted in an increase in prediction of 1.9 times, nearly the estimated accuracy of the model. Given
the general variability of fines content and median grain size typical of alluvial soil strata and likely
within the T15 layer, it can be difficult to define these parameters with less uncertainty than that
considered in the analysis (which showed such high sensitivity) even with adequate SPT data. The
strong influence of these parameters suggests that care should be taken when using the model at
sites where such variability in parameters is evident. Interestingly, the sensitivity analysis found
the T15 parameter to be the least influential input for the analysis considered.
Less emphasis was placed on comparing field measurements from the post February earthquake
ground survey data with cumulative model predictions from both events given the obvious
uncertainties. As expected, poor correlations were observed, with significant over-predictions in
both models. Though the effects associated with the larger seismic demand associated with the
February earthquake were observed through significant over-predictions from both models.
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The limiting depth (2H) analysis considering the Zhang et al. (2004) model showed either
negligible effect on model performance or slightly improved agreement with field observations
suggesting this may be a beneficial approach when considering this model. The consideration of
2H in the Youd et al. (2002) model comparisons resulted in little change to the results. But, this
was believed to be attributed to the generally small initial predictions from the model (typically <
1 m) and therefore reduced sensitivity of the T15 parameter.
The comparison presented within highlights the difficulties of predicting lateral displacements
with simplified empirical models. With a number of site-specific factors to be considered, it is not
surprising the generally poor performance of these models at the locations considered. In addition,
many of these models are based on empirical data derived from aerial photogrammetry. As
highlighted in Chapter 4, there can be significant differences from these global measurements and
actual displacements observed in the field. The discrepancies between methods of measurement
would undoubtedly influence the empirical model predictions.
The complexities associated with lateral spreading require in-depth, site-specific analysis of
geotechnical data in order to gain an understanding of potential lateral spreading displacements.
The following chapter examines several sites along the Avon River with respect to magnitude and
distribution of lateral spreading, site topography, and spatial distribution of subsurface materials
in an attempt to better characterize the key factors contributing or inhibiting observed lateral
displacements from the September and February earthquakes.
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7.

ANALYSIS AND INTERPRETATION OF LATERAL SPREADING
OBSERVATIONS

7.1

Introduction

Given the numerous geotechnical, topographic and seismic factors affecting lateral spreading,
establishing general criteria leading to such ground displacements can be an extremely difficult
process. In this chapter, an attempt is made to guide this process by first classifying field
observations from the Canterbury earthquakes based on the distribution of lateral spreading with
distance from the bank and then deriving similar geotechnical and topographic characteristics for
the various identified modes of failure and displacement patterns.
In Chapter 5, interpretation of ground surveying data highlighted several displacement patterns
varying in magnitude and distribution with distance from the bank including: distributed patterns
which decreased exponentially with distance from the bank, typically concentrated within 100-150
m but up to 200-220 m in some cases; localized movements where large displacements were
concentrated within 20 - 50 m of the river; and areas of little to no displacement. This chapter aims
to capture key geotechnical and topographic features which are associated with the observed
deformation patterns through rigorous scrutiny of selected transects along the Avon River. The
Avon River was selected as a focus for the detailed investigation to reduce variation in seismic
loading and geologic conditions.
25 ground survey locations with reliable transect data and nearby subsurface explorations were
chosen for analysis and divided into four different categories based on the observed magnitude
and distribution of spreading, ranging from large, distributed displacements to small/negligible
displacement sites. Available seismic, geotechnical, and topographic data were collated at each
site to identify various characteristics which may have led to the observed failure type.
Liquefaction triggering analyses were performed to identify “critical” layers, typically the weakest
liquefiable strata that may have induced lateral spreading in the September and/or February
earthquakes, which were then defined in terms of thickness, depth, relative density, factor of safety
against liquefaction triggering, soil type, and layer continuity. The relevant subsurface information
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was combined with topographic data to create simplified representative cross-sections at the
locations considered for an improved understanding of the conditions along the transect.
Comparison of the interpreted data within each failure type revealed distinct attributes of the
critical layers which likely contributed to the observed deformation patterns, as well as key
differences between the identified four groups. The findings from the study provide an improved
understanding of geotechnical conditions contributing to various lateral displacement magnitudes
and distributions observed along the Avon River in the Canterbury earthquakes with the ultimate
aim of assisting in future predictions of lateral spreading in this environment given similar seismic
events.
7.2

Methodology for Detailed Analysis and Interpretation of Lateral Spreading Sites

The following outlines the methodology behind the rigorous scrutiny of lateral spreading sites
selected for analysis which generally consisted of:
1) Collated data at selected locations considered significant for lateral spreading
evaluation.
2) Classification of lateral spreading displacement patterns based on distribution and
magnitude of ground displacement.
3) Identifying geotechnical and topographic characteristics including critical layers
(liquefaction triggering analysis), ground conditions, and topographic features at each
site considered.
4) Identifying characteristic commonalties and differences between different spreading
classes.
7.2.1

Collated Data

The analysis focused on lateral spreading along the Avon River to consider a confined area with
relatively small variations in geologic and seismic characteristics associated with lateral spreading
failures. Given the availability of quality topographic and seismic data at nearly all transect
locations along the Avon River, the sites selected for detailed analysis predominantly relied upon
the availability of nearby subsurface data and occasional reliability of the transect data at locations
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of ground survey. Based on the above criteria, a total of 25 locations were selected for in-depth
analysis.
Field Data
Field data included ground survey sites which generally correlated well with alternative data
including mapped crack data (CGD, 2012d); nearby property observations regarding liquefaction
and lateral spreading damage (CGD, 2013c); alternative lateral displacement measurements
estimated from LiDAR (CGD, 2012b) or, where available, aerial photographs (Hamada, 2010,
2011). Sites in which the field measurements did not appear to accurately reflect the general ground
performance based on the majority of alternative interpretations were not considered: For example,
transect avnpk2 was surveyed through the grass area of Avon Park in Dallington and indicated less
than 10 cm total movement, yet aerial photogrammetry vectors near the bank showed
displacements of up to 0.5 m and mapped crack data from the CGD inferred larger cracks running
through the transect. Thus, this transect data was not considered in the rigorous analysis.
The extremely complex failure patterns observed along transects within the Dallington loop point
bar were also omitted from the analysis in or to understand typical spreading distributions along
the Avon River based on scrutiny of cases that were considered simpler for analysis and
interpretation.
Subsurface Data
The understanding of the soil conditions at a particular ground survey site requires available
subsurface data, preferably CPT, within a reasonable distance of the transect location. The
Canterbury Geotechnical Database (CGD) (CGD, 2014b) was used in conjunction with a CPT
field investigation performed as part of this study for this purpose. The subsurface conditions near
the bank were considered the most critical point of exploration, as maximum displacements
typically occur at the free-face. Thus, only transects with adequate CPT data within about 30 m of
the bank and within about 30 m of the transect were considered for defining the “critical” layer(s)
associated with the observed displacements. Where available, additional data along the transect
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and along the bank were collected and scrutinized in order to gain an understanding of geotechnical
conditions in the subject area including the spatial extent and continuity of the subsurface strata.
As discussed in previous chapters, only high-quality geotechnical data was used, and eventspecific groundwater depths were calculated using the available models provided on the CGD
(CGD, 2014a). Location plans are provided throughout the chapter with approximate locations of
CPT data considered in the analysis. The distance from the bank and offset (as well as other
relevant notes regarding the analysis of the CPT) are tabulated for classification analysis in order
give appropriate weight to the data considered.
7.2.2

Classification of Lateral Spreading Failures

The distribution of lateral spreading displacement is one of the most critical aspects of this failure
mechanism as it, in conjunction with magnitude and maximum ground displacement, dictates the
amount of strain induced at the ground surface, and consequently, effects on structures in the
vicinity. The field observations from the selected sites were categorized based on two criteria: (1)
magnitude of displacement indicated by the maximum displacement at the bank (Ug_max) and (2)
distribution of displacement and area affected by spreading as a function of distance from the bank.
The four categories are illustrated in Figure 7-1 with shading representing the range of magnitude
and displacement considered for each case including: (a) large, distributed; (b) moderate,
distributed; (c) small to negligible; and (d) large, localized displacements. Characteristics of each
are described below:
(1) Large and distributed ground displacements: distributed-type failure typical of lateral
spreading observed in previous case studies, defined by large displacements close to the
bank diminishing with distances; Ug_max > 0.6 m in post September transects, Ug_max >
1 m in post February transects; distance affected by spreading ranging from 60 – 220 m
but typically 100 – 150 m from the river.
(2) Moderate and distributed ground displacements: distributed profile but generally
associated with maximum ground displacements at the bank ranging from post February
transects ranging from 0.4 – 0.6 m, extending about 100-150 m from the bank.
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(3) Small to negligible ground displacements: areas of little to negligible spreading
displacements consisting of a few small cracks, Ug_max < 0.3 m and concentrated within
about 50 m of the bank.
(4) Large and localized ground displacements: observed at a few locations along the Avon
River after the February earthquake and characterized by significant maximum
displacement (Ug_max ~ 0.9 – 1.6 m) but localized within about 20-50 m of the bank and
negligible movements at greater distances.
Transects within each category were then analysed together to highlight geotechnical and
topographic similarities (and differences) in order to identify key characteristics leading to the
observed type of displacement.

Figure 7-1. Four categories of magnitude and distribution of lateral spreading considered in analysis
including: (a) large and distributed; (b) moderate and distributed; (c) small to negligible; and (d) large
and localized displacements
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7.2.3

Identification of Geotechnical and Topographic Characteristics

Critical Layers
Using the collated CPT data in the vicinity of the selected transects, calculations were performed
to determine the factor of safety against liquefaction (FS) of the subsurface materials in the
September and February events using the methods described by (a) Youd et al. (2001), which is
based on Robertson and Wride (1998) and hereafter abbreviated as the RW98 method; (b) Idriss
and Boulanger (2008), hereafter abbreviated as IB08 method; and (c) Boulanger and Idriss (2014),
hereafter referred to as BI14 method. Details regarding the various equations used in the
calculations are provided in Appendix G. For simplicity, the FS values associated with the
September earthquake and the methods of RW98 and BI14 are presented throughout the chapter
and serve as a means of quantifying liquefaction resistance between the layers considered given a
specific event and method.
Thus, based on the results of this analysis and considering the September earthquake, several
differences between the RW98 and BI14 were noted. The RW98 method general produced higher
factors of safety in most loose to medium dense sandy layers (soil behaviour type index, Ic ~1.7 –
1.9) with normalized tip resistance (qc1) values of about 7 – 10 MPa and indicated factors of safety
typically 1.2 – 1.3 times that indicated by BI14, increasing to about 1.4-1.5 times as qc1 increased
to ~ 10 -13 MPa. This difference was likely attributed to differences in the CRR7.5-qc1N curves
within this range, as discussed in Chapter 2 and exemplified in Figure 2-4. However, in the lower
resistance silty materials (qc1 < 4 MPa, Ic > 2.2) RW98 indicated FS values slightly lower than
IB14, typically about 90% of the BI14 FS values. The differences for these low resistance finer
materials was likely attributed to differences in grain size correction factors recommended by the
models. The two methods were relatively consistent in FS values for loose, fine to silty sand layers
(qc1 4 - 7MPa, Ic > 1.9 - 2.1) with RW98 FS values generally within 10% that of BI14.
In addition to differences in CRR resistance curves and grain size correction factors, variability in
the resulting factors of safety between the methods is also attributed to the different magnitude
scaling factors (MSF) employed. The BI14 triggering method considers MSF as a function of tip
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resistance and earthquake magnitude, unlike the RW98 (and IB08), where the MSF value is a
constant value for a given seismic event. A plot comparing the computed MSF from RW98, IB08,
and BI14 is provided in Figure 7-2 considering the September (Mw7.1) and February (Mw6.2)
earthquakes and a range of qc1n-cs values. The computed BI14 MSF values for layers with qc1n-cs <
~150 were generally lower than that of RW98 or IB08 and therefore, typically resulted in a lower
factor of safety. The difference is MSF is more pronounced in the February earthquake (qc1n-cs <
~150) which led to larger discrepancy in computed FS values between the method considering this
event.

Figure 7-2. Comparison of MSF values used in the analysis

As can be seen in the list of equations provided in Appendix G, a number of factors are considered
in the calculation of FS, the majority of which are computed differently for each method
considered. Thus, variability between the methods in estimated FS values in inevitable.
An example of a CPT profile (CPT_37) processed for this analysis to determine characteristic
properties of potential critical layers is provided in Figure 7-3. Soil layers of similar properties
were highlighted to identify distinct layers to be considered in the analysis. Parameters considered
included tip resistance (qc) and qc1; Ic; qc1ncs (per RW98 and BI14), relative density (Dr), and FS
(shown on the plots as FSliq) for the September and February earthquakes considering the three
methods described above (RW98, IB08, BI14). Three relationships were used to estimate relative
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density including that of Robertson and Cabal (2014), abbreviated as RC14; the relationship
provided in IB08; and that of Tatsuoka et al. (1990), abbreviated as Tat90, which was also used in
the computation of LDI per Zhang et al. (2004) in Chapter 6. Equations used to compute each
parameter is provided in the Appendix G.

Figure 7-3. Example of processed CPT profile used to identify and characterize potential critical layers

In the example profile (CPT_37), liquefiable material extended from about 1.6 m to about 8.8 m
depth and consists of generally three material types: (1) loose silty soil (shaded red); (2) loose fine
to silty sand (blue); and (3) loose to medium dense sand (green). Other soil types noted on the plot
included the lens of non-liquefiable material (Ic >2.6) shown with yellow shading and the
underlying medium dense to dense sand (grey shading). Note that the BI14 and IB08 triggering
analysis show some of the medium dense to dense sand layer as liquefying; however, based on the
relative density and depth to the layer, it was not considered as critical for the analysis. As can be
seen in Figure 7-3, estimated factors of safety against liquefaction varied quite significantly
amongst the methods considered, particularly in the medium dense to dense sandy layers (green
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and grey), while FS values in the silty soil and loose fine to silty sand (red and blue) were generally
more consistent.
Discretizing the liquefiable layers into the three classifications presented allows the layer to be
defined by typical ranges of the parameters considered (e.g. Ic, qc1, FS). In addition, continuity of
the strata can be determined based on scrutiny of adjacent CPT data (where available) and the
presence of layers with similar attributes. In this chapter, plots of characteristic properties of the
critical layers identified at a given location are presented and typically included: depth to the top
of the characteristic layer (z_top), z_top normalized by the channel height (z_top/H), thickness of
the layer (Tcr) layer continuity in directions parallel to and perpendicular to the river, soil behaviour
type index (Ic), normalized tip resistance (qc1), equivalent clean sand resistance (qc1ncs) per RW98
and BI14, and FS (RW98 and BI14). Plots of the processed CPT data such as that in Figure 7-3
(which include FS from the February earthquake and the method of IB08, as well as the various
relative density parameters) are provided in Appendix H. The continuity of a given layer was
accessed through scrutiny of adjacent CPT data (where available) along the transect (continuity
with distance from the bank) and along the bank. Where a layer appeared continuous with distance
from the bank, the slope along the base of the layer was also noted.
In this chapter, processed CPT data used in characterization of critical layers are presented for one
location, as an example, while the remaining sites are summarized with a brief description of
subsurface conditions and interpreted cross-section, as plots of all processed CPT data can be
found in Appendix H.
Ground Conditions and Topographic Features
Once the critical layers were identified, a cross-section was developed in AutoCAD (Civil 3D
2014) by combining the detailed elevation profile (discussed in Chapter 4) and the analysed CPT
data. The cross-section generally extended to a depth of about two to three times the channel
height, as deeper liquefiable layers were assumed to have negligible effects on the observed
permanent lateral displacements at the ground surface. The cross-section data was often presented
with the results of the ground survey distributed along the profile. An example of a typical cross315

section prepared for this analysis is presented in Figure 7-4, defining the relevant data presented.
Note the colour scheme on the cross-section is consistent with those presented on CPT_37 in
Figure 7-3.

Figure 7-4. Example and corresponding notation of cross-section and ground survey data used in
analysis

The cross-section view of subsurface conditions with respect to observed displacements and site
topography along the transect is extremely beneficial in understanding the mechanics behind the
resulting deformation patterns. Scrutiny of these cross-sections as well the geotechnical properties
defined for each layer highlighted key characteristics of typical profiles associated with large
failures versus sites with small to no movement, as well as with the other types of failures examined
in this chapter. In addition, the cross-sections helped in identifying areas of localized, topographic
movement that may not be associated with the cumulative displacement at the free-face.
7.2.4

Identifying characteristic commonalties and differences between lateral spreading classes

Once an understanding of the subsurface conditions at the site was developed, the geotechnical
and topographic data at each individual transect were compared to others of the same lateral
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spreading classification (similar magnitude and distribution pattern of ground displacement).
Common features as well as differences were identified to highlight key features which likely
contributed to the observed lateral spreading pattern. In most cases, a schematic profile was
developed to represent the typical conditions associated with a specific failure mechanism.
7.3

Large and Distributed Ground Displacements

7.3.1

Selected Large and Distributed Ground Displacement Sites

Seven transects (two repeated) along the Avon River surveyed in either the September and/or
February reconnaissance efforts were considered for scrutiny of critical layers associated with
large, distributed ground displacements. Measured displacements at these locations are presented
in Figure 7-5 and provide a general idea of the magnitude and distribution range considered for
the large and distributed ground displacement analysis. Maximum displacements measured along
the transects generally corresponded to > 0.6 m following the September earthquake and > 1 m
following the February earthquake.

Figure 7-5. Results of ground survey at large and distributed spread sites considered for analysis

Though all grouped as “large and distributed” ground displacement for this analysis, the
distribution of spreading provided in Figure 7-5 show a range of affected areas (Ug_max > 0.1 –
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0.2 m) ranging from about 60 m to 220 m. Thus, many of the distributed profiles considered could
be better characterized by a combination of failure modes, i.e. distributed with a partial localized
zone or distributed with a partial block movement. This variability provides an indication of the
many factors and complexities contributing to the observed displacement patterns, even within a
group classified by “similar” distribution patterns. Despite these differences, the seven selected
transects all showed a significant maximum displacement at the bank and affected distances more
than 50 m from the waterway.
The approximate location of these large spread sites are indicated by black solid circles in Figure
7-6. These lateral spreading locations are generally concentrated along the eastern portion of the
Avon River (Avonside and east) in lower elevation regions. As described in Chapter 3,
geologically, the lower relief from the river in these areas are typically associated with finer,
loosely-deposited flood deposits that likely contributed to the observed deformations. These
regions also coincide with significant liquefaction that occurred in the Canterbury earthquakes.
Note that similar patterns of displacement have been observed at other sites; however, these were
not included in the analysis because of lack of geotechnical data, complex meandering effects, or
incomplete transects data for the purpose of this classification and analysis.

Figure 7-6. Location of large spread sites (indicated with black solid symbols) considered for analysis
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Table 7-1 summarizes the seven locations in terms of maximum cumulative displacement
(Ug_max), estimated channel height (H), and average ground surface slope (θg) estimated over the
distance of the majority of displacement (D_aff), typically corresponding to the area over which
Ug >0.1 m. Details of the ground survey results at each location are described in Chapter 5.
Table 7-1. Summary of locations with large, distributed displacements considered for analysis
(Site)
Transect

Location

Sep Ug_max
D_aff (m) 1

Feb Ug_Max/
D_aff (m) 2

H
(m) 3

θg (%) 4

Notes

(1) aslp1

Avonside Loop
(point bar)

0.81 / 200

1.51 / 222

1.9

+0.6

distributed with partial block
movement at ~200 m

(2) aslp2

Avonside Loop
(point bar)

0.62 / 164

-

1.8

+0.8

distributed with partial block
movement at ~160 m

(3) aslp3

Avonside Loop
(point bar)

-

1.21 / 104

1.8

+0.9

(4) lcks5

Locksley Ave
(river bend)

-

0.94 / 55

2.6

+1.5

(5) avd1

Avondale

0.60 / 83

1.60 / 102

3.5

0.0

(6) avd2

Avondale

0.83 / 102

-

3.4

0.0

(7) anz2

Anzac Bridge
(Avondale)

-

1.12 / 73

2.5

+0.5 5

most of displacement close to
channel – partial localized failure

most of displacement close to
channel – partial localized failure

1

Maximum cumulative displacement from the post September earthquake transect data / distance over which cumulative
displacement is greater than about 0.1 m
2 Maximum cumulative displacement from the post February earthquake transect data / distance over which cumulative
displacement is greater than about 0.1 m
3 Estimated channel height, H, at the bank (described in Chapter 4)
4 Average ground slope over majority of displacement, typically where U > 0.1 m; ‘+’ assumes sloping towards the river
g
5 0.5 % ground slope is average slope over affected distance, neglecting local embankment for bridge sloping at about 5%
toward the river for about 35 -40 m then changing to about (-)2% gradient away from the river.

7.3.2

Scrutiny of Geotechnical and Topographic Characteristics at Large and Distributed
Ground Displacements Sites

Subsurface Data
Location plans of nearby CPT data considered for analysis at the seven large spread sites is
provided in Figure 7-7. Each location shows at least one CPT within 30 m of the river and 30 m
of the bank which was used to define critical layers for the transect. The remaining CPT data in
the vicinity was used to understand ground conditions in the area, determine continuity of the
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various critical layers, and establish slopes along the base of the layer with respect to the transect
profile (if continuous).

Figure 7-7. Location of CPT data considered for analysis of large and distributed spread site (a) 1-3 in
the Avonside Loop; (b) 4 along Locksley Ave; (c) 5 and 6 in Avondale; and (d) 7 at the Anzac Bridge

As inferred in the figure, some locations can be more well-defined in terms of subsurface
conditions than others. Supplemental geotechnical data at the more sparsely-spaced CPT locations
would be beneficial as part of future work to further validate/improve the findings of this study.
Table 7-2 provides more detailed information regarding the CPT data considered at each site. CPTs
in bold reflect data used to characterize critical layers along the transect, i.e. CPT data located
within 30 m of the transect. The remaining CPT data was used to either (1) characterize continuity
of potential critical layers along the bank, or (2) gain a preliminary understanding of the subsurface
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conditions along the transect (further from the bank). Profiles of the processed CPT data, similar
to that shown in Figure 7-3, are provided in Appendix H.
Table 7-2. Summary of CPT data considered in analysis of large and distributed ground displacements

(3) aslp3

(2) aslp2

(1) aslp1

Transect

(5) avd1

(4) lcks5

(7) anz1

(6) avd2

CPT ID
CPT_118

L (m)
13

O (m)
15 (R)

CPT_120

10

52 (L)

CPT_121

8

96 (R)

CPT_15616
CPT_15614

100
250

<5
45 (R)

CPT_114

235

95 (L)

CPT_122

8

<5

CPT_121

8

58 (R)

CPT_117

14

70 (L)

CPT_15616

120

82 (R)

CPT_114

140

90 (L)

CPT_115

12

23 (L)

CPT_123

10

90 (R)

CPT_21508

45

31 (R)

CPT_8285*
CPT_114
CPT_1132

152
157
9

CPT_15702

167

CPT_37

15

<5
60 (R)
25 (R)
10 (R) /
89*
12 (R)

CPT_49

15

75 (R)

CPT_50

11

60 (L)

CPT_15598

168

9 (L)

Notes
CPT used to define critical layers
large offset, used to assess continuity of critical layers along bank
(upstream)
large offset, used to assess continuity of critical layers along bank
(downstream)
used to determine base slope/continuity of critical layers along transect
large offset of CPTs on either side of transect at similar distances, use as
preliminary understanding of soil conditions further from the bank (near
partial block movement)
CPT used to define critical layers
large offset, used to assess continuity of critical layers along bank
(upstream)
large offset, used to assess continuity of critical layers along bank
(downstream)
large offset of CPTs on either side of transect at similar distances, use as
preliminary understanding of soil conditions further from the bank (near
partial block movement)
CPT used to define critical layers
large offset, used to assess continuity of critical layers along bank
(upstream)
used to determine base slope/continuity of critical layers along transect;
note offset relative to CPT_21508 offset
*CPT terminates at 3 m, use for preliminary purposes only
large offset, consider as alternative to CPT_8285 (preliminary)
CPT used to define critical layers
* CPT is located 89 m from the end of transect at ~80 m from river
(consider as preliminary)
CPT used to define critical layers
large offset, used to assess continuity of critical layers along bank
(upstream)
large offset, used to assess continuity of critical layers along bank
(downstream)
used to determine base slope/continuity of critical layers along transect

CPT_50

9

23

CPT used to define critical layers

CPT_15598

163

77 (R)

large offset, preliminary assessment of base slope of critical layers

CPT_McM07

23

8 (R)

CPT_McM08

60

CPT_ANZ-01

-

CPT_ANZ-02

-

13 (R)
17 (L) /
25*
16 (L) /
16*

CPT_ANZ-03

23

14 (L)

used to define critical layers, note distance to waterway, soils may be
weaker closer to bank
used to determine base slope/continuity of critical layers along transect
* 25 m to start of transect; advanced on bridge deck to determine
conditions in channel
* 16 m to start of transect; advanced on bridge deck to determine
conditions in channel
located in embankment for bridge, may not be representative of native soil
conditions beyond embankment; use CPT_McM07 for analysis
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Interpretation of Subsurface Conditions
The relevant CPT data was scrutinized to identify potential critical layers which may have
contributed to the observed displacement at each site. A detailed analysis of the subsurface data at
site (1) – transect aslp1 is provided below as an example of the typical data processing method
employed to derive the critical layer characteristics used in the final analysis. Cross-sections at all
seven sites (with field ground survey data) are then provided as a summary of the interpreted
geotechnical and topographic conditions along each transect.
As specified in Table 7-1, transect aslp1 was surveyed in both reconnaissance efforts and exhibited
significant lateral spreading in both events. Table 7-2 indicated two CPTs located along the
transect and within 30 m (CPT_118, CPT_15616) that were used to characterize the critical layers
(locations provided in Figure 7-7). Profiles of the processed CPT data along the transect are
provided in Figure 7-8 with potential critical layers highlighted in red, blue and green shading.
Near the bank (CPT_118), three critical layers (FS < 1) were identified that may have contributed
to the observed displacement. The upper silty soil layer (red) consisted of ~ 0.8 m of loose silty
soil with qc1 ~2-4 MPa, Ic ~2.2-2.4. The silty layer appears to grade above the groundwater table
in CPT_15616 (becoming non-liquefiable) but was highlighted in CPT_15616 to convey
continuity of the layer. The second critical layer identified near the bank (CPT_118) consisted of
~2.1 m thick layer of loose fine to silty sand (blue) with qc1 ~5-6 MPa, Ic ~1.9-2.1 which also
appeared to grade to higher elevation further from the bank, with only a thin lens remaining below
the groundwater table in CPT_15616. The third and deepest liquefiable layer (green) highlighted
in CPT_118 was encountered from about 3.9 – 4.8 m depth and consisted of loose to medium
dense fine sand with qc1 ~8-9 MPa and Ic ~1.8. The subsurface materials substantially increased
in density below the loose to medium dense sand. While a lens of what may be considered a
continuation of this loose to medium dense sand was encountered in CPT_15616 underlying the
loose fine to silty material, the layer appears to be more of a transition zone to medium dense to
dense sandy material, implying the majority of the loose to medium dense sand layer (green)
encountered in CPT_118 was not continuous along the transect.

322

Figure 7-8. Processed CPT data along transect aslp1
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Figure 7-9. Processed CPT data along the bank upstream and downstream of transect aslp1
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Interestingly, all three layers identified in CPT_118 appear to have similar factors of safety in each
of the events, especially when considering the methods of IB08 and BI14. A slight increase in FSliq
values were observed in the loose to medium dense (green) layer per RW98. Slightly higher factors
of safety (more pronounced in the Sep EQ analysis) were also observed near the top of the silty
layer (red) as the effective stress decreases near the groundwater table. With respect to equivalent
clean sand resistance, the loose to medium dense sand showed the highest resistance whereas little
change was observed between the silty soil and fine to silty sand when considering the BI14
method (RW98 showed a slight increase in the loose to silty sand compared to the silty soil).
Based on the data in these CPTs, the silty soil layer (red) and loose fine to silty sand (blue) appear
to be continuous along the transect and sloping down towards the river at about 1.9 and 3.1%,
respectively; while the loose to medium dense sand layer appears to increase in density with
distance from the bank but may have influenced some of the observed displacement. In order to
further establish the potential critical layers at the bank, adjacent CPT_120 and CPT_121 were
considered, as shown in Figure 7-9.
Upstream (CPT_120), the loose silty layer (red) appeared to grade into a predominantly finer, nonliquefiable (Ic>2.6) layer overlying a loose to medium dense fine to silty sand (blue and green)
overlying relatively dense sand at about 4.8 m depth (similar depth of dense sand near transect in
CPT_118), indicating a slight increase in resistance of the loose fine to silty sand layer (blue) in
CPT_118. Downstream (CPT_121) the liquefiable soil overlying the relatively dense sand consists
entirely of the loose fine to silty sand (blue) from about 1.2 m (depth of predrill) to 5.4 m, indicating
an increase in thickness of this layer downstream of the transect and discontinuity of the silty soil
layer and loose to medium dense sand.
Thus, based on the data presented, the observed lateral displacement likely resulted from
deformation and movement of the relatively shallow, loose fine to silty sand (blue) layer which is
continuous across the site (becoming loose to medium dense upstream) and sloping toward the
river. While some contribution from the overlying silty layer and thinner loose to medium dense
sand layer may be considered, these layers did not appear as uniform across the site. In addition,
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the silty layer encountered near the groundwater table may not be not have been fully saturated
and hence would have exhibited greater liquefaction resistance than assumed in this analysis. Post
earthquake studies throughout Christchurch have found the soil at or near the groundwater table,
specifically in siltier soils, are not fully saturated (Tonkin & Taylor, unpublished).
Recall from Chapter 5 and Figure 7-5, the results of ground survey at this location (aslp1) indicated
a partial block movement occurring at about 200-220 m from the river. No significant change in
topography was encountered at this distance, but the movement may have resulted from local soil
conditions. Given the lack of closer data at such distances from the waterway, CPT_15614 and
CPT_114 located about 45 and 90 m offset from the transect (Figure 7-7) were reviewed to
investigate this assumption on a preliminary basis, as shown in Figure 7-10. Note the projected
distance from the waterway was estimated to be about 235 to 250 m from the waterway (along the
transect), slightly beyond the localized cracking at 200 - 220 m.
The data indicates a significant change in subsurface conditions between CPT_15614, which
exhibited conditions similar to CPT_15616 with medium dense to dense sand encountered below
the groundwater table, becoming dense to very dense at about 4.2 to 4.7 m, and CPT_114 which
indicated an ~ 4 m thick layer of loose fine to silty sand underlying about 0.6 m of loose silty soil.
Subsurface conditions similar to that of CPT_114 likely led to the observed movement at about
200-220 m from the bank. A similar distribution pattern was observed along adjacent transect aslp2
and again was likely associated with a thick deposit of loose, liquefiable fine to silty sand like that
encountered in CPT_114. Additional subsurface data in the immediate vicinity of the transects at
this distance are required to better quantify the partial block movement at these sites. The
variability in ground conditions at larger distances, illustrated in Figure 7-10, in conjunction with
the spreading triggered at the banks, may have contributed to the observed block-type component
in the spreading displacements.
The process of analysing CPT data and interpreting potential critical layers was repeated for all
CPTs listed in Table 7-2. Simplified cross-section of the subsurface conditions were then
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Figure 7-10. Processed CPT data considered for preliminary analysis of partial block failure along
transect aslp1
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developed from this data and are presented in Figure 7-11 and Figure 7-12 with respect to results
of ground survey for all seven large spread sites. Cross-sections which included preliminary
assumptions with regard to the subsurface conditions from the bank (i.e. CPT offsets greater than
30 m from the transect) were noted with dashed lines and with CPT locations shown in magenta,
as inferred on the cross-sections. A brief description of the subsurface conditions at each site is
provided (site (1) aslp1 described above):
(2) aslp2: Critical layer consisted of loose fine to silty sand layer (qc1 ~3-5 MPa and Ic ~2)
encountered at the bank (CPT_122), approximately 2.5 m thick, with a few thin lenses of slightly
more silty material (Ic ~2.2 – 2.3), underlain by medium dense to dense sand. With limited CPT
available along transect further from the bank, a preliminary analysis considered CPT_15614 and
CPT_114 located on either side of the transect (offsets of about 80 – 90 m) at L ~120 - 140 m
which indicated the loose fine to silty sand material to be continuous further from the bank, though
of significantly variable thicknesses based on these tow CPTs located further from the bank. In
addition, scrutiny of adjacent data along the bank (CPT_117 - downstream and CPT_121 upstream) showed the loose silty to fine sand layer to be continuous along the bank.
(3) aslp3: Approximately 2.3 m thick deposit of loose fine to silty sand (qc1 ~5-7 MPa and Ic ~1.92) was encountered at the bank, underlain by about 3 m of loose to medium dense sand (qc1 ~7 - 9
MPa and Ic ~ 1.7 – 1.8). The deeper sandier material increased in relative density in CPT_21508,
located at about 45 m from the bank, while the fine to silty sand layer appeared continuous, with
a slope of about 6% toward the waterway. Further from the bank, CPT_8285 encountered a lens
of the loose fine to silty sand layer overlying medium dense sand, becoming dense with depth;
however, this exploration was terminated at 3 m depth, making this interpretation preliminary. It
also should be noted that adjacent CPT_114 (larger offset) showed a much thicker deposit of the
fine to silty sand layer. Upstream, CPT_123 inferred the loose fine to silty sand layer and loose to
medium dense sand layers to continue along the bank.
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Figure 7-11. Interpretation of subsurface conditions and results of ground survey at large spread sites (a) 1 – aslp1; (b) 2 – aslp2; and (c) 3 – aslp3. (Blue colour = loose silty to fine sand, red = loose silty soil, green = loose to medium dense
sand, yellow = non-liquefiable Ic>2.6 material)
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Figure 7-12. Interpretation of subsurface conditions and results of ground survey at large spread sites (a) 4 – lcks5; (b) 5 – avd1; (c) 6 – avd2; and (d) 7 – anz2. (Blue colour = loose silty to fine sand, red = loose silty soil, green = loose to
medium dense sand, yellow = non-liquefiable Ic>2.6 material)
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(4) lcks5 – The field measurements along this transect indicated a more localized displacement at
the bank and an affected distance of about 55 m. The potential critical layers at the bank consisted
of about 1.6 m thick layer of loose fine to silty sand (qc1 ~5 MPa and Ic ~2-2.1) overlying about
0.8 m of medium dense sand (qc1 ~8-10 MPa and Ic ~1.7-1.9). Dense to very dense coarse sand
was encountered underlying these liquefiable layers. The nearest CPT along the transect included
CPT_15702 located ~167 m from the river (parallel to the transect) and ~89 m from the end of the
ground survey. The subsurface conditions at this location indicated relatively silty materials
overlying dense to very dense coarse sand inferring the critical layers at the bank grade to finer,
silty material (i.e. are not continuous in CPT_15702). The discontinuity of these layers likely
caused the concentration of cracking to within about 55 m of the river. Additional subsurface data
in the vicinity of the ground measurements is required to validate this interpretation as well as to
better understand the continuity of the critical layers along the bank. It is noted that the magnitude
and distribution of spreading at this location could be classified as a large but localized failure.
Similarly, the subsurface conditions at the site were more typical of the large and localized failures,
as will be discussed in subsequent sections.
(5) avd1 – Three potential critical layers were interpreted from CPT_37 including: a loose, silty
soil layer (~0.9 m thick) encountered just below the groundwater table with qc1 ~2-3 MPa and Ic
~2.3-2.4; 1.9 m of loose fine to silty sand (qc1 ~4-5 MPa and Ic ~2-2.2); and loose to medium dense
sand layer extending from about 4.5 m to 8.3 m depth. Based on CPT_15598, located ~168 m from
the bank, the upper critical layers (loose silty soil and loose fine to silty sand) appeared to be
continuous along the transect, sloping toward the river at about 0.9%, while the deeper loose to
medium dense sand layer became medium dense to dense with distance from the river. Review of
upstream CPT_49 indicated silty material (Ic ~2.4 – 2.6 with lenses of Ic >2.6) overlying loose to
medium dense sand with a few layers of Ic >2.6 and loose fine to silty sand extending to about 8.5
m depth. Downstream, CPT_50 showed predominantly non liquefiable (Ic >2.6) material extending
to about 4 m depth (with a few lenses of loose silty soil with Ic ~2.3-2.5) underlain by about 1.7 m
of loose fine to silty sand (qc1 ~4-6 MPa and Ic ~2) and over 4 m of loose to medium dense sand
with fine to silty sand layers extending below 10 m depth.
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(6) avd2 – Transect avd2 was surveyed just downstream of avd1, in the vicinity of CPT_50
described above and showed loose to medium dense fine to silty sand (qc1 <10 MPa) extending
below 10 m depth. For this analysis, the strata was broken into three potentially critical layers. The
top layer consisted of loose silty soil (red) encountered at about the groundwater table and
overlying non-liquefiable (Ic >2.6) material layer with a thin lens of silt soil. Underlying Ic >2.6
layer, loose fine to silty sand (blue) with qc1 ~4-6 MPa and Ic ~2 was encountered from about 4 to
5.7 m depth where the soil showed a slight increase in resistance (qc1 ~8 MPa) and became slightly
sandier (Ic ~1.8). This slightly denser and sandier material was considered the third critical layer
(green) which included zones of slightly weaker strata (shown in blue in the cross-section). For
preliminary purposes, CPT_15598 was considered as an indication of the subsurface materials
further from the bank, implying continuity of the upper two layers (with the Ic >2.6 material
grading out), as shown in Figure 7-12.
(7) anz2 – The ground measurements along transect anz2 showed a similar displacement pattern
to that of site (4) lcks5 with a large amount of displacement concentrated within about 60 m of the
bank. Interestingly, review of CPT_McM07 and CPT_McM08 located along the transect at about
25 and 60 m from the river showed the critical layer closer to the water way (~2 m thick layer of
loose fine to silty sand) grading to predominantly silty material further from the river
(CPT_McM08) – a similar trend to that observed in cross-section (4) lcks5. As mentioned above,
the discontinuity of the critical layer may have led to the more localized failure pattern. Note that
the 2-meter thickness for the critical layer at the bank was based on assumed groundwater depth
of about 1 m, inferred from on-site observations of the river height. Estimated values from the
groundwater models were slightly deeper and therefore the thickness of the layer may be less than
2 m if the upper portion of the layer was not fully saturated. Two CPTs advanced on the bridge in
the channel indicated a very thin lens of the loose silty to fine sand material which then graded to
medium dense to dense sand.
Properties of Critical Layers
Properties of the critical layers identified in the above subsurface profiles were scrutinized with
respect to the various characteristics calculated using the CPT closest to the bank. Geotechnical
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characteristics of each of the potentially critical layers identified in the seven sites are provided in
Figure 7-13 with respect to (a) approximate layer thickness, Tcr (m); (b) depth to the top of the
layer, z_top (m); normalized depth to the top of the layer with respect to the channel height, H,
z_top/H; (d) normalized tip resistance, qc1; (e) soil behaviour type index, Ic; (f) equivalent clean
sand resistance, qc1N_cs, per RW98 (Youd et al., 2001); (g) equivalent clean sand resistance, qc1N_cs,
per BI14 (Boulanger & Idriss, 2014); (h) factor of safety against liquefaction in the September
2010 (Mw 7.1) earthquake per RW98 (Youd et al., 2001); and (i) factor of safety against
liquefaction in the September 2010 (Mw 7.1) earthquake per BI14 (Boulanger & Idriss, 2014). Each
site is represented with a particular symbol in the plots. The colours used for each symbol represent
the general soil type and relative density, associated with the identified three layers: red – loose,
silty soil; blue – loose fine to silty sand; green – loose to medium dense sand. The layers are
numbered for each site in the legend, e.g. “aslp1(1/3)” represents the first one of three critical
layers identified for site(1) – aslp1.
Although liquefaction triggering analysis was also performed considering the February 2011 (Mw
6.2) earthquake (which generally decreased the factor of safety in the critical layers given the
significant increase in seismic demand associated with this event), the results presented in Figure
7-13 focus on the September earthquake for simplicity and given the fact that two of the seven
sites considered were not surveyed in the February earthquake reconnaissance. The triggering
analysis presented serves as a reference in the evaluation of the critical layers considered. Vertical
error bars on the plot represent variation within the layer and/or embedded looser or denser lenses
within the layer. Note that factor of safety calculations near the groundwater table often increased
near the top of the layer due to changes in vertical effective stress and are represented with the
error bars.
Figure 7-14 summarizes the continuity of each layer with respect (a) continuity with distance from
the bank (along the transect) and (b) continuity along the bank. In Figure 7-14, the following
notation was used to denote continuity along the specified direction: “1 = Y”: Yes, the layer
appeared continuous; “2 = N”: No, the layer was not continuous; “3 = unk”: Unknown, insufficient
data to validate continuity. For this analysis, “continuity” was defined when layers of similar soil
type and resistance were encountered in the adjacent CPT. For example, the loose to medium dense
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sand layer (green) was considered not continuous at all locations in Figure 7-14(a) because the
layer generally increased in resistance with distance from the bank, becoming medium dense to
dense, as implied in the cross-sections presented in Figure 7-11 and Figure 7-12. Yellow fill was
used where preliminary analysis (large offset to CPT) was used to access continuity at the site.

Figure 7-13. Properties of critical layers encountered at the bank in the seven large spread sites (red
symbol – loose silty soil, blue symbol – loose fine to silty sand, green – loose to medium dense sand)

334

Figure 7-14. Summary of critical layer continuity interpreted from nearby CPT data

The analysis highlighted three characteristic layers encountered at the sites investigated. Properties
of the significant layers encountered are summarized below:
Loose silty soil (red symbol): The results in Figure 7-13 indicated three of the seven sites showed
an upper critical layer of loose, silty soil (soil behaviour type index, Ic ~2.2-2.4) with very low tip
resistance (qc1 ~ 2 – 3 MPa) and ranging in thickness from 0.6 – 0.9 m. This material was
encountered at depths of about 1 – 1.3 m (z_top/H ~0.5). Results from RW98 indicated equivalent
clean sand resistance, qc1n_cs, values of about 50-60 and corresponding FS values of about 0.65 –
0.85 (Sep EQ) (BI14 indicated qc1n_cs ~ 70-75, FS ~ 0.75-0.95). All three locations indicated the
layer to be continuous with distance from the bank (one site considered preliminary) but not the
layer did appear uniform along the bank, becoming interbedded with Ic >2.6 material.
Loose fine to silty sand (blue symbol): All seven sites indicated the presence of a loose, fine to
silty sand (blue fill symbol) ranging from 1.6 – 2.7 m in thickness characterized by qc1n_cs (based
on RW98) ranging from ~50-70 (up to 90 at site 7) and Ic ~1.9-2.1. BIT14 showed similar qc1n_cs
values of about 65-75 at all locations. FS values (Sep EQ) ranged from about 0.55-0.8 (RW98)
(0.65-0.8 per BI14). The layer was either encountered as the top critical layer (4/7 sites) or
underlying the loose silty soil, and encountered within 2 – 4 m of the ground surface (z_top/H =
0.5 – 1.2). The loose fine to silty sand layer was continuous along the transect and along the bank
at 5/7 locations considered. Importantly, the two locations where the critical layer(s) did not appear
continuous but graded into a more silty material (site 4 – lcks5 and site 5 – anz2) corresponded to
the more localized displacement sites where affected distances (Ug >0.1 m) were estimated at
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about 55 - 75 m and the majority of displacement was concentrated within about 30 m of the bank.
Note that adjacent CPT data at the banks for these sites was insufficient to determine the continuity
of the critical layer(s) along the river.
Loose to medium dense sand (green symbol): The loose to medium dense sand layer (green
symbol) was encountered at 5/7 sites. This layer was typically encountered immediately
underlying the loose fine to silty sand (z_top/H = 1.3-2.2) and showed higher tip resistance with
qc1n_cs ~80-100 (for RW98 and BI14) and Ic ~1.8. FS values ranged from 0.85 – 1.2 per RW98 and
0.6 – 0.85 per BI14. The thickness of the layer ranged from less than a meter thick at two of these
locations and up to 5.5 m thick in some cases (site 6). The layer typically increased in resistance
at distances further from the bank and was therefore considered not continuous.
It should be noted that in some cases, for example site 3 (aslp3), site 6 (avd2) and site 7 (anz2),
the distinction between the loose fine to silty sand layer (blue) and loose to medium dense layer
(green) was more difficult to determine based on similar soil resistance but became slightly more
obvious when considering soil behaviour type. As mentioned previously, some overlap between
the different soil layers is expected.
Remarks
An extremely significant commonality highlighted in the analysis regards the presence of the loose
fine to silty sand layer (blue) encountered at all sites considered, inferring this layer to be the most
critical layer. While the loose silty soil (red) layer encountered at 3/7 locations showed equivalent
sand resistance values similar or slightly lower than the fine to silty sand layer, there are several
reasons why this layer is not the most critical:
•

Encountered at or near the groundwater table where it was highly likely these
layers were not fully saturated and hence exhibited liquefaction resistance higher
than indicated in this analysis.

•

Layer was relatively thin (< 1 m thick) and typically graded above the
groundwater table with distance from the bank.

•

Absent at 4/7 sites where large and distributed lateral displacements occurred.
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In addition, given the shallow depth of the layer and siltier nature of the material (Ic ~2.2-2.4),
results from the liquefaction triggering analysis yielded slightly higher FS values in this layer at
most locations compared to the fine to silty sand (blue) layer, indicating the fine to silty sand (blue)
layer to be the weakest layer. However, partial contribution of lateral displacement from this layer
in conjunction with the fine to silty sand layer may have occurred.
Significant deposits of the loose to medium dense sand (green) encountered underlying the fine to
silty sand layer at 5/7 locations. This layer was characterized by slightly higher tip resistances
when compared with the loose fine to silty sand layer. From a triggering analysis perspective, the
loose to medium dense sand (green) layer was not largely different than the loose fine to silty sand
layer (blue) in terms of FS for the September earthquake, particularly for the BI14 analysis; though
the fine-sand to sand layer (blue) was consistently showing lower-bound values. In addition, recall
from Chapter 6, Zhang et al. (2004) showed maximum cyclic shear strains as a function of factor
of safety and relative density (Figure 6-6) based on the results of laboratory test data from others.
The figure highlighted the exponential dependency of maximum cyclic shear strains (and
consequent ground deformations) on relative density of the material. Thus, though factors of safety
between the fine to silty sand layer (blue) and loose to medium dense sand (green) layer are similar,
the potential for large displacements within the layers are significantly different due to the higher
tip resistances, and corresponding higher relative densities, characteristic of the loose to medium
dense sand layer.
Similarly, empirical relationships for the residual shear strengths of the liquefied soil have shown
an exponential increase of residual shear strength with increasing resistance of the soil, e.g. (Olson
& Stark, 2002), (Idriss & Boulanger, 2008). Figure 7-15 (Idriss & Boulanger, 2008) illustrates this
correlation. Considering the case of no void redistribution, Idriss and Boulanger show a significant
increase in in residual shear strength ratios for corrected tip resistances, qc1nCS-sr (fines-corrected
resistance values for CPT correlation with residual strengths), greater than about 80. Equations
used to calculate the recommended residual shear strength ratios from Idriss and Boulanger (2008)
are provided in Appendix G.
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Figure 7-15. Correlation between normalized shear strength ratios for liquefied soils and corrected CPT
resistance (Idriss & Boulanger, 2008)

In addition, Olson and Starke (2002) also developed an empirically-based relationship for
estimating residual shear strength ratios (Equation provided in Appendix G). However, Olson and
Starke (2002) limit the applicability of this relationship to very loose soils, qc1 < 6.5 MPa. The
limiting resistance value recommended for the model is based on lack of empirical data
corresponding to soils with higher resistances, for the sites considered in the model development,
and exemplifies the significant reduction in maximum shear strains developed in soils of higher
resistances. These findings support the interpretation that the majority of observed ground
deformation resulted from strain accumulation along the loose fine to silty sand (blue) layer, with
a significant reduction in maximum cyclic shear strains (and corresponding deformation)
developed in the slightly denser loose to medium dense (green) layer.
Further, the loose to medium dense sand (green) layer was not encountered at all sites and typically
increased in density with distance from the bank, and therefore considered not continuous in this
direction. The loose to medium dense sand (green) layers were also encountered deeper in the soil
profile where the effects of the free-face on in-situ static shear stresses are smaller.
Based on the criterion discussed above, the loose fine to silty sand layer clearly is the more critical
layer at the locations considered with the underlying loose to medium dense sand (green) layer;
however, some influence of the underlying loose to medium dense sand layer may be considered,
particularly at sites (5) and (6) –avd1, avd2, where the deeper layer showed relatively low
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resistance (close to that of the loose fine to silty sand); was significantly thick (>3.5 m); and
appeared continuous along the bank. Note that the distinction between these the loose fine to silty
sand and loose to medium dense sand layers at these two sites was more difficult to determine (as
inferred by the similarities in various characteristics plotted in Figure 7-13) and an alternative
interpretation may consider this layer to be included as the fine to silty sand layer.
A summary of the critical layers encountered at each of the seven sites is provided in Table 7-3,
highlighting key attributes considered to be influential in the observed large displacement patterns.
Definitions of the criteria headings in the table are provided in the appropriate footnotes. The
criteria for qc1 < 8 MPa was based on the similar criteria applied in the application of the Youd et
al. (2002) empirical model to represent an equivalent SPT (N1)60 value < 15 (Chapter 6) and also
due to the low residual strength of such soils during liquefaction. A “Y” and grey shading indicates
the layer satisfies the specific criterion; when the criterion was not met, the appropriate cell was
left blank; “unk” indicates the data was insufficient for the evaluation.
Note that factor of safety against liquefaction was not listed in the table (results are provided in
Figure 7-13 for the September earthquake considering the methods of RW98 and BI14). The
triggering analysis indicated generally all layers considered to have factors of safety ranging from
0.6 – 0.9, with only two layers showing FS values greater than one (per RW98 method). Given the
relatively small differences in computed FS values, Table 7-3 aims to provide additional criterion
for identifying the most critical layer at the site. As discussed above, same factor of safety means
different shear strains in soils of different density (qc1n_cs); hence, Figure 7-13 implies that largest
deformations (strains) should have occurred in the loose fine sand to silty sand (blue) layer. The
results from the analysis clearly show the presence, uniformity, and continuity of the loose fine, to
silty sand layer at all seven sites indicate this material to be the most critical layer and the key
contributing layer to the large and distributed ground displacement sites.
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Table 7-3. Summary of critical layer characteristics at large and distributed spread sites
Site ID Transect

Critical
Layer ID

Symbol 1

Tcr > 1 m 2

AsLp1 (1/3)
(1) asLp1

AsLp1 (2/3)

Y

Ztop < 2H 3

qc1 < 8 MPa 4

Cont along
Bank 5

Cont w/ L 6

Y

Y

(?)

Y

Y

layer becomes interbedded w/ Ic>2.6 upstream (CPT_120); not continuous downstream

Y

Y

Y(?)

Y

Y

layer becomes thicker downstream (CPT_121); increases in relative density upstream
(continuous along bank in one direction)
layer is not encountered downstream (CPT_121); possibly considered continuous in
CPT_120 uptream (continuos along bank in one direction)

Y(?)

AsLp1 (3/3)
(2) aslp2

Critical
Remarks
Slope > 0 % 7

with few siltier lenses embedded in layer; continuity with L based on preliminary analysis
of CPT_15616, CPT_114 with large offsets from transect

AsLp2 (1/2)

Y

Y

Y

Y

Y (?)

Y (?)

AsLp3 (1/2)

Y

Y

Y

Y

Y

Y

AsLp3 (2/2)

Y

Y

Y

becomes medium dense to dense in CPT_21508 at L~45m; 0.5 m weak silty zone at base
of layer, overlying medium dense to dense sand; part of layer may be considered part of
layer(2); becomes slightly more dense upstream

lcks5(1/2)

Y

Y

unk

large distance between CPTs to verify continuity, CPT_15702 at L~170 m shows layer as
predominatnly silty soil

(3) aslp3

Y

(4) Lcks5

(5) Avd1

lcks5(2/2)

Y

Avd1 (1/3)

Y

Y

(?)

Y

Y

layer becomes interbedded w/ Ic>2.6 along bank

Y

Y

Y

Y

top of layer becomes more dense upstream in CPT_49

Avd1 (2/3)

Y

Y

Avd1 (3/3)

Y

Y

Avd2 (1/3)

(6) Avd2

(7) Anz2

unk

becomes dense w/ in CPT_15598 at L~165m, continuous upstream in CPT_49 (with few
looser lenses) and becomes looser downstream in CPT_50; part of layer may be
considered part of layer(2); becomes slightly more dense upstream

Y?

Y

Y

(?)

Y (?)

Y (?)

layer becomes interbedded w/ Ic>2.6 along bank; ~0.3 m lens of potentially liquefiable
material (Ic ~2.2-2.4) embedded in IC>2.6 layer not considered in analysis; continuity with
L based on preliminary analysis of CPT_15598 with large offsets from transect
continuity with L based on preliminary analysis of CPT_15598 with large offsets from
transect

Avd2 (2/3)

Y

Y

Y

Y

Y (?)

Y (?)

Avd2 (3/3)

Y

Y

Y

Y

(?)

(?)

Anz2 (1/1)

Y

Y

Y

unk

discontinuity with L based on preliminary analysis of CPT_15598 with large offsets from
transect; part of layer may be considered part of layer(2); becomes slightly more dense
upstream
upper 0.4 m of layer slightly more dense (Sep FSrw98>1.5); trace lenses Ic 2.2-2.4 in layer;
becomes more silty further from bank (not continuos with L)

1 - symbol used on plots of critical layer characteristics; 2 - thickness of critical layer, Tcr, less than 1 m; 3 - depth to top of the layer less than two times the channel height; 4 - normalized tip resistance, qc1, less than
8 MPa; 5 - layer continuity along the bank (unk = unknown); 6 - layer continuity along the transect (with distance from the bank, L); 7 - base slope of critical layer sloping down to the river

340

7.3.3 Summary of Large and Distributed Ground Displacements
The detailed geotechnical analysis performed at seven locations which were subject to large and
distributed ground displacements in the September and/or February earthquakes led to the
development of a “typical” profile representative of a sites exhibiting relatively large and
predominantly distributed spreading displacements, shown in Figure 7-16. The schematic profile
provides average ground slope along the locations considered which were relatively flat or gently
sloping to the river (0 - 1.5%). Channel heights (H) ranged from about 1.8 to 3.5 m with no
significant influence on observed displacement. The three types of potential critical layers
identified in the analysis are presented in the figure with frequency of each indicated in brackets,
i.e. (3/7) locations encountered the 0.6 – 0.9 m thick layer of loose silty soil (red layer) overlying
the loose fine to silty sand (blue layer).

Figure 7-16. Schematic of typical cross-section at large and distributed ground displacement site

In summary, the key features contributing to the large and distributed ground displacements were
the presence of the loose fine to silty sand (blue) layer encountered at all locations and the
associated characteristics of this layer including:
•
•
•

Thickness > 1.5 m in thickness (1.6 - 2.7 m).
Low resistance: qc1 ~ 4 - 7 MPa, , qc1n_cs ~ 50-70 (RW98) and 65-75 (BI14);
Continuity with distance from the bank at slopes of +0.9 – 6%;
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•
•

Continuity along the bank;
Encountered at depths of 1.2 – 4 m (~0.5 – 1.5H).

The loose nature of the fine to silty sand layer and associated low resistance (qc1 < 7 MPa, qc1 <
75) likely led to large shear strains accumulating throughout the layer as a result of low residual
shear strengths typical of liquefied soils of similar resistance, as indicated by the residual shear
strength ratio relationships recommended by Olson and Stark (2002) and Idriss and Boulanger
(2008). Partial contribution of displacements may have occurred as a result of displacement along
the overlying loose, fine to silty sand (red) encountered at 3/7 sites and underlying loose to medium
dense sand (green) layers encountered at 5/7 sites. However, as discussed in the preceding sections
these layers were not considered the most critical layer contributing to observed lateral
displacements for several reasons:
-

Loose silty layer (red): absent at 4/7 sites; relatively thin (< 1 m); in close proximity to
groundwater table with partially saturated ground conditions resulting in higher resistance
to liquefaction; layer typically graded above groundwater table with distance; became
interbedded with Ic >2.6 material along the bank.

-

Loose to medium dense sand layer (green): slightly higher tip resistance (qc1n_cs ~80 –
100) and relative density resulting in higher residual shear strengths and lower shear
strains (when compared to critical fine to silty sand critical layer); layer typically
increased in resistance with distance from the bank; layer was encountered deeper in the
profile (1.7 – 2.2H).

In addition, the range of distributions considered in this analysis provided an opportunity to
identify potential features which may have influenced the extent of spreading, i.e. the affected
distance. The reason for the observed decrease in displacement with distance from the waterway
may be attributed to local discontinuities in the subsurface conditions between points of
exploration and potential for dissipation of pore-pressures within the critical layer. In some cases,
the minimizing displacement corresponded to decreasing thickness of the critical layer. Based on
consideration of subsurface data along the transect (where available) and the interpreted crosssections presented in Figure 7-11 and Figure 7-12, the following conclusions were made regarding
the variability in the observed extent of spreading:
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(1) The relatively evenly distributed lateral displacements observed at transects - aslp3 (site
3), avd1 (site 5), and avd2 (site 6) – where affected distances ranged from 80-100 m
appeared to be a function of distance from the waterway and/or thickness of the critical
layer. These sites showed relatively level ground surface and a continuous deposit of
loose fine to silty sand across the site gently sloping toward the river, indicating the
thickness of the layer gently decreased with distance. Additional CPT data more closely
spaced along the transect would be helpful in identifying the variability in critical layer
thickness along the transect.
(2) Partial block movement was observed at sites (1) and (2) along transects aslp1 and
aslp2 resulting in affected distances of 160 to 220 m from the bank. Preliminary
interpretation of CPT data in the vicinity (with considerable offset of more than 30 m)
indicated the movement may be associated with a zone of relatively thick deposit (up
to 4 m) of loose fine to silty sand encountered in one of the CPTs in the area.
(3) Transects lcks5 (site 4) and anz2 (site 7) exhibited a partially localized failure near the
bank with the largest displacements occurring within 30 to 40 m of the river. The
limited extent of spreading at these locations were likely a result of the observed
discontinuity of the critical layer identified at the bank. In both cases, the loose fine to
silty sand layer appeared to grade to a predominantly silty material which could be
considered as additional (independent) confirmation that the fine sand to silty sand was
indeed the key contributor to the spreading displacements.
7.4
7.4.1

Moderate and Distributed Ground Displacements
Selected Moderate and Distributed Ground Displacement Sites

The following section presents scrutiny of subsurface data at four sites which exhibited moderate
distributed displacements with maximum cumulative displacements ranging from about 0.3 – 0.6
m following the February 2011 earthquake. A summary of the locations considered is provided in
Table 7-4. The locations of each of these sites along the Avon River is presented in Figure 7-17(a).
Cumulative distribution plots are provided in Figure 7-17(b), indicating the majority of
displacement concentrated within about 100 m of the bank. Note for transect aslp1 and aslp4,
several cracks were observed at distances of about 150 m from the bank which may have been
associated with local topography and not contributing to the maximum displacement at the bank.
As a result an error of about -0.1 – 0.2 m of the maximum displacement was noted.
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Table 7-4. Summary of locations with moderate, distributed displacements considered for analysis
Transect

Location

Sep Ug_max
D_aff (m)
-

Feb Ug_Max/
H (m)
θg (%)
D_aff (m)
avnlp8
Avon Loop (point bar)
0.41 / 72
2.3
0.1
avnlp14 Avon Loop (point bar)
0.45 (-0.1) 1 / 104 3.1
0.6
aslp4
Avonside Loop (cut bank)
0.53 (-0.2?) 2 /
2.1
0.8
193
aslp6
Avonside Loop (point bar) 0.60 / 73
avd4
Avondale
0.55 / 88
3.3
0.2
1
-0.1 m error associated with 0.09 m displacement measured at ~140-150 m appeared to be associated with local
topography sloping away from bank, not contributing to free-face movement
2
-0.2 m error due to ~ 0.2 m displacement measured in transect beyond 130 m from the bank that may be associated with
local slope and not spreading to the free-face

Figure 7-17. (a) Location of moderate, distributed displacements used in analysis; (b) results of ground
survey along moderate, distributed transects indicated in (a)

7.4.2

Scrutiny of Geotechnical and Topographic Data at Moderate Spread Sites

Subsurface data
Figure 7-18 depicts the available CPT data in the vicinity of the moderate spread sites selected for
the analysis (summarized in Table 7-5) and used to identify common features at each of these sites.
As can be seen in the figure, data along the banks up and down stream of the selected transect was
limited, with only one site (site (4) – aslp6) having one CPT within about 120 m of the transect.
As a result, the continuity of critical layers along the bank could not be accessed at most locations.
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Figure 7-18. Location plan of CPT data considered at moderate spread sites (circled locations) in the
area of (a) Avon Loop; (b) Avonside; and (c) Avondale
Table 7-5. Summary of CPT data at moderate displacement sites (bold CPT used to define critical layer
properties)
Transect

(1) avnlp8

(2) avnlp14

(3) aslp4

(4) aslp6

(5) avd4

CPT ID

L (m)

O (m)

Notes

CPT_94

7

<5

used to define critical layers at bank; refusal at 5.8 m depth
refusal at 4 m

CPT_25145

40

25 (R)

CPT_402

107

<5

CPT_9013

140

8 (L)

CPT_93

13

25 (R)

CPT_9013

190

4 (R) /
28*

CPT was located 28 m from end of ground survey; used to determine critical
layer continuity with distance from the bank

CPT_516

11

<5

used to define critical layers at bank; refusal at 4.4 m depth

CPT_21228

190

14 (L)

used to determine critical layer continuity with distance from the bank

CPT_116

14

26 (R)

used to define critical layers

CPT_15608

130

22 (R) /
47 *

* CPT located 47 m from end of ground survey

CPT_119

10

115 (L)

considered to access subsurface conditions along bank; indicated subsurface
becomes looser downstream – may be looser at transect location

McM06

15

<5

used to define critical layers

McM05

80

<5

used to access critical layer continuity along transect
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Interpretation of subsurface conditions at moderate spread sites
The same methodology applied in the scrutiny of large spread sites was performed to yield the
interpreted subsurface profiles presented in Figure 7-19 and Figure 7-20. A summary of the
subsurface conditions at each of these sites follows.
(1) avnlp8: The subsurface materials at the bank (CPT_94) consisted of dense to very dense coarse
sand and gravel extending from about the water table to about 4.3 m depth. A ~1.1 m thick zone
of slightly looser (medium dense, qc1 ~11-13 MPa, Ic ~1.7-1.9) coarse sand was encountered within
the layer from about 2.3-3.4 m depth; the medium dense sand did not appear continuous at about
45 m from the river (CPT_25145). Underlying the gravel, a ~1.1 m thick deposit of loose, fine to
silty sand (qc1 ~7 MPa, Ic ~1.9) with identical/similar properties as the key critical layer identified
in the analysis of large and distributed ground displacement, was present from about 4.3 m to 5.4
m or from about 1.9 to 2.3 times the channel height. The layer may be continuous for some distance
along the transect (unknown due to early refusal in CPT_25145) but appears to grade into silty
materials at about 110 m from the bank (CPT_402).
(2) avnlp14: Potential critical layers identified in CPT_93 consisted of a loose silty soil (qc1 ~2-3
MPa, Ic ~2.2-2.4) encountered from about the ground water table (1.8 m depth) to 3.3 m and with
lenses of non-liquefiable material (Ic >2.6) underlain by a few lenses of medium dense coarse sand
(separated by lens Ic >2.6) extending to 4.1 m depth where the soil became very dense gravel.
From about 5.8 to 6.5 m, the gravel transitioned to a medium dense coarse sand (qc1 ~11-14 MPa,
Ic ~1.7-1.9). From about 6.5 to 9.4 m, a deposit of loose fine to silty sand (qc1 ~5-6 MPa, Ic ~2,
similar to the key critical layer identified in the large and distributed ground displacement analysis)
was encountered; the layer was interbedded with a 0.5 m lens of gravel (near the top of the layer)
and about 0.2 m lens of medium dense sand.
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(a)

(b)

(c)
Figure 7-19. Interpretation of subsurface conditions and results of ground survey at moderate spread sites (a) 1 –
avnlp8; (b) 2 – avnlp14; and (c) 3 – aslp4 (typically blue colour: loose silty to fine sand, red: loose silty soil, light
green: loose to medium dense sand, dark green: medium dense coarse sand, yellow: non-liquefiable Ic>2.6 material)
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(a)

(b)
Figure 7-20. Interpretation of subsurface conditions and results of ground survey at moderate spread
sites (a) 4 – aslp6; (b) 5 – avd4 (blue colour: loose silty to fine sand, red: loose silty soil, light green:
loose to medium dense sand, dark green: medium dense coarse sand, yellow: non-liquefiable Ic>2.6
material)

Based on data from CPT_9013 (located about 190 m from the river), a silty to non-liquefiable
layer, similar to that encountered near the groundwater table in CPT_93 was encountered at about
2.5 m to 4.2 m depth, underlain by a medium dense to very dense sand, indicating the silty soil
layer to be continuous along the transect with a relatively flat gradient (-0.2%, sloping away from
the river). The deeper zones of liquefiable material encountered at the bank did not appear
continuous along the transect.
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(3) aslp4: The closest available CPT (CPT_516) along the bank in the vicinity of the transect met
refusal at about 4.4 m depth. It was assumed relatively dense materials caused the refusal and
potential critical layers would be above the refusal depth. The CPT data indicated a potential
critical layer embedded between non-liquefiable (Ic >2.6) material which extended to about 2.8 m
depth and the dense layer encountered at 4.3 m. The layer consisted of loose to medium dense sand
(qc1 ~8-12 MPa, Ic ~1.7-1.8) and appeared to become interbedded with a few lenses of more silty
material (Ic ~2.2) in CPT_21228 located 190 m from the bank. Considering relatively similar
materials encountered in CPT_21228, it was likely that the loose to medium dense sand layer at
the bank was continuous along part or all (depending on interpretation) of the transect, sloping at
about 1.4% towards the river, and then becoming interbedded with siltier materials further from
the bank. In addition, the cross-section shown also highlights a concentration of cracks located
along a localized slope of 1.6% which likely influenced this movement of ~0.2 m occurring more
than 150 m from the bank in conjunction with the interbedded loose silty sand and sand
encountered in CPT_21228.
(4) aslp6: Based on CPT_116 the subsurface conditions at the bank consisted of a lens of nonliquefiable material (Ic >2.6) at the groundwater table overlying a zone of dense to very dense sand
extending to about 7 m depth. A few layers, 0.5-0.7 m thick, of loose to medium dense sand were
encountered within the dense layer that may have contributed to the observed displacement, though
the layers did not appear continuous further from the bank in CPT_15608. Underlying the dense
sand at 7 m depth, the subsurface conditions consisted of medium dense sand which appeared to
be continuous across the site. Given the depth and relative density of this deeper sand material, it
was not considered critical to the observed lateral spreading. It should be noted that CPT_116 was
located 25 m from the transect (upstream) and that the subsurface conditions at the transect may
vary. Review of downstream CPT_119 (located 115 m downstream of the transect) showed loose
sand to silty sand materials extending from about 2.5 m depth to 7 m depth indicating that the
dense sand in CPT_116 becomes looser downstream and the loose/medium dense sand layers
encountered within this zone likely increase in thickness at the transect. This might have been a
key factor contributing to the observed relatively large permanent displacements of about 0.5 m at
the bank.
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(5) avd4: Closer to the bank (CPT_McM06) the subsurface consisted of interbedded nonliquefiable fine grained material (Ic >2.6) and loose silty soil extending to about 5 m depth where
medium dense to dense sand was encountered. A lens (0.4 m thick) of medium dense sand was
encountered within the interbedded strata at about 2 m depth. From about 3.2 to 5 m depth the soil
predominantly consisted of loose silty sand to sandy silt (Ic ~ 2– 2.3) with a few non-liquefiable
lenses. This silty sand to sandy silty layer appeared continuous in CPT_McM05 where the lenses
of non-liquefiable material appeared to grade away.
Properties of Moderate Spread Critical Layers
The interpreted cross-sections at the moderate spread sites appeared to be quite variable and
somewhat different from the large and distributes ground displacements. In order to better identify
which layers are the most critical to the observed spreading, various properties (defined by the
CPT closest to the river) of the layers were considered, and summarized in Figure 7-21. In addition,
to the colour scheme used in the summary plot for large and distributed ground displacements, a
dark green symbol was used to identify the medium dense, coarse sand materials identified in the
liquefaction triggering analysis; this layer was not encountered at the large and distributed ground
displacement sites. A yellow fill symbol was used to represent layers interbedded with lenses of Ic
> 2.6 material. The white fill symbol at site (2) avnlp14 represents the deeper fine to silty sand
layer which was interbedded with 0.4 m lens of dense gravel and 0.2 m of medium dense sand.
At site (2) avnlp14, a shallower, three potentially critical layer were identified including a
significantly thick (> 1 m) layer of loose, silty soil (red symbol) encountered at about 1.8 m that
appeared to be continuous across the site. The layer was likely the most critical layer at the site
compared to the deeper, discontinuous medium dense coarse sand layer and even deeper loose fine
to silty sand layer which was interbedded with lenses of denser material and also did not appear
continuous. In addition, these deeper layers (white fill symbol and dark green symbol) were
overlain by about 1.7 m of dense gravel encountered between these layers and the loose silty soil.
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Figure 7-21. Properties of critical layers identified at moderate spread sites (blue symbol - loose fine to
silty sand; red – loose, silty soil; green – loose to medium dense sand; dark green – medium dense coarse
sand; yellow fill – interbedded with Ic>2.6 lenses)
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4/5 sites considered showed critical layers with thickness greater than 1 m (1-2 m). At two of these
sites (2 - avnlp14, 4 - avd4), the layer consisted of loose, silty soil interbedded with Ic >2.6 material
(not included in the thickness calculation) and appeared to be continuous across the transect
(relatively flat gradient (-0.2%) in avnlp14 and sloping toward the river (1.1%) in avd4). At site
(1) avnlp8, two layers with thicknesses greater than 1 m: the shallower layer consisted of medium
dense coarse sand (dark green triangle) that was not continuous; the second (blue triangle)
exhibited characteristics similar to the loose silty sand material indicative of large spreads (as
discussed above) but was located at a depth of about 4.1 m (~1.9H) and was not continuous at
~110 m from the bank but may have extended some distance along the transect. This looser
material was overlain by relatively dense coarse sand to gravel which, in addition to the depth,
likely inhibited some of the lateral displacement that might have been expected based on the
characteristics of the loose fine to silty sand material. Site (3) aslp4 was the fourth site
characterized by a critical layer over 1 m in thickness (1.6 m). At this location, the layer consisted
of loose to medium dense sand which became interbedded with a few silty lenses further from the
bank but was still interpreted as continuous, sloping at about 1.6%. FS values at this location
ranged from 1.12 (RW98) to 0.8 (BI14) for the September EQ (< 1 in both methods when
considering the February earthquake) which was generally higher than the loose to fine silty sand
encountered at the large spread sites and likely the cause of the reduction in displacement.
Site (4) aslp6 was the only location considered which did not show a significant critical layer (> 1
m); however, three layers ranging from 0.5 – 0.7 m thick were encountered, resulting in a
cumulative thickness of about 2.3 m. One of these layers (dark green square) was relatively dense
and consisted of a coarse sand, transition layer encountered at more than 2H depth and was likely
not critical. Neglecting this layer, yielded a cumulative thickness of about 1.8 m – 0.5 m of medium
dense sand encountered at about 1.1H and 0.7 m of loose fine to silty sand encountered at about
2H. As mentioned above, review of CPT data downstream (CPT_119) inferred that these layers
likely increase in thickness at the transect location. Based on this data, the information from
CPT_116 (located 26 m upstream) may not be sufficient to accurately define the potential critical
layers at this site and the information presented should be considered preliminary.
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7.4.3

Summary of Moderate Spread Sites

Based on data at the 4/5 sites considered (site (5) aslp6 not considered), the most critical layer
encountered at these “moderate” displacement sites corresponding to Ug_max ~ 0.4 – 0.6 m (post
Feb) can be defined as greater than 1 m in thickness and consisting of either:
(1) Loose silty soil approximately 1-1.6 m thick; with qc1 ~3-4 MPa, Ic ~2.2-2.3,
qc1n_cs ~50-70 (RW98)/75-80 (BI14); encountered within 1.5H and continuing
along the transect at a relatively flat or gently sloping gradient toward the river
(2/5 sites);
(2) Medium dense sand approximately 1.5 m thick, with qc1 ~10 MPa, Ic ~1.8, qc1n_cs
~100 (RW98 and BI14) - note variability within layer as indicated on plot (e.g. qc1
~8-12 MPa); encountered within 1.5H and continuing along the transect; gently
sloping toward the river (1/5 sites); or
(3) Loose fine to silty sand characteristic of large spread failures (but encountered at
a depth of 1.9H and overlain by medium dense to dense coarse sand (1/5 sites)
that did not appear continuous;
The fifth site (site(5) aslp6) was more difficult to characterize in terms of potential critical layers
given the offset to the nearest CPT located upstream of the transect and a significant change in
subsurface conditions downstream and was therefore not considered in defining characteristic
features of moderate displacements. Given the variability of subsurface conditions identified at
these locations, the other four moderate sites were not summarized into one simplistic schematic
profile though two common observations among the moderate sites include: (1) the absence of the
thick (>1 m) loose, fine to silty sand material encountered within about 1-1.5H at all of the large
spread sites considered; and (2) critical layer greater than 1 m in thickness, continuous in 3/4 sites
and unknown at the remaining location.
The deeper location of the critical layer relative to the bottom of the channel clearly affects the
mobility of the liquefying layer (as opposed to an unconfined free-face) to move freely toward the
free-face. This, in addition to the slight increase in relative density within the critical layer as well
as the absence of layer continuity at several locations, likely all contributed to the decrease in
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magnitude of observed lateral spreading at the moderate spread sites considered when compared
with the previously discussed large and distributed spreads.
7.5

Lateral Spreads with Small to Negligible Ground Displacements

While the examples above provide insight with respect to potential critical layers that contributed
to significant or moderate lateral displacements, the following section considers subsurface data
near transects which exhibited little to no lateral movement in the Canterbury earthquakes. This
subset of data provides an opportunity to understand differences between sites that exhibited either
significant or practically negligible spreading displacements. Ten ground survey locations where
maximum ground displacements of Ug_max ~ 0 - 0.3 m were measured in either the post
September and/or post February event ground survey were considered for the analysis.
7.5.1

Selected Small/Negligible Ground Displacement Sites

The approximate locations of the small/no spread transects considered in the analysis is provided
in Figure 7-22(a) (magenta solid symbols) with corresponding distribution patterns presented in
Figure 7-22(b). The geographic location of these locations closer to the CBD and within the CBD
correlate to higher elevation and relief extending from the river, opposed to the large spread sites
which were generally located in the more downstream reaches of the Avon River. Three of the
small/negligible spread transects are located along cut bank features (near the Avon Loop and
Dallington Loop). As described in Chapter 3, the cut bank of meandering loops typically are
associated with higher elevations and denser, coarser materials.
In general, the locations considered indicate ~ 0 to less than 30 cm movement, diminishing to near
zero at about 50 m from the bank. A summary of the transects considered for the analysis is
provided in Table 7-6 with respect to maximum displacements, channel height, and average ground
slope. A discussion of the soil conditions, topography, and ground survey results at each of these
locations follows with the aim of finding characteristic profiles for these sites where minimal
spreading damage in the September and February earthquakes was observed.
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(a)

(b)

Figure 7-22. (a) Location of “small” failures considered for analysis; (b) results of ground survey at
corresponding “small” locations
Table 7-6. Summary of locations with small displacements considered for analysis
Transect

Location

Ug_max – Sep
(m)

Ug_max – Feb
(m)

H (m)

θg (%)

(1) cbd11

Hereford St – west abutment
(CBD)

-

< 0.05 – 0.1 1

3.1

-1.0

(2) cbd12

Hereford St – east abutment
(CBD)

-

< 0.05 – 0.1 1

3.2

0.6

(3) cbd13

Cashel St – west abutment
(CBD)

-

< 0.05 – 0.1 1

3.0

-0.1

(4) cbd14

Cashel St – east abutment
(CBD)

-

< 0.05 – 0.1 1

4.6

1.5

(5) cbd1

Armagh St – west abutment
(CBD)

-

0.20 2

3.4

1.8

(6) cbd3/4

Armagh St – east abutment
(CBD)

-

0.29/0.14 3

2.1

0.4/0.5

(7) avnlp16

Fitzgerald Bridge – south
abutment (cut bank)

-

0.23

3.8

1.5

(8) avnlp7

east of Fitzgerald Bridge (near
Avon Loop)

-

0.18 (-0.16?) 4

2.0

1.9

(9) dallp4

Dallington Loop cut bank

< 0.05

-

3.0

-1.0 5

(10) dallp5

Dallington Loop cut bank

< 0.05

< 0.05

3.4

-0.4

1

area surveyed and encountered a few small cracks in vicinity, cumulatively < 0.1 m
2 including 15 cm and 2 cm displacement measured from compression cracks
3
13 cm crack at bank in cbd3 becomes small in cbd4 (reason for large difference in displacement); 2-5 cm displacement
measured from compression cracks
4 0.16 m displacement measured from L ~95-165 and appears to be due to topographic spreading
5 ground slope changes to 0.2% at ~55 m from waterway
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With regard to maximum channel height and average ground slope conditions, there are no
apparent differences between the small (Table 7-6), moderate, distributed (Table 7-4) and large,
distributed (Table 7-1) ground displacements. Figure 7-23 plots maximum displacements from the
post February earthquake survey at the large, small, moderate sites with respect to (a) channel
heights and (b) average ground slopes, to illustrate the lack of correlation of ground displacement
with these parameters.

(a)

(b)

Figure 7-23. Comparison of maximum displacements from the post February ground survey with respect
to (a) channel height and (b) average ground slope conditions

7.5.2

Scrutiny of Geotechnical and Topographic Conditions at Small/Negligible Ground
Displacement Sites

Subsurface Data
Abundant CPTs were reviewed in the vicinity of the small spread sites. For sites located in the
CBD and Avon Loop, many of these CPTs met refusal at shallow depths or were predrilled to
depths of 8-12 m as a result of a dense to very dense gravels, indicative of the general subsurface
conditions in many of these locations. A few CPTs were able to penetrate deeper than a few meters
and were used in the analysis to define the subsurface conditions at the site. In addition some
borehole data in the CBD were reviewed to provide supplemental information where CPT data
was insufficient. Locations of the CPT data considered for this analysis are provided in Figure
7-24. Tests which met shallow refusal or were predrilled to depths more than about 8 m are
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indicated with magenta triangles. The magenta symbols are indicative of presence of gravel zones
that were particularly prevalent in the CBD (small spread sites 1-6) and on the south bank near
Fitzgerald Bridge (site 8 – avnlp16). Plots of the processed data at these locations are provided in
the Appendix F in addition to the relevant borehole data reviewed in areas of CPT refusal/predrill.

Figure 7-24. Location of subsurface data considered in analysis of small spread sites in (a) CBD
(Hereford and Cashel Street); (b) CBD (Armagh St); (c) Avon Loop; and (d) Dallington loop cut bank

Interpretation of Critical Layers
Figure 7-25 and Figure 7-26 provide interpreted cross-sections of subsurface conditions at the
majority of small spread sites considered (sites [1] through [4] – cbd11 through 14 not shown given
typical absence of critical layers encountered at these sites). A brief summary of the subsurface
conditions at each of the ten sites follows.
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(a)

(b)

(c)
Figure 7-25. Interpretation of subsurface conditions and potential critical layers at small spread sites (a)
site (5)cbd1; (b) site (6) cbd3/4; and (c) site (7) avnlp16
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(a)

(b)

(c)

Figure 7-26. Interpretation of subsurface conditions and potential critical layers at small spread sites (a)
site (8)avnlp7; (b) site (9) dallp4; and (c) site (8) dallp5
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Sites (1) - (4) cbd11 - cbd14 (Cashel St and Hereford St): Review of BH_5752 and CPT_32644,
located along the west bank of the Avon River near the Cashel Street and Hereford Street bridges,
respectively, (cbd13, cbd11) indicated the subsurface conditions across the site to consist of a layer
of loose sand to silty material overlying a zone of dense to very dense gravel extending from about
2.5 - 3 m depth to about 9 m depth in BH_5752, where the material becomes more sandy.
CPT_32644 met refusal in the gravel material at about 4.8 m. Based on this data there were
generally no apparent loose to medium dense liquefiable layers at the bank that would have
induced lateral spreading at these locations.
Similarly, along the east bank (cbd12 and cbd14), subsurface data closest to the bank (CPT_32646
near Hereford St and BH_5753, BH_5754) showed similar conditions with medium dense to dense
gravel extending from about 2.5-9 m depth near Cashel St and from 1 – 6.5 m in CPT_32646
(underlain by medium dense to dense sand). Occasional sand lenses were logged in the boreholes
but were generally less than 0.3 m thick and not considered as a potential for lateral spreading.
Interestingly, CPT data slightly further from the bank near Hereford Street (CPT_35363, 35364,
35366 located just southeast of the bridge) showed more significant deposits of loose, liquefiable
material in the upper 4 to 8 m with some loose fine to coarse sand layers of about 1 – 2 m in
thickness. However, these zones of loose material, which were highly interbedded, did not appear
uniform across the site (between the three CPTs considered in this area) and did not appear
continuous to the free-face. Thus, again, no significant potential critical layers were identified.
Sites (5), (6) cbd1, cbd3/4 (Armagh St): Just downstream, subsurface data along both banks at
Armagh St (cbd1, cbd3/4) was reviewed. A cross-section of the data interpreted along the west
bank (cbd1) and east bank (cbd3/4) is provided in Figure 7-25(a), (b) and shows a significant zone
of gravel extending across the site. On the west bank, the gravel was overlain by loose to medium
dense sand to silty sand that encountered above the groundwater. Data from BH_5358 located on
the west bank indicated medium dense sand beneath the gravel at about six meters depth. Across
the bank, the gravel appears to extend below ten meters depth (based on BH_5359). About 1 meter
of loose to medium dense sand to silty sand was encountered in CPT_27261 (east bank) above the
gravel from about 2 to 3 m depth and may led to the minor cracking observed in transect cbd3
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(including ~13 cm fissure near the bank); the layer did not appeared to grade to near or above the
groundwater table in BH_5359 and did not appear continuous further from the bank. Note in the
cross-section, a zone of loose sand to silty sand was encountered at about 50 m from the bank that
may be considered as a potential “critical” layer; however, the isolated nature of this layer and the
lack of continuity to the free-face led to the assumption that this was not a critical layer for
spreading (though the weak zone likely caused local liquefaction and associated damage).
Site (7) avnlp16 (Fitzgerald Bridge): A cross-section of the interpreted subsurface data along
avnlp16 is provided in Figure 7-25(c) and shows the subsurface conditions at the bank to consist
of loose sand to silty soil encountered above the groundwater table and underlain by medium dense
to dense gravel extending to a depth of about 7 - 8 m where medium dense to dense sand was
encountered. Further from the bank (CPT_414) the gravels did not appear continuous and the
subsurface conditions consisted of a layer of non-liquefiable (Ic >2.6) material interbedded with
layers of loose silty soil extending to about 5.7 m depth where the medium dense to dense sand
layer was encountered. Given the depth and relative density of the deeper sandy material, it was
not considered a potential critical layer with respect to lateral spreading.
Site (8) avnlp7: Across the bank and slightly downstream from site (7), the subsurface conditions
along transect avlp7 (Figure 7-26(a)) indicated a potential critical layer at the bank about 0.5 m
thick and consisting loose fine to silty sand in CPT_566 and located at about 1.5 m depth. The
layer was encountered between a lens of non-liquefiable material and dense gravel which caused
refusal of the CPT at 2.3 m and did not appear continuous in nearby CPT_15786 located at about
35 m from the bank. Note that several small cracks were encountered from about 100-150 m from
the bank and was likely associated with the ground slope conditions and a thick layer (~3 m) of
loose fine to silty sand encountered in CPT_6456 at about 170 m from the bank that was not
continuous to the free-face.
Sites (9), (10) dallp4, dallp5: The subsurface conditions along the eastern cut bank of the
Dallington loop (along transects dallp4 and dallp5 - Figure 7-26(b) and (c), respectively) were
relatively consistent and comprised of non-liquefiable material extending to about 2.5 to 3 m depth
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underlain by a thin (~0.5 – 1 m) potentially critical layer of loose to medium dense fine to silty
sand which overlies a relatively uniform deposit of medium dense to dense sand. In both transects
the loose sand layer (silty in CPT_1127 along dallp4) was only about 0.5 m closest to the bank and
increased in resistance at about 30 m from the river; the layer was somewhat variable across the
site with varying amounts of loose silty sand and medium dense sand.
Properties of Small Spread Critical Layers
The majority of small spread sites considered showed either no potential critical layer at the bank
or a thin lens, typically about 0.5 – 0.8 m thick (up to 1 m further from the bank), of loose to
medium dense silty to fine sand generally encountered between non-liquefiable material (Ic >2.6)
and medium dense to dense sand or gravel. Where encountered, the potential critical layer was
either not continuous or showed some variability in material type becoming more or less silty and
dense with distance from the river. Properties of these potential critical layers, where encountered
at 4/10 of the sites considered, are plotted in Figure 7-27 with respect to various parameters. Note
that 6/10 locations showed no potentially critical layers.
The thickest deposit of potentially critical material was encountered at site (6) cbd3/4 where about
0.8 m of loose fine to silty sand was encountered below the groundwater table in CPT_27281 and
BH_5959 and appeared to be sloping to the river at about 10% and confined to within about 20 m
of the bank; the layer was not encountered in adjacent CPT_5359 and could alternatively be
considered discontinuous, regardless, the layer appeared discontinuous beyond BH_5959 (located
about 15 from the river). The remaining three sites showed critical layers of about 0.5 m or less
(cumulatively about 0.8 m at site [10] dallp5 when considering the 0.3 m of slightly denser
transition zone). At site (10) dallp5 the upper critical layer appeared to be sloping away from the
river (negative slope) to CPT_846 at about 30 m from the bank; however, it should be noted that
part of the layer increases in density and therefore could be considered as not continuous. The
ranges of FS values presented for both methods (Sep EQ) are similar to those observed at the large
spread sites indicating that the lack of spreading at these locations was likely associated with the
thickness (< 1 m) and general discontinuity of the critical layers at these four locations.
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Figure 7-27. Properties of critical layers identified at 4/10 small spread sites (in general: blue symbol –
loose fine to silty sand; red symbol – loose silty soil, green – loose to medium dense sand)

It is also interesting to note the ground slope conditions at 3/6 locations depicted in Figure 7-25
and Figure 7-26 showed the bank sloping away from the river for about 20 m (cbd3/4) to over 100
m (dallp5) from the channel. In addition, the groundwater table at the majority of the small spread
sites was located at about 2 to 3 m below the top of bank, resulting in an increase in the crust
thickness near the water’s edge.
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7.5.3

Characteristic Features of Small/Negligible Ground Displacement Sites

Based on the findings above, the subsurface and topographic conditions at the ten small/negligible
spread sites scrutinized in this analysis can be summarized as follows:
-

-

Absence of thick and continuous critical/liquefiable layers, instead occasional lenses
of potentially “critical” material.
Depth to groundwater table at the bank typically ranging from 2-3 m;
Thin, less than 0.5 m in thickness, critical layer that did not appear continuous or
became more dense along the transect.
Occasional thicker (>1 m) zones of weak, liquefiable material encountered at distances
greater than 30 m from the bank that appeared to be isolated and not extending to the
free-face.
Channel height or average ground slope did not appear to influence the magnitude of
ground displacement when comparing small spreads with large and moderate spreads.
However, topographic conditions which consisted of the ground sloping away from the
river were generally limited to the small spread sites considered.

An idealized schematic cross-section was developed to characterize the general subsurface
associated with little to no spreading sites examined in this study and is presented in Figure 7-28.
Given the variability in the subsurface conditions at the sites considered, the schematic diagram is
an over-simplification but can be used to highlight the key attributes of small spread sites identified
in the analysis.
In general, the critical layer at the bank, if present (4/10 sites), was typically thin (< 1 m) and
consisting of loose fine to silty sand or loose silty soil. The layer did not appear to be continuous
along the transect with the potential exception of two cases: site (4) cbd3/4 sloping toward the
river at about 10% but does not appear continuous beyond ~15 m from the bank (alternative
interpretation shows no continuity); site (10) dalllp5 where the layer appears to be sloping away
from the bank at about (-) 2% and also increases in density (on average) and therefore may not be
considered continuous. Occasionally in the CBD, isolated zones of loose liquefiable material more
than a meter in thickness (that would be expected to induce spreading) were encountered; however,
scrutiny of these layers showed that the layer did not extend to the free-face and therefore lateral
movement along this material was inhibited.
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Figure 7-28. Schematic of idealized cross-section at small to no spread sites considered in analysis

7.6

Large and Localized Ground Displacements

One distinct spreading distribution pattern that was identified in the ground survey consisted of
large displacements concentrated within a relatively small distance of the river (< 30 m). The
following section explores the key characteristics of these displacements compared with large
distributed ground displacements discussed previously.
7.6.1

Selected Large and Localized Ground Displacement Sites

While large, moderate, and negligible spreading cases were the more typical observed distribution
pattern along the Avon River, several transect locations investigated after the February 2011
earthquake exhibited a localized failure mode, characterized by large (~ 1 - 1.5 m) lateral
displacements concentrated within about 20 to 50 m of the bank and negligible observed ground
damage beyond. Figure 7-29(a) provides the distribution patterns of three transects where results
of the ground survey were considered to be large and localized, with their approximate locations
indicated in Figure 7-29(b), near the Avon Loop in the eastern portion of the CBD.
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(a)

(b)

Figure 7-29. (a) Cumulative lateral displacements distributions at locations surveyed following the
February 2011 earthquake exhibiting “localized” failure; (b) locations of “localized” failures

As noted in Chapter 5, it can be difficult to verify a localized failure if the transect was terminated
at relatively short distances from the bank. Thus, while some other locations investigated after the
February event, may have appeared to be localized failures, such as two sites in the CBD, they
were determined void as the transects ended within 20 m from the bank due to access restrictions
and the distribution pattern could not be verified. As inferred in Figure 7-29(a), the locations
considered typically extended to about 60-90 m from the river. Further, the localized nature of
displacements at these sites were verified with alternative data such as absence of mapped ground
cracks and displacements from LiDAR interpretations further from the bank (LiDAR vectors were
typically located a minimum of 30-50 m from the river and therefore did not pick up such localized
movements at the free-face).
7.6.2

Scrutiny of Geotechnical and Topographic Data at Large and Localized Ground
Displacement Sites

Subsurface Data
Unfortunately, adequate subsurface data within 30 m of the transect was only available at one of
these three localized sites (site (1) – avnlp2), making it difficult to draw finite conclusions
regarding the subsurface characteristics of these failure distribution types. As a preliminary
analysis, exploration data in the vicinity (> 30 m offset) was considered to provide some insight
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to the conditions at the remaining two transects considered. Locations of subsurface data near the
three localized sites is provided in Figure 7-30.

Figure 7-30. Location of CPT data in the vicinity of localized spread site (a) 1 and 2 – avnlp2 and
avnlp3; and (b) 3 – avnlp6

Interpretation of Subsurface Conditions
The relevant CPT data was processed to identify potential critical layers at each site and to produce
the cross-section data in Figure 7-31. A description of the general subsurface conditions at each
location follows.
(1) – avnlp2: As shown in Figure 7-31(a), a potential critical layer was identified at the bank
(CPT_10012) and consisted of about 2.2 m of loose fine to silty sand (qc1 ~ 6–7 MPa, Ic ~1.9-2 –
blue colour) extending from about 2.8 to 5.3 m depth (with a 0.3 m lens of Ic >2.6 material),
encountered between a deposit of fine-grained Ic >2.6 material and medium dense to dense sand
(with occasional loose to medium dense zones). While the fine-grained top soil and underlying
medium dense sand appeared continuous across the site, the majority of the loose fine to silty sand
critical layer became highly interbedded in CPT_29870 located about 85 m from the river, with
only the thinner, lower portion (~0.7 m thick at the bank) continuing along the transect. The
significant slope along transect avnlp2 of about 7% toward the river results in an increase of crust
thickness and depth to the continuous portion of the loose fine to silty sand layer.
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(a)

(b)

(c)
Figure 7-31. Interpreted subsurface data and potential critical layers at localized spread sites (a) site 1 –
avnlp2; site 2 – avnlp3 (preliminary); and site 3 – avnlp6 (preliminary)
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About 27 m upstream (CPT_392), the loose fine to silty sand appeared to be much thinner (~0.6
m thick), further emphasizing the localized nature of this critical layer which likely lead to the
observed spreading pattern.
Site (2) – avnlp3 (preliminary): Based on the interpretation presented, the conditions at the site
consisted of about 1.8 m of loose sand to silty sand (qc1 ~ 5–7 MPa, Ic ~ 2-2.2 with 0.3 m lens of
qc1 ~ 10 MPa, Ic ~ 1.8) encountered from about 4.9 to 6.7 m depth, between Ic >2.6 and medium
dense to dense sand which also appeared to become interbedded with distance from the bank.
Given the offset of CPT_564, the thickness of the critical layer could increase closer to the transect
(as observed near transect avnlp2). The height of the channel was about 4.4 m at this location
(higher than typical heights which generally range between ~2-3 m), indicating the depth to the
critical layer of about 4.9 m was only about 1.1 times the channel height.
Site (3) – avnlp4 (preliminary): The CPT closest to the river (CPT_565) indicated an
approximately 2 m thick layer of loose fine to silty sand encountered at about 1.5 m (near the
groundwater table) encountered between fine-grained silty material and zone of dense to very
dense gravel which was underlain by medium dense to dense sand. Review of CPT data on either
side of the transect (large offsets) slightly further from the bank show the loose sand material to
be discontinuous with the gravel layer extending up to the fine-grained material.
Properties of Critical Layers
In general, all three sites showed a potential critical layer closest to the bank with similar
characteristics to the most critical layer identified in the large spread sites – loose fine to silty sand
with thickness greater than 1 m. A few of the properties considered in this analysis of critical layers
are provided in Figure 7-32 based on the CPT closest to the bank and to the transect. Though it is
important to note for site (2) and (3), these values are preliminary and may not reflect the actual
conditions closer to the transects given the CPT offset > 30 m and the localized nature of the
observed displacements. Thus, the analysis presented below will focus on site (1) avnlp2, where
CPT_10012 at the bank was less than a few meters from the transect.
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Figure 7-32. Properties of critical layers at localized spread sites (preliminary for sites 2 and 3)

Based on the data at site(1) – avnlp2: the critical layer can be defined as loose, fine to silty sand
(blue) with Ic ~1.9, qc1 ~ 6 MPa, qc1n_cs ~75 (RW98, BI14) ; ~2 m thick; encountered at a depth of
1H. The layer appears to show identical attributes to the key critical layer identified at the large
and distributed displacement sites. However, unlike the large and distributed ground displacement
sites, where this material continued across the site and along the transect, the critical layer at site
(1) appeared to be confined to the immediate vicinity of the transect (not continuous) which likely
caused the observed failure pattern. This was consistent with the observations at the previously
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discussed large and distributed spread sites (4) and (7) – lcks5 and anz2, where the loose, fine to
silty sand critical layer did not appear continuous further from the bank but rather graded to a siltier
material. In addition, these two locations might be better characterized as large and localized
displacements with affected distances of about 55-70 m from the bank. Preliminary consideration
of large and localized sites (2) and (3) confirm the discontinuity of the critical layer with distance
from the bank leading to localized displacement.
In the case of the large and localized spread sites, where spreading beyond about 20-50 m was
negligible, the material change further from the bank appeared to be relatively distinct, either
highly interbedded with medium dense sand and/or silt or completely not apparent. Comparing
this observation to lcks5 and anz2 sites, where some small movements continued up to about 5570 m, the critical al layer appeared to grade to a loose silty soil (red layer) characteristic of the 2
of the moderate spread sites, which likely led the continuation of small movements at slightly
larger distances from the bank.
7.6.3

Characteristics of Large and Localized Ground Displacements

A schematic of preliminary criteria leading to localized failures in the February earthquake is
provided in Figure 7-33, based on the data at site (1) – avnlp2. As indicated in the figure, the spread
can preliminarily be characterized by a thick (>1.5 m) deposit of loose, fine to silty sand (qc1 ~ 67 MPa, Ic ~ 1.9-2, qc1n_cs ~70-100) encountered within a depth of about 1H that was not continuous
with distance from the bank or across the site.
It should be noted that a possible alternative interpretation of these failures may be the
consideration of a flow-type failure mechanism occurring due to the relatively steep bank and low
relative density of the critical layer encountered near the free-face. The high static shear stresses
induced by the free-face may have been larger than the residual shear strength of the critical layer,
resulting in the localized collapse at the banks. The normalized tip resistances interpreted at these
sites lie near the upper bound of the normalized tip resistance – residual shear strength ratios
developed by Olson and Stark (2002) through back analysis of flow failure case history data (the
data included sites with normalized tip resistances of up to about 6 MPa).
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Figure 7-33. Preliminary schematic of conditions leading to localized failures in the February
earthquake

7.7

Conclusions

Detailed analysis of subsurface and topographic data in the vicinity of ground survey
measurements was performed at 25 locations along the Avon River. The analysis considered
results from the post September earthquake reconnaissance as well as the post February event
effort and included data from six “repeat” locations (surveyed after both events). Maximum ground
displacements at the bank ranged from negligible displacements (< 0.1 m) to 1.6 m with
distribution of spreading affecting distance of 20 m to over 200 m. The magnitude and distribution
of spreading was characterized into one of four categories based on the observed ground
distribution pattern, summarized in Table 7-7.
Rigorous geotechnical analysis was performed to identify characteristic critical layers contributing
to the observed lateral displacement pattern. Schematic diagrams were developed summarizing the
characteristic features for large and distributed ground displacements (Ug_max > 0.6 m – post Sep,
> 1 m – post Feb, affected distance ~100-220 m from the river); small to negligible ground
displacements (Ug_max < 0.3 m), and large and localized ground displacements (Ug_max > 1 m
– post Feb, concentrated within 50 m of the bank).
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Table 7-7. Summary of ground survey sites considered for analysis
Distribution

Ground Displacement Category
(No. Sites Considered)
Large and distributed (7) 1

Ug_Max –
Sep (m)
> 0.6

Ug_Max –
Feb (m)
>1

Moderate and distributed (5)

-

0.3 – 0.6

exponentially decreasing with distance from
the river

Small to negligible (10)

< 0.1

< 0.3

small to negligible displacement consisting of
up to a few small cracks

Localized (3) 2

-

>1

displacement concentrated within 30 m - 50 m
of the bank

1
2

exponentially decreasing with distance from
the river; note some locations also showed
combination with localized or block-type
failure

two locations could be considered as large and localized
three locations presented, only 1 location showed subsurface data available within 30 m of transect

The moderate distributed displacements were slightly more complex with three different profiles
identified. Key characteristics identified in the analysis for each of these types of types of ground
displacements is presented in Figure 7-34.
Each of these types of spreads were related to the properties of critical layers in terms of typical
thicknesses, depths, cone tip resistance, soil density, soil behaviour type index, factor of safety
against liquefaction and continuity of liquefied layers. In general, three potentially critical layer
were identified in the analysis:
•

loose silty soil (red layer): Ic ~2.2-2.4, qc1 ~ 2 – 3 MPa, qc1n_cs ~50-60 (RW98)
encountered at or near the groundwater table;

•

loose fine to silty sand (blue layer): Ic ~1.9-2.1, qc1 ~ 2 – 3 MPa, qc1n_cs ~50-70
(RW98) encountered underlying the silty soil or at/near the groundwater table
corresponding to depths of about 1.2 – 4 m (0.5 – 1.2H);

•

loose to medium dense sand: Ic ~1.7-1.9 m, qc1 ~ 8-10 MPa, qc1n_cs ~80-100
(RW98) underlying the loose fine to silty sand at depths of about 3.3-5.7 m (1.32.2H)

The loose fine sand to silty sand layer (blue) layer appeared to be the weakest and most critical
layer contributing to lateral spreading displacements. As indicated above the layer relatively low
tip resistances of about qc1n_cs ~50-70 (RW98) was likely associated with low residual shear
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strengths and large maximum shear strains leading to large displacements when the layer was
thick. For the large and distributed spread sites, this layer was relatively thick (1.5 – 2.5 m) and
continuous along the transect, allowing for significant lateral displacements to develop within the
layer and along the transect. However, when this layer was thick (~2 m) but not continuous, the
observed displacement pattern was large and localized. Similarly, when the layer was thin (< 1 m)
and not continuous, the associated displacement was small. This layer was encountered at two of
the moderate displacement sites with thicknesses greater than 1 m, but was encountered deeper in
the soil profile, underlying relatively dense gravel layers.
Some contribution of the observed displacement may have resulted from movement within the
loose silty soil. Given the low tip resistance, large strains might be expected along this layer as
well. However, this layer was not always present at the large and distributed spreading sites, and
where encountered, was relatively thin (< 1 m) and typically grading above the groundwater table.
In addition, studies have shown the soils at or near the groundwater table in Christchurch are not
fully saturated, particularly in the silty soils, which would lead to a higher resistance against
liquefaction in the layer. The layer typically became interbedded with Ic >2.6 material along the
bank. Some moderate displacement sites (with no shallow fine to silty sand layer present) showed
this layer was thick (> 1 m), extending further below the groundwater, and continuous along the
transect (slopes of -0.2 to 1.1%) indicating that this layer may be associated with some small
displacements.
Similarly, the underlying loose to medium dense fine sand layer may have also had some effect on
displacements; however, the higher tip resistance and relative density characteristic layer are
associated with a significant increase in residual shear strength (compared to the loose fine to silty
sand layer) and decrease in maximum shear strain, and hence, minimizing displacements within
this layer. This loose to medium dense sand layer was identified as the critical layer at one of the
moderate and distributed displacement sites, where the layer was ~ 1.5 m and continuing along the
transect and likely causing the moderate displacements observed along the transect.
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It was found that the topographic parameters, channel height and average ground slope had
relatively small effect on the magnitude and/or distribution of lateral spreading at the locations
considered. This could be attributed to the relatively small range of channel heights (1.9 – 4.5 m)
and mild ground slope conditions (-1 to +2%) considered. Though, it should be noted that all of
the sites considered with negative ground slope conditions at the bank (sloping away from the
river) corresponded to the small to negligible spread sites.
The most significant distinguishing factors among the different types of spreading magnitudes and
distributions related to the thickness, relative density (tip resistance), and continuity of the critical
layer identified for each classification of lateral spreading. In addition, the depth to groundwater,
or crust thickness, may have also had some influence on minimizing displacements at the small to
negligible spread sites where the groundwater table was typically located 2 to 3 m below the
ground surface. As inferred in Figure 7-34, the shallowest depths to the critical layer (0.5 - 1.2H)
was encountered at the large and distributed spread sites. The location of this layer relative to the
channel bottom, combined with the layer thickness, relative density, and continuity, allowed for
significant lateral displacement towards the free-face, resulting in the large and distributed
spreading that was observed.
The rigorous and robust analysis described in this chapter has led to the clear identification of
critical layers contributing to various magnitudes and distribution of lateral displacements.
Interestingly, factor of safety was found to not be a defining feature in the analysis, with relatively
similar values indicated across the different layers (this was more pronounced in the February
earthquake shown on the plots in Appendix H); however, relative density (tip resistance), layer
thickness and continuity of the layer were identified as having significant influence. This is not
surprising given the empirical relationships and laboratory testing data highlighting the effects of
relative density (tip resistance) on maximum cyclic shear strains and residual shear strengths
(Idriss & Boulanger, 2008; Ishihara et al., 1993; Olson & Stark, 2002). Likewise, the thickness
and continuity of the layer are clearly related to distribution of these strains and consequential
ground deformations.
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Figure 7-34. Flow chart summary of characteristics of various failure patterns observed along the Avon River
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8.
8.1

CONCLUSIONS

Summary

The aims of this research were to document the liquefaction-induced lateral spreading observed
throughout the Christchurch area following the Canterbury earthquakes and then use this
information to characterize typical features of lateral displacement patterns, compare observations
with commonly-used empirical models, and identify key characteristics leading to the observed
deformations. Field investigations were conducted at 126 locations (19 of which were repeated)
following the 4 September 2010 Darfield (Mw 7.1) and 22 February 2011 Christchurch (Mw 6.2)
earthquakes to document the magnitude and distribution of permanent ground displacements due
to lateral spreading using the method of ground surveying. The method involved measurements
and then summation of crack widths along a specific alignment (transect) running approximately
perpendicular to the waterway to typically yield a maximum lateral displacement at the bank and
reduction of the magnitude of displacements with distance from the river. Data collected after the
February earthquake inevitably reflected cumulative effects of the September and February
earthquakes. The field data was validated against geodetic surveying measurements at available
locations and compared with other alternative measurements of lateral displacement including
aerial photogrammetry and LiDAR.
Geotechnical, topographic, and seismic information available at the majority of ground surveying
locations was collated to supplement the field observations for further geotechnical analysis. Using
the compiled data, a rigorous comparison of observed ground displacements and predicted
displacements from two commonly used empirical models in engineering practice (Youd et al.
2002; Zhang et al. 2004) was performed. A subsequent analysis considered limited depth to two
times the channel height (2H) to scrutinize the outcomes under the assumption that deeper
liquefied strata did not contributing significantly to displacements at the ground surface.
Lastly, an in-depth analysis was performed at 25 selected ground survey locations along the Avon
River to investigate the relationship between key characteristics of lateral spreading displacements
and ground conditions and soil liquefaction characteristics such as soil type, grain-size features,
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density, thickness of liquefied layer, factors of safety against liquefaction triggering, ground slope
and spatial continuity of critical layers. The investigation focused on sites along the Avon River
in order to reduce variability in seismic and geotechnical conditions which have potential to
influence lateral displacements. The data was grouped into various categories based on the
observed magnitude and distribution pattern: large-displacement spreads, moderate spreads, small
to negligible displacements, and localized spreads (failures). Abundant CPT data in the vicinity of
transects was analysed with respect to potentially liquefiable soil layers (FS < 1) in the September
and February earthquakes and detailed topographic data. A systematic approach was then
employed through rigorous geotechnical analysis to identify soil layers potentially contributing to
liquefaction-induced lateral spreading and corresponding affected areas. Properties of these layers
included thickness, depth, continuity, tip resistance, soil behaviour type, and factor of safety
against liquefaction were considered and highlighted as general characteristics leading to the
observed displacement patterns. A corollary of this in-depth analyses was an area specific
relationship between the fines content and soil behaviour type index which provided additional
insights into the nature of the Ic – FC relationship and subject Christchurch soils.
8.2

Findings and Contributions

A significant contribution of this research pertains to the extensive and high-quality lateral
spreading data collected during the ground surveying investigations predominantly throughout
Christchurch, but also in Kaiapoi and Spencerville. The precise documentation of hundreds of
crack widths (and, where appropriate, depth and vertical offset) and respective distance from the
waterway along specified alignments (transects) running approximately perpendicular to the
waterway provide an exceptional record of case history data of lateral spreading in Christchurch.
These detailed data is electronically provided in Appendix B and summarized in Appendix C. This
extensive dataset was used as basis for the subsequent analyses and interpretations presented in
the thesis.
The comparison of ground surveying measurements with geodetic survey data (which is similar to
ground surveying in terms of physical measuring of displacements in the field) available in South
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Kaiapoi following the September earthquake showed very good agreement between the alternative
measurements, validating the method of ground surveying employed. Less agreement was
observed between ground displacements measured in the field (i.e. ground and geodetic surveying)
and LiDAR displacements, particularly when field displacements were less than about 0.5 m. The
lower levels of agreement may be attributed to the reduced accuracy of the LiDAR data at smaller
displacements, but also to the different focus in the measurements, which was highly localized in
the ground surveying and global in the LiDAR evaluations. This different emphasis in the
measurements reflects key differences in the methodologies compared, and hence, it should be an
important consideration in the evaluation of lateral spreading which is characterized by a highly
complex and non-uniform manifestation. Results from aerial photogrammetry comparisons
showed improved consistency with field measurements, with aerial photogrammetry
displacements typically within a factor of two considering field measurements greater than about
0.2 – 0.3 m. The scrutiny of the remote imagery data (aerial photogrammetry and LiDAR) offered
valuable information regarding the global displacement patterns over large areas, which can be
complicated by the presence of the free-face and sloping ground away from the bank, but also
global topographic features over larger areas. These alternative datasets were used in conjunction
with topographic data to understand global displacement patterns at complex spreading sites, and
hence improve interpretations of field measurements based on ground surveying.
Cumulative displacements were plotted with respect to distance from the waterway to yield
magnitudes and distributions of observed displacements. The following are key findings with
regard to magnitude and distribution of ground displacements and general manifestation of lateral
spreading in different areas.
(1) Maximum lateral displacements measured at the bank ranged from less than 10 cm to over
three meters at the various locations investigated, affecting areas up to 300 m from the
bank. Large cracks propagating along the banks (and occasionally at significant distances
from the waterway) continued for hundreds of meters at some locations while in some cases
only affecting a small area.
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(2) The results of the ground surveying illustrated the highly non-uniform nature of lateral
spreading, often showing spatial variability in terms of the affected by spreading as well as
with the magnitude of displacement. Particularly complex patterns were identified within
the meandering loops of the Avon River where spreading in multiple directions occurred
resulting in a complex web of ground cracking. By and large, however, four different types
of spreads were identified based on maximum displacement magnitude and distribution of
displacements with distance from the river:
•

Distributed spreads (in direction perpendicular to the river) ranging from less than
half meter to over 2 m in magnitude were characterized by an exponential decay of
displacement with distance from the river, typically affecting distances within 100200 m of the waterway. Distributed spreads were the most common type of lateral
spreading and were generally encountered along the Avon River with maximum
displacement typically ranging from 0.5 – 1.5 m.

•

Small-displacement or negligible spreading locations where maximum
displacements less than about 0.2 – 0.3 m were typically encountered within the
CBD along the Avon River and at the majority of locations surveyed along the
Heathcote River.

•

Block-type movement was observed in South Kaiapoi where large fissures were
concentrated at 150-200 m from the river with little displacement between these
features and the waterway, resulting in a “block” like movement;

•

Localized failures were characterized by large displacements (typically > 1 m) and
were concentrated (localized) within 20 – 50 m from the river and showed
negligible movement beyond this distance. Such localized spreads were observed
at a few locations along the Avon River following the February earthquake.

(3) In terms of specific areas investigated, the most severe lateral spreading associated with
September earthquake was observed in Kaiapoi where seismic demand was higher, as
compared to Christchurch. Maximum displacements of up to 2.7 m were measured along
Courtenay Stream (South Kaiapoi) and the largest cracks and ground fissures were
concentrated at about 150 – 200 m from the bank, causing extensive damage to houses in
the area.
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Data along the Avon River (excluding measurements within the Dallington Loop point bar)
indicated maximum displacements ranging from less than 10 cm to 1.1 m following the
September earthquake and up to 2.9 m in the post February ground surveying. The
observed displacements generally increased in magnitude in the eastern (downstream) area
of the river, from the CBD to the estuary. The area affected by spreading typically extended
100 – 150 m from the waterway, with larger distances observed in Avonside Loop. Highly
complex spreading patterns were observed within the Dallington Loop point bar where the
largest displacements were estimated to be about 2.5 – 2.8 m in the post September and
February surveys.
(4) The analysis performed to evaluate model predictions from Youd et al. (2002) and Zhang
et al. (2004) relative to field measurements focused on the September earthquake and
data from 33 sites throughout Christchurch, Kaiapoi, and Spencerville. The key findings
from these analyses are summarized below:
•

In general, the results from the Zhang et al. (2004) showed significant scatter at
most sites, with the model over- and under- predicting field displacements by more
than a factor of two. A few points in Spencerville showed relatively good agreement
(within a factor of two).

•

Two approaches were used to compute Youd et al. (2002) predictions. One
involved using the actual source-to-site distance parameter and the second used an
equivalent site-to-source distance recommended by the model. In the former
analysis (actual site-to-source distance), the model generally under-predicted (by
more than a factor of two) field displacements greater than about 0.2 m while overpredicting several locations which showed negligible movement. The latter case
showed a similar trend with under-predictions even more exaggerated.

•

The limiting depth (2H) analysis considering the Zhang et al. (2004) model showed
either negligible effect on model performance or slightly improved agreement with
field observations suggesting this may be a beneficial approach when considering
this model. The consideration of 2H in the Youd et al. (2002) model comparisons
resulted in little change to the results. But, this was believed to be attributed to the
generally small initial predictions from the model (typically < 1 m) and therefore
reduced sensitivity of the T15 parameter.

•

Results from the sensitivity highlighted the considerable sensitivity of the grainsize parameters F15 and D5015 used in the Youd et al. model affecting the range of
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predicted values by nearly two times for a change in fines content of about 30%.
Given the general variability of fines content and median grain size typical of
alluvial soil strata and likely within the T15 layer, it can be difficult to define these
parameters with less uncertainty than that considered in the analysis (which showed
such high sensitivity) even with adequate grain-size data.
•

The site-specific Ic – FC relationship developed as part of this analysis considered
grain size and CPT data located within 300 m of the Avon River and within a depth
of 15 m. The relationship showed significant scatter with a slight improvement for
soils with FC > 30%. The Ic – FC correlation matched up well with the lowplasticity bound presented by Roberson and Wride (1998) and with the relationship
proposed by Boulanger and Idriss (2014), validating its use for site-specific
liquefaction analysis in Christchurch.

The results from the empirical model scrutiny illustrated the challenges of predicting lateral
displacements and the need for improvement to simplified approaches used to understand the
potential for lateral displacements in Christchurch.
The results from the in-depth analysis performed for the 25 selected locations along the Avon
River identified key similarities in the subsurface conditions and critical layers within each
category of lateral spreading considered. The results of these analyses outline an alternative
approach to the evaluation of lateral spreading in which a detailed geotechnical analysis is used to
identify the potential for large spreading displacements and likely spatial distribution patterns of
spreading. The outcomes from these analyses can be summarized as follows:
(1) Schematic diagrams were developed summarizing the characteristic features for large and
distributed ground displacements (Ug_max > 0.6 m – post Sep, > 1 m – post Feb, affected
distance ~100-220 m from the river); small to negligible ground displacements (Ug_max
< 0.3 m), and large and localized ground displacements (Ug_max > 1 m – post Feb,
concentrated within 50 m of the bank). The moderate distributed displacements were
slightly more complex with three different profiles identified.
(2) Each of these types of spreads were related to the properties of critical layers in terms of
typical thicknesses, depths, cone tip resistance, soil density, soil behavior type index,
factor of safety against liquefaction and continuity of liquefied layers.
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•

Three potentially critical layers were identified in the analysis including (1) loose
silty soil (red layer): Ic ~2.2 – 2.4, qc1 ~ 2 – 3 MPa, qc1n_cs ~ 50 – 60 (RW98)
encountered at or near the groundwater table; (2) loose fine to silty sand (blue
layer): Ic ~1.9 – 2.1, qc1 ~ 4 – 7 MPa, qc1n_cs ~ 50 – 70 (RW98) encountered
underlying the silty soil or at/near the groundwater table corresponding to depths
of about 1.2 – 4 m (0.5 – 1.2H); (3) loose to medium dense sand: Ic ~1.7 – 1.9 m,
qc1 ~ 8 – 10 MPa, qc1n_cs ~ 80 – 100 (RW98) underlying the loose fine to silty sand
at depths of about 3.3 – 5.7 m (1.3 – 2.2H)

•

The fine sand to silty sand layer (blue) appeared to be the weakest and most critical
for the observed lateral spreading displacements. When this layer was thicker (1.52.5 m) and continuous (sloping at about 0.9 – 6%), large and distributed spreading
displacements were observed. When this layer was absent or not continuous and
thin (<1 m), displacements appeared much smaller. In contrast, when the layer was
thick (>1 m) and not continuous, localized and large displacements occurred.

•

Some but smaller contributions of lateral displacement from the loose silty soil may
have occurred. However, this layer was not always present at the large and
distributed spread sites; was relatively thin (< 1 m); in close proximity to
groundwater table with partially saturated ground conditions resulting in higher
resistance to liquefaction; layer typically graded above groundwater table with
distance; became interbedded with Ic >2.6 material along the bank. Though where
this layer was thick (> 1 m) and continuous (and no fine to silty sand layer was
present), moderate and distributed displacements occurred.

•

Similarly, the underlying loose to medium dense fine sand layer may have also had
some effect on displacements; however, the higher tip resistance and relative
density is associated with a significant increase in residual shear strength and
decrease in maximum shear strain, and hence, minimizing displacements within
this layer.

(3) It was found that the topographic parameters, channel height and average ground slope had
relatively small effect on the magnitude and/or distribution of lateral spreading at the
locations considered. This could be attributed to the relatively small range of channel
heights (1.9 – 4.5 m) and mild ground slope conditions (-1 to +2%) considered. The most
significant distinguishing factors among the different types of spreading magnitudes and
distributions related to the thickness, relative density (tip resistance), and continuity of the
critical layer identified for each classification of lateral spreading.
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8.3

Limitations

Perhaps the biggest limitation of this research is in the problem itself. The complex nature of the
lateral spreading phenomenon results in highly non-uniform displacements which makes
quantifying and analyzing these ground displacements extremely difficult. Documentation alone
of these features as exhibited by the difference in displacements observed between the localized
ground-based measurements of lateral spreading compared to the global techniques. With regard
to the method of ground surveying, areas of interest also typically coincide with significant
liquefaction and ground distortion, making lateral spreading measurements difficult. Additional
limitations and uncertainties associated with the ground survey method are described in Chapter
4.
8.4

Application to Engineering Practice and Future Research Considerations

The findings of this research are directly applicable to engineering practice and the research
community. The research has shown the extremely complex nature of lateral spreading that
simplified models cannot accurately capture and has alternatively provided a framework to an
analysis-based approach to understanding key features of lateral spreading through rigorous
geotechnical analysis.
In addition, the high-quality ground surveying data collected for this research can also be used on
a site-specific basis during the rebuild of Christchurch to gain an understanding of the observed
deformations at the site in the Canterbury Earthquake sequence.
Future work might include applying the systematic approach employed at the 25 selected locations
to additional locations of field measurements in order to further elaborate on the findings presented
herein. In addition, characteristics of additional failure modes such as the block type movement in
South Kaiapoi could be explored.
The comparison of field observations and empirical models presented is likely of relevance to
many engineers in Christchurch. Practicing engineers can use the results of the analysis to gain
better understanding of the general model performances at the sites considered, as well as the
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potential sources of deviations in these predictions. The 2H limiting depth analysis provides
another example of how mechanics based considerations may affect interpretation of lateral
spreads and predicted lateral displacements. Additional research further clarifying the depth of
influence for lateral spreading is recommended.
The simplified criteria developed for four different spreading patterns observed along the Avon
River may provide engineers with a tool to access expected magnitudes and distributions (for a
similar seismic event) at a given site by comparing characteristic profiles. A rigorous geotechnical
analysis and scrutiny should be at the center of such evaluations.
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