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Abstract 

 

Factors Influencing the Lateral Spread Displacement from the 2011 

Christchurch, New Zealand Earthquake 

 

Olivia Catherine Deterling, M.S.E. 

The University of Texas at Austin, 2015 

 

Supervisor:  Ellen M. Rathje 

 

Liquefaction induced lateral spreading during earthquakes poses a significant 

hazard to infrastructure and has severe consequences. It is critical for geotechnical 

earthquake engineers to be able to accurately predict lateral spread movements. Empirical 

and semi-empirical models and various liquefaction index parameters are available to help 

predict the potential for damage and movements associated with liquefaction and lateral 

spreading. In this thesis, the available models and liquefaction index parameters were 

investigated using the observed lateral spread displacements from the Christchurch 

earthquake in New Zealand. The analysis includes investigation of the Youd et al. (2002), 

Bardet et al. (2002), Rauch and Martin (2000) and Zhang et al. (2004) displacement 

models; and the liquefaction potential index (LPI), settlement indicator (Sv1d) and 

liquefaction severity number (LSN) parameters.  

The results of this study show that both the Youd et al. (2002) and Bardet et al. 

(2002) models predict lateral spread displacements much smaller than observed in 
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Christchurch, most likely due to the relatively small magnitude of the Christchurch 

earthquake (Mw = 6.2) relative to the earthquake magnitudes included in datasets used to 

develop the Youd et al. (2002) and Bardet et al. (2002) models (i.e., Mw  7.5). The Rauch 

and Martin (2000) and Zhang et al. (2004) models predicted lateral spread displacements 

more similar to those observed.  The Rauch and Martin (2000) model predicts the average 

lateral spread displacement over an entire slide area, as opposed to predicting lateral spread 

displacement at a point, which may have contributed to the more favorable comparison.  
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Chapter 1: Introduction 

1.1 RESEARCH SIGNIFICANCE 

Liquefaction occurs in loose, saturated soils due to the strong cyclic ground motions 

that occur during earthquake shaking. The soil responds to the rapid cyclic loading by 

developing excess pore water pressures. The duration of the loading from the ground 

motions is very quick, therefore the saturated soil does not have time to drain and relieve 

the buildup of pore pressures. This is problematic in saturated, loose, granular soils, 

particularly sands. When liquefaction is triggered it causes significant loss of strength due 

to the positive excess pore pressure generation, and associated reduction in effective stress, 

under undrained loading. Two types of liquefaction may occur: flow failure and cyclic 

mobility (Kramer, 1996). Flow failure occurs when the static shear stress of the soil 

required for equilibrium is greater than the strength of the liquefied soil. This causes the 

liquefied soil to flow as if it were a liquid. Cyclic mobility occurs when the static shear 

stresses for equilibrium are less than the strength of the liquefied soil; however, enough 

strain is generated to cause permanent deformation and damaging movements. Indications 

of the occurrence of liquefaction are lateral spreads, large settlements, sand boils, slope 

failures, foundation failures, and flotation of buried structures (Kramer, 1996).  

A lateral spread occurs at a liquefaction site when either gently sloping ground or 

a free-face, such as a river bank, is present. The mass of liquefied soil moves down slope 

or towards the free-face, resulting in cracking at the ground surface, perpendicular to the 

direction of ground movement. A schematic of lateral spreading is shown in Figure 1.1. 



2 

 

 

Figure 1.1 Schematic of liquefaction-induced lateral spreading (Yi 2010, originally from 

Varnes 1978) 

Lateral spreads can be very destructive, causing foundation failures, cracks through 

structures, damage to utility lines, etc. (Kramer, 1996). Figure 1.2 shows two examples of 

types of lateral spreads and the damage that may occur from them. The scenario on the left 

of Figure 1.2 shows sloped ground in which liquefied soil moves downhill, causing sand 

boils at the bottom of the slope, and displacement and settlement at the top. The scenario 

on the right of Figure 1.2 shows a river free-face with a buried water pipe. When the soil 

below liquefies, the unliquefied soil spreads towards the river, causing extension and 

cracking in the ground and the embedded pipe. 
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Figure 1.2 Lateral spreading scenarios – left: on gently sloping ground, right: towards a 

river free-face (Yi 2010, originally from Rauch 1997) 

To evaluate the potential of liquefaction damage and lateral spreading, one first 

must determine if the soil is susceptible to liquefaction and whether liquefaction will be 

triggered by the expected level of earthquake shaking. If liquefaction is expected to trigger, 

the extent of damage and movement is evaluated.  

There are many different parameters which can be used to predict liquefaction 

effects, such as the factor of safety against liquefaction, the liquefaction potential index 

(LPI), settlement indicator (Sv1d), and the liquefaction severity number (LSN). These index 

parameters give insight into the potential for a site to liquefy and the potential for 

significant liquefaction-induced damage. Additionally, there are various models for 

predicting the displacement associated with a lateral spread. These empirical and semi-

empirical models use input parameters from ground motion data, subsurface data, and 

geometric conditions to determine the expected lateral spreading displacement that may 

occur for the given location. 
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The ability to accurately predict the potential for a site to liquefy and forecast the 

effects of liquefaction (i.e., severity of movements) is critical in geotechnical engineering. 

Despite the available models, there is still uncertainty in the prediction of lateral spreading 

displacements. The available models are derived from a limited dataset which is primarily 

composed of earthquakes with a magnitude 7.5 and larger, and thus may not be applicable 

to smaller magnitude earthquakes, which can still be damaging and cause large lateral 

spreads. Additionally many of these models treat each location within a lateral spread as 

independent, which is not realistic. It is important to evaluate these models using 

measurements of lateral spread displacement that are separate from the data used to develop 

them.  

Furthermore, it is important to consider alternative approaches to predict lateral 

spread displacements that may use various liquefaction index parameters, such as LPI, 

Sv1d, and LSN, as the independent variables. 

The 2011 Christchurch earthquake caused extensive liquefaction and lateral 

spreading which devastated the city, particularly around the Avon River.  The extensive 

documentation of the lateral spread movements around Christchurch for this earthquake 

provide an excellent opportunity to evaluate lateral spread models. A large amount of 

subsurface soil data have been completed due to ongoing research in the area as well as 

efforts of rebuilding the city. Through the use of optical image correlation and LiDAR the 

observed lateral ground displacements from the 2011 Christchurch earthquake have been 

developed for the area. The subsurface data and observed displacement data are analyzed 

in this thesis to investigate the lateral spread prediction models in relation to the 

Christchurch earthquake and to determine how well the models predict the amount of 
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displacement which was observed. The index parameters are studied in relation to the 

observed horizontal displacements in Christchurch to determine if any relationships are 

present.  

1.2 THESIS ORGANIZATION 

Following this introduction, Chapter 2 provides a review of the available 

approaches to predicting liquefaction and its effects. Index parameters, which provide 

information on the severity of liquefaction at a site, are introduced, and various empirical 

and semi-empirical models for predicting lateral spreading displacements are presented. 

Chapter 3 contains background information pertaining to the Christchurch 

earthquake, including the observed liquefaction and lateral spreading that was induced. The 

available subsurface and ground displacement data utilized in this study, and the areas of 

analysis are presented.  

Chapter 4 describes the development of cross sections for six locations along the 

Avon River, and interprets the findings from each. Additionally, each side of each cross 

section are designated into zones, established to assist in interpreting the effects of geologic 

conditions and movement non-perpendicular to the river. 

In Chapter 5, the comparison of the observed displacement data with the predicted 

displacements using the various empirical and semi-empirical models for the Christchurch 

earthquake are discussed.   

In Chapter 6, the observed horizontal displacements across Christchurch are 

compared to index parameter values calculated at the same location to investigate potential 

relationships. 
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Chapter 7 provides a summary of the information presented in this thesis, and 

suggestions for future research. 
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Chapter 2: Predicting Liquefaction Effects 

2.1 INTRODUCTION 

The ability to predict the effects of liquefaction is critical in geotechnical 

earthquake engineering. It is important to determine the potential for a site to liquefy under 

a given seismic loading, and to forecast the effects of liquefaction (e.g., movements) at a 

site. Researchers have been working to develop approaches to predict liquefaction 

triggering and the associated movements due to lateral spreading. Most of these approaches 

are empirical or semi-empirical and based on observations of liquefaction movements 

during previous earthquakes. This chapter provides a review of the available approaches to 

predicting liquefaction and its effects. Index parameters, which provide information on the 

severity of liquefaction at a site, are introduced, and various predictive models for the 

displacement of lateral spread sites are discussed.  

2.2 INDEX PARAMETERS FOR LIQUEFACTION ASSESSMENT  

Many different index parameters have been developed by researchers as a means 

to help predict the potential for a specific location to liquefy during a given level of 

earthquake shaking. The three main parameters that are discussed in this study are the 

liquefaction potential index (LPI), liquefaction severity number (LSN), and liquefaction 

induced settlement (SV1D). Each parameter is calculated differently, but all of the 

parameters are based on the factor of safety against liquefaction triggering. 
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2.2.1 Factor of Safety for Liquefaction Triggering 

In engineering, a factory of safety represents the ratio of the capacity of a system 

to the demand imposed on that system. For liquefaction evaluation, the factor of safety is 

defined in terms of cyclic stress ratio, which is the ratio of shear stress to vertical effective 

stress at a given depth. The seismic loading (i.e., demand) is defined as the cyclic stress 

ratio induced by the earthquake shaking (CSREQ), and the seismic capacity is defined as 

the cyclic stress ratio required to cause liquefaction, and this is often called the cyclic 

resistance ratio (CRR). The factor of safety, FS, is then defined as (e.g. Youd et al. 2001): 

𝐹𝑆 =
𝐶𝑅𝑅

𝐶𝑆𝑅𝐸𝑄
 

(2.1) 

The CRR is related to in situ test parameters, such as the corrected SPT blow count, 

(N1)60 (e.g., Youd et al. 2001), the normalized clean sand CPT tip resistance, qc1N-CS, (e.g., 

Boulanger and Idriss 2014), or the corrected shear wave velocity, Vs1. (e.g., Andrus and 

Stokoe 2000). An example of a CRR curve for the CPT tip resistance is shown in Figure 

2.1. This curve shows that the CRR increases as the CPT tip resistance, and corresponding 

relative density, increases. 
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Figure 2.1 Relationship for CRR and qc1N for clean sands with M = 7.5 and σ'v of 1 atm 

(Idriss and Boulanger 2008) 

The relationships between CRR and in situ test parameters have been developed 

from field data from sites that have liquefied during previous earthquakes and they have 

been corrected to a common reference condition of a moment magnitude of 7.5, effective 

vertical stress of 1 atmosphere, and level ground conditions. To account for conditions 

other than the reference condition, either the CRR or the CSREQ must be corrected using 

the magnitude scaling factor (MSF), effective overburden pressure correction factor (Kσ), 

and initial shear stress correction factor (Kα).  
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The CSREQ is calculated as (Youd et al. 2001):  

𝐶𝑆𝑅𝐸𝑄 = 0.65
𝑃𝐺𝐴

𝑔

𝜎𝑣

𝜎′𝑣
𝑟𝑑

1

𝑀𝑆𝐹
 (2.2) 

where PGA is the peak ground acceleration at the ground surface, g is the acceleration of 

gravity, σ'v is the vertical effective stress, σv is the vertical total stress, and rd is the shear 

stress reduction coefficient to account for the soil flexibility (e.g., Youd et al. 2001). 

The CRR is derived from the appropriate CRR relationship (e.g., Figure 2.1) and 

corrected through multiplication with Kσ and Kα:  

𝐶𝑅𝑅𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐶𝑅𝑅𝑐ℎ𝑎𝑟𝑡𝑠 𝐾𝜎𝐾𝛼 (2.3) 

2.2.2 Liquefaction Potential Index 

Researchers developed the liquefaction potential index (LPI) as a way to help 

characterize the potential for severe liquefaction consequences at a site given the profile of 

factor of safety against liquefaction. Defined by Iwasaki et al. (1982), the LPI is defined 

from the top 20 m of soil using a depth-weighted factor of safety:  

𝐿𝑃𝐼 = ∫ 𝐹1(𝑧)𝑊(𝑧)𝑑𝑧

20 𝑚

0 𝑚

 (2.4) 

where z is depth, F1(z) is defined from the factor of safety (F1(z)= 1 – FS(z) for FS(z) < 1 

and F1(z)= 0 for FS(z) ≥ 1, and FS(z) is the factor of safety against liquefaction at depth z), 

and W(z) is the weighting factor (W(z)=10 – 0.5z). 

Given the expression in Equation (2.4) the LPI increases as the factor of safety 

decreases. Additionally, at larger depths the weighting factor, W(z), decreases, which 

results in a decrease in the LPI. The depth weighting factor means that the LPI is more 
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influenced by shallower layers, which indicates that the consequences of liquefaction are 

more severe when a small FS layer is near the surface.  

Iwasaki et al. (1982) proposed thresholds of LPI that correspond with different 

levels of liquefaction risk, as listed in Table 2.1 (Tonkin and Taylor, 2013). LPI less than 

5 is associated with very low/low liquefaction risk, while LPI greater than 15 is associated 

with very high liquefaction risk.  

 

Table 2.1 Range of LPI values and their corresponding liquefaction risk levels (Iwasaki et 

al., 1982) 

LPI Range Liquefaction Risk 

LPI = 0 Very low 

0 < LPI ≤ 5 Low 

5 < LPI ≤ 15 High 

15 < LPI Very high 

2.2.3 Settlement Indictor 

Liquefaction induced settlement (SV1D) was presented by Tonkin and Taylor (2013) 

as a way to determine the expected vertical settlement due to re-consolidation of saturated, 

liquefied soil or densification/compaction of unsaturated loose granular soils. 

The Sv1d is based on estimates of the post-liquefaction, re-consolidation volumetric 

strain. It uses the relationship developed by Zhang et al. (2002), that predicts post-

liquefaction volumetric strain as a function of the factor of safety against liquefaction and 

the equivalent clean sand normalized CPT tip resistance. The relationship, shown in Figure 

2.2, demonstrates that for a given FS, the post liquefaction volumetric strain decreases as 

the CPT tip resistance increases. This trend indicates that a larger CPT tip resistance 
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represents a denser material, which will lead to less volumetric strain. Additionally, for a 

given CPT tip resistance, the post liquefaction volumetric strain increases as the factor of 

safety decreases. 

 

 

Figure 2.2 Post-liquefaction volumetric strain – cone tip resistance relationship (Zhang et 

al., 2002) 
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SV1D is calculated simply as the integral of the volumetric strain over depth:  

𝑆𝑉1𝐷 = ∫ 𝜀𝑣(𝑧)𝑑𝑧

𝑍

0 𝑚

 (2.5) 

where εv(z) is the volumetric strain at depth z, z is depth below the ground surface in m, 

and Z is the total depth below the ground surface in m. Because volumetric strains will 

occur when the pore pressures rise, even if full liquefaction is not achieved, factors of safety 

up to 2 are included in the calculation (Tonkin and Taylor, 2013). 

2.2.4 Liquefaction Severity Number 

More recently, the liquefaction severity number (LSN) was proposed by Tonkin 

and Taylor (2013) as an additional way to evaluate liquefaction severity. LSN was used to 

assess the performance of residential land in Canterbury, New Zealand and was validated 

against the observed residential land damage from liquefaction during the Canterbury 

earthquake sequence (Tonkin and Taylor, 2013).  

The LSN parameter is calculated by the following integral over the top 10 m of soil: 

𝐿𝑆𝑁 = 1000 ∫
𝜀𝑣(𝑧)

𝑧

10 𝑚

0 𝑚

𝑑𝑧 (2.6) 

where εv(z) is the volumetric strain at depth z and z is depth below the ground surface in 

m. The post liquefaction volumetric strain (εv) from Zhang et al. (2002) is used in this 

calculation. 

Equation (2.6) indicates that LSN will be larger for larger values of volumetric 

strain, which occurs for smaller values of factor of safety and for looser soils with a low 
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CPT tip resistance. Additionally, the volumetric strain is weighted by (1/z) such that deeper 

layers have less influence on the LSN than shallower layers. 

2.3 EMPIRICAL MODELS FOR LATERAL SPREADING DISPLACEMENT 

Several empirical lateral spread models have been developed to predict the level of 

horizontal ground movement caused from earthquake induced liquefaction. These 

empirical models predict the horizontal displacement as a function of ground motion and 

subsurface parameters and have been derived from field observations and in situ test data.  

2.3.1 Models by Bartlett and Youd (1995) and Youd et al. (2002) 

Bartlett and Youd (1995) developed an empirical relationship to predict 

liquefaction-induced lateral spread displacements using data sets of lateral spread 

measurements from others, with data coming predominantly from Hamada et al (1986). 

Combining all data sets, Bartlett and Youd (1995) were the first to use multiple linear 

regression (MLR) to analyze earthquake ground motion parameters, topographical and soil 

factors together to develop an empirical relationship for displacement that can be applied 

globally. 

Roughly 82% of the Bartlett and Youd (1995) data set is from Japan, with the rest 

from the Western United States. For the model regression, the data set was evaluated such 

that each displacement vector was considered an independent data point, despite the fact 

that there will be correlation between displacements within the same lateral spread. The 

data set totals 467 vectors of displacement, from seven earthquakes and 29 sites.  

For the MLR model two general scenarios for lateral spreads were observed: (1) 

lateral spread towards a free-face, in which case the ground displacement is strongly 
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correlated to the height of and proximity to the free-face, and (2) lateral spread along gently 

sloping ground where a free-face is absent, in which case the ground displacement is 

strongly correlated to the topographic sloping gradient (Bartlett and Youd, 1995). Bartlett 

and Youd (1995) developed separate predictive models for free-face sites and sloping 

ground sites, and these models use as input the earthquake magnitude, distance to seismic 

source, and the thickness, fines content and mean grain size of the potentially liquefiable 

soil, as represented by a corrected SPT blow count smaller than 15.  

Youd et al. (2002) developed an update to the Bartlett and Youd (1995) model, in 

which five main changes were incorporated. The first update to the model was to correct 

the measured ground displacement values recorded for the 1983 Nihonkai-Chubu, Japan 

earthquake, which were incorrectly entered into the Bartlett and Youd (1995) database and 

were 1.9 times that of the measured values reported by Hamada et al. (1986). Second, 

displacement vectors were deleted from the data base where boundary shear impeded free-

face lateral displacement. By removing these sites, the predicted displacements became 

larger, leading to a more conservative model. The third update to the model is the addition 

of data. Next, the form of the equation was changed from the arithmetic term to logarithmic 

of the mean grain size to more accurately predict displacement for coarser grained soils. 

The last update included changing the distance used in the model by adding a constant 

value to the measured distance. Doing so prevents unrealistic over-prediction of 

displacement when R is small.  

Making all of these updates slightly increased the R2 of the empirical model; 

however there are still limitations. The largest limitation is for the lateral displacement 

prediction of coarse grained soils. For all of the coarse grained soils in the data set, the 
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fines content is still quite large, which makes the hydraulic conductivity is low and drainage 

is impeded. If this model is applied to a freely draining soil, such as a gravel soil with a 

low percent of fines, the displacement will likely be over-predicted because the pore water 

pressures will be able to dissipate and significant movement may not occur.  

A few guidelines were established by Youd et al. (2002) for use of the updated 

model. These criteria include that the site first must be checked for liquefaction potential 

using techniques such as presented in Youd et al. (2001). Additionally the model should 

not be applied to soils that are dense and dilative since lateral spreading will likely not 

occur in these instances. The model was developed for earthquakes with moment 

magnitude between 6 and 8 (although 85% of the data are for M = 7.5 and above) and there 

is increased uncertainty when extrapolating past these bounds. Also, the model is 

developed from a data base with free-face ratios (W = 100 H/L) less than 20% and ground 

slope (S) less than 6%. It should be noted that when W and S are greater than those in the 

database, ground slumping or flow failure may occur, in which instances the model may 

under-predict movement. The model should only be applied to soils that have fines content 

and mean grain-sizes within the bounded area in Figure 2.3. 
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Figure 2.3 Bounds of acceptable fines content and mean grain-size for the Youd et al. 

(2002) model 

The model for displacement for free-face conditions is: 

log 𝐷𝐻 =  −16.713 + 1.532𝑀 − 1.406 log 𝑅∗ − 0.012𝑅 + 0.592 log 𝑊
+ 0.540 log 𝑇15 + 3.413 log(100 − 𝐹15)
− 0.795 log(𝐷5015 + 0.1𝑚𝑚) 

(2.7) 

The model for displacement for gently sloping ground conditions is: 

log 𝐷𝐻 =  −16.213 + 1.532𝑀 − 1.406 log 𝑅∗ − 0.012𝑅 + 0.338 log 𝑆
+ 0.540 log 𝑇15 + 3.413 log(100 − 𝐹15)
− 0.795 log(𝐷5015 + 0.1𝑚𝑚) 

(2.8) 

where DH is horizontal displacement in m; M is moment magnitude; R is the distance to 

the fault in km; R* is the modified source distance in km, equal to R+R0; R0 is a distance 

factor that is a function of earthquake magnitude, in km, equal to 10(0.89M-5.64); W is the free 

face ratio in percent and equal to 100 (H/L) where H is the height of free face in m; L is 
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the  horizontal distance from the free face in m; S is the ground slope in percent; T15 is the 

cumulative thickness of saturated cohesionless sediments with SPT (N1)60 ≤ 15 blows/30 

cm; F15 is the average fines content for T15 soil layers in percent; and D5015 is the mean 

grain size for T15 soil layers in mm.  

Table 2.2 summarizes the input parameters for the Youd et al. (2002) model and 

their limits based on the values contained within the database. 

 

Table 2.2 Limits on input parameters for use in the Youd et al. (2002) model 

Variable Minimum Value Maximum Value Units 

Mw 6 8 - 

W 1 20 % 

S 0.1 6 % 

T15 1 15 m 

ZT 1 10 m 

2.3.2 Models by Bardet et al. (2002) 

Bardet et al. (2002) used the Bartlett and Youd (1995) database of lateral spread 

displacements to develop their own empirical models for displacement. However, their 

models use only a subset of the variables used by Bartlett and Youd (1995) and Youd et al. 

(2002).  Bardet et al. (2002) chose to keep the variables with direct relation to measured 

data and with few analysis assumptions; and thus discarded the average fines content (F15) 

and the mean grain size (D5015) due to the large uncertainty associated with estimating 

those variables (Bardet et al., 2002). 

A four parameter MLR model was developed, including moment magnitude (M), 

epicentral distance (R), thickness of saturated cohesionless soils with (N1)60 <15 (T15), and 
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the free-face ratio (W) or the ground slope (S), depending on whether the site contains a 

free-face or sloping ground. The Bardet et al. (2002) model has a smaller R2 than the 

Bartlett and Youd (1995) model because of the fewer number of controlling variables. 

However, when the six parameter Bartlett and Youd (1995) model is converted to a four 

parameter model by setting the fines content, F15, to 13% and the mean grain size, D5015, 

to 0.292 mm (i.e., the average values of the dataset), the Bardet et al. (2002) model has a 

slightly larger R2.  

Bardet et al. (2002) developed a second model using only displacement amplitudes 

of 2 m or less from the Bartlett and Youd (1995) database. The maximum displacement of 

the complete data set is 5.35 m for sloping ground conditions and about 10 m for free-face 

conditions. The second model is more focused on predicting displacements within the 

range that is of engineering interest. 

The Bardet et al. (2002) model for lateral spread displacement for either free-face 

or ground sloping conditions is:  

log(𝐷 + 0.01) = 𝑏0 + 𝑏𝑜𝑓𝑓 + 𝑏1𝑀 + 𝑏2 log(𝑅) + 𝑏3𝑅 + 𝑏4 log(𝑊)

+ 𝑏5 log(𝑆) + 𝑏6log (𝑇15) (2.9) 

where D is the horizontal displacement in m; M is the moment magnitude; R is the 

epicentral distance (km); W is the free face ratio, in percent, and equal to 100 (H/L); H is 

the height of free face in m; L is the horizontal distance from free face in m; S is the percent 

ground slope; and T15 is the cumulative thickness of saturated cohesionless sediments with 

SPT (N1)60 ≤ 15 blows/30 cm. 

The values for the seven coefficients in Equation (2.9) are listed in Table 2.3 for 

the two displacement models (i.e., the model developed from all displacement data and the 
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model developed from displacements less than 2 m). When free-face conditions are 

applicable, the coefficient b5 should be set to zero, and when ground sloping conditions are 

applicable, the coefficient b6 should be set to zero.  

 

Table 2.3 Coefficients for the Bardet et al. (2002) models 

Coefficients 

Model A:  

All Data 

Model B:  

Data with D<2 m 

b0 -6.815 -6.747 

boff -0.465 -0.162 

b1 1.017 1.001 

b2 -0.278 -0.289 

b3 -0.026 -0.021 

b4 0.497 0.09 

b5 0.454 0.203 

b6 0.558 0.289 

R2 adjusted 64.25% 64.27% 

Number of data 467 213 

 

The Bardet et al. (2002) model should only be applied when the input variables fall 

within the ranges shown in Table 2.4: 

Table 2.4 Input parameter limits for Bardet et al. (2002) model  

Variables Range 

M 6.4 – 9.2 

R (km) 0.2 – 100 

W 
1.6 – 56 (Model A) 

1.6 – 49 (Model B) 

S (%) 
0.05 – 6 (Model A) 

0.05 – 2.5 (Model B) 

T15 (m) 
0.2 – 16.7 (Free-face) 

0.7 – 19.7 (Sloping ground) 



21 

 

2.3.3 Models by Rauch and Martin (2000) 

Rauch and Martin (2000) developed a suite of models called the Empirical 

Prediction of Liquefaction-induced Lateral Spreading (EPOLLS). The EPOLLS models 

are derived from displacements from 71 lateral spread case histories using multiple linear 

regression. The database includes all of the displacement data from Bartlett and Youd 

(1995), as well as roughly 28 additional sites. It should be noted that Bartlett and Youd 

(1995) treated each of their 467 displacement measurements as a separate case history, 

while the EPOLLS models treated the average displacement at each lateral spread as a 

separate case history and thus contains significantly fewer data points. Comparatively, the 

Bartlett and Youd (1995) data set is comprised of roughly 43 separate lateral spread case 

histories, while the EPOLLS data set contains 71.  

The three EPOLLS models are: the Regional model (R-EPOLLS), the Site model 

(S-EPOLLS) and the Geotechnical model (G-EPOLLS). As the model progresses from R 

to G, the number of parameters used in the regression increases and the R2 of the regression 

increases.  

The EPOLLS models are intended for areas with gently sloping ground, less than 

5%. The smallest displacement predicted by the EPOLLS model is 0.23 m. The input 

parameters used in the three EPOLLS models are defined in Table 2.5. 
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Table 2.5 Variables used in the EPOLLS model (Rauch and Martin, 2000) 

Model Variable Units Definition 

R, S  

and G 

Mw - Moment magnitude of earthquake 

Rf km 

Shortest horizontal distance from site to surface 

projection of fault rupture or zone of seismic energy 

release 

Amax g 

Peak horizontal acceleration at ground surface of site 

that would occur in absence of excess pore pressures or 

liquefaction generation by earthquake 

Td s 

Duration of strong earthquake motions at site, defined as 

time between first and last occurrence of surface 

acceleration ≥0.05 g 

S and G 

Lslide m 
Maximum horizontal length from head to toe of lateral 

spread in prevailing direction of movement 

Stop % 

Average slope across of lateral spread, measured as 

change in elevation over distance from head to toe 

•When free face is present, surface slope is measured 

from head of slide to crest of free face 

•Negative Stop indicates surface that slopes in direction 

opposite to prevailing direction of movement 

Hface m 

Height of free face, measured vertically from toe to crest 

of free face 

•Hface=0 when no free face present 

•When free face is stream bank, measured Hface from 

bottom of stream and do not include height of narrow 

levees along top 

G 
ZFSmin m 

Average depth to minimum factor of safety in potentially 

liquefiable soil 

Zliq m Average depth to top of liquefied soil 
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The intent of the three different models, with increasing required parameters, was 

for implementation in phased site evaluations; using the Regional model as preliminary 

evaluation, then the Site model, and lastly the Geotechnical model since it requires detailed 

subsurface information. 

The Regional model is a function of the seismic source data and local ground 

motion information: 

𝐴𝑣𝑔_𝐻𝑜𝑟𝑧𝑅 = (0.613𝑀𝑊 − 0.0139𝑅𝑓 − 2.42𝐴𝑚𝑎𝑥 − 0.0114𝑇𝑑 − 2.21)2

+ 0.149 
(2.10) 

It is observed that the coefficients for Amax and Td are negative, which indicates that 

longer strong motion duration and/or a larger peak horizontal acceleration results in less 

horizontal displacement. This is the opposite of what one would expect and is likely due to 

the fact the four variables in the R-EPOLLS model are not entirely independent of one 

another (i.e., Amax and Td are a function of M and R).  

The Site model adds the influence of the surface topography and dimensions of the 

anticipated lateral spread area: 

𝐴𝑣𝑔_𝐻𝑜𝑟𝑧𝑆 = (0.613𝑀𝑊 − 0.0139𝑅𝑓 − 2.42𝐴𝑚𝑎𝑥 − 0.0114𝑇𝑑

+ 0.000523𝐿𝑠𝑙𝑖𝑑𝑒 + 0.0423𝑆𝑡𝑜𝑝 +  0.0313𝐻𝑓𝑎𝑐𝑒 − 2.44)2

+ 0.11 

(2.11) 

The Geotechnical model includes the Regional and Site parameters and adds 

subsurface parameters: 

𝐴𝑣𝑔_𝐻𝑜𝑟𝑧𝐺 = (0.613𝑀𝑊 − 0.0139𝑅𝑓 − 2.42𝐴𝑚𝑎𝑥 − 0.0114𝑇𝑑

+ 0.000523𝐿𝑠𝑙𝑖𝑑𝑒 + 0.0423𝑆𝑡𝑜𝑝 +  0.0313𝐻𝑓𝑎𝑐𝑒

+ 0.0506𝑍𝐹𝑆𝑚𝑖𝑛 − 0.0861𝑍𝑙𝑖𝑞 − 2.49)2 + 0.124 

(2.12) 
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In developing the S-EPOLLS model, the regression coefficients for the R-EPOLLS 

model were held constant. Likewise, in developing the G-EPOLLS model, the regression 

coefficients for the R-EPOLLS and S-EPOLLS models were held constant. Doing so 

allowed for more case histories to be used as the model increases in complexity; i.e., the 

number of case histories used in the regression of the G-EPOLLS is larger than for the S-

EPOLLS model, which in turn is larger than for the R-EPOLLS model. Holding the 

coefficients for the previous model constant allowed for data to be added to the regression 

for the next model. 

When implementing the EPOLLS models, the input parameters should be checked 

that they are within the range of values represented by the dataset, as shown in Table 2.6. 
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Table 2.6 Limits of input parameters, combined factors used in model components, and 

range of predicted average horizontal displacement corresponding to limits for the 

EPOLLS model (Rauch and Martin, 2000) 

Variable 

Minimum 

Value 

Maximum 

Value Units 

(a) Limits on input parameters 

Mw 6.5 9.2 - 

Rf 0 119 km 

Amax 0.06 0.52 g 

Td 4 88 s 

Lslide 20 1360 m 

Stop -0.7 5.2 % 

Hface 0 9 m 

ZFSmin 2.4 12.4 m 

Zliq 0.9 7.3 m 

(b) Limits on combined factors used in model components 

DR 2.57 3.88 m0.5 

DR+ DS 2.81 4.35 m0.5 

DR+ DS+ DG 2.82 4.53 m0.5 

(c) Range of predicted Avg-Horz corresponding to limits in (b) 

Avg_Horz from R-EPOLLS 0.28 2.94 m 

Avg_Horz from S-EPOLLS 0.25 3.67 m 

Avg_Horz from G-EPOLLS 0.23 4.29 m 

2.4 SEMI-EMPIRICAL LATERAL SPREAD MODEL  

A semi-empirical lateral spread model was developed by Zhang et al. (2004). The 

model is considered semi-empirical because the displacement is derived from an estimate 

of the induced shear strain, which is a physically meaningful parameter, and the resulting 

displacement is then empirically corrected for geometric effects such as a free-face and 

sloping ground based on lateral spread deformation measurements from field case histories.  
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The Zhang et al. (2004) semi-empirical model is based on estimating the 

liquefaction-induced maximum cyclic shear strain within the soil due to seismic loading. 

Using the predicted maximum cyclic shear strain as a function with depth, the Lateral 

Displacement Index (LDI) is calculated using:  

𝐿𝐷𝐼 = ∫ 𝛾𝑚𝑎𝑥𝑑𝑧

𝑍𝑚𝑎𝑥

0

 (2.13) 

where Zmax is the maximum depth below all of the potentially liquefiable soil layers (i.e., 

with a factor of safety against liquefaction that is less than 2.0), and γmax is the maximum 

cyclic shear strain. 

Laboratory data has shown that the liquefaction-induced γmax is a function of the 

factor of safety against liquefaction and the relative density of the soil, Dr. The Dr can be 

directly related to (N1)60 from SPT (Zhang et al., 2004) or qc1N from CPT (Tatsuoka et al., 

1990) using: 

𝐷𝑟 = 14√(𝑁1)60 𝑓𝑜𝑟 (𝑁1)60 ≤ 42 (2.14) 

𝐷𝑟 = −85 + 76 log(𝑞𝑐1𝑁) 
 

(2.15) 

The factor of safety against liquefaction is calculated as a function of depth using the 

procedures outlined in Section 2.2.1. The maximum cyclic shear strain, γmax, can be 

obtained from the Dr and FS using Figure 2.4: 
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Figure 2.4 Maximum cyclic shear strain – factor of safety relationship (Zhang et al., 

2004)  

To relate the LDI parameter to the predicted lateral spread displacement, empirical 

relationships were developed by Zhang et al. (2004) to correct for different ground 

conditions. The Zhang et al. (2004) empirical correction is based on a database of lateral 

spreading case histories that includes sites from 12 earthquakes, resulting in 291 

displacement vectors. Each vector is located at least 20 m or more from another. Of the 13 

sites, there are five which include CPT data and nine which include SPT data.  

For the condition of gently sloping ground without a free-face, five sites with 132 

displacement measurements were utilized to fit a model that predicts the lateral 
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displacement as a function of LDI and ground slope. Similarly, for level ground with a 

free-face, four sites with 87 displacement measurements were used to fit a model that 

predicts the lateral displacement as a function of LDI and L/H. These models for gently 

sloping ground conditions and free-face conditions, respectively, are: 

𝐿𝐷

𝐿𝐷𝐼
= 𝑆 + 0.2 𝑓𝑜𝑟 0.2% < 𝑆 < 3.5% (2.16) 

𝐿𝐷

𝐿𝐷𝐼
= 6 (

𝐿

𝐻
)

0.8

 𝑓𝑜𝑟 4 < 𝐿/𝐻 < 40 (2.17) 

where LD is the lateral displacement, LDI is the lateral displacement index, S is the ground 

slope in percent, L is the horizontal distance from free-face in m, and H is the height of 

free-face in m.  

The case of gently sloping ground and the presence of a free-face at the same site 

was evaluated using four case histories and it was found that when the slope approaching 

the free-face is negative (i.e. slopes away from the free-face) the lateral displacement was 

smaller. Additionally, a larger slope towards a free-face results in more lateral 

displacement. However, due to a lack of data, it was deemed insufficient to quantify a 

relationship (Zhang et al., 2004).  

The lateral spread displacement models are mainly applicable for ground motions 

with moment magnitudes between 6.4 and 9.2, peak ground acceleration between 0.19 g 

and 0.6 g, free-face heights less than 18 meters, and sites consisting of clean sand soils 

located in Japan, as summarized in Table 2.7. Additionally, if the (N1)60 is less than 10, the 

qc1N is less than 50 kPa, or the L/H ratio is less than 4, the potential for flow failure should 

be analyzed.  
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Table 2.7 Limits of parameters for use of Zhang et al. (2004) model  

Variable Minimum Value Maximum Value Units 

Mw 6.4 9.2 - 

PGA 0.19 0.6 g 

H - 18 m 

S 0.2 3.5 % 

L/H 4 40 - 

2.5 SUMMARY 

Liquefaction generally occurs in saturated, loose granular soils under cyclic 

loading. As a means of determining the susceptibility to liquefaction triggering, a factor of 

safety is defined. The factor of safety is an input parameter used in the calculation of index 

parameters, such as the LPI, SV1D, and LSN, which have been developed to help assess the 

potential for a site to liquefy during an earthquake. If deemed prone to liquefy, empirical 

and semi-empirical models can be applied to determine the expected horizontal 

displacement from a given earthquake ground motion.  
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Chapter 3: Liquefaction Induced by the Christchurch Earthquake 

3.1 INTRODUCTION 

The February 22nd, 2011 Christchurch, New Zealand earthquake was part of the 

Canterbury Earthquake Sequence, which includes the Mw 7.1 Darfield Earthquake on 

September 4th, 2010, the Mw 6.2 Christchurch earthquake, and two smaller earthquakes 

that occurred close to Christchurch on June 13th and December 23rd, 2011, with magnitudes 

of 5.3 and 5.8, respectively. 

The Christchurch earthquake sequence was particularly devastating due to the lack 

of previous seismic activity so close to the city, the levels of shaking that exceeded design 

levels, and the severe occurrence of liquefaction within the city center and the suburbs to 

the east of Christchurch.  

To support the re-building effort in Christchurch, two of New Zealand’s 

government agencies, the Earthquake Commission (EQC) and the Canterbury Earthquake 

Recovery Authority (CERA), began working with the engineering firm of Tonkin and 

Taylor to establish and manage an online database with information regarding the 

Canterbury earthquake sequence. The Canterbury Geotechnical Database (CGD) 

(Canterbury Earthquake Recovery Authority, Christchurch City Council, Selwyn District 

Council, Waimakariri District Council) includes a wide array of data including reports and 

maps pertaining to ground motion data, liquefaction and subsurface data, and observed 

ground movements, etc. These data are utilized extensively in this study. This chapter 

provides an overview of the large amount of available subsurface data and ground 

displacement data used in this research, and presents the areas to be analyzed.  
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3.2 OBSERVED LIQUEFACTION AND LATERAL SPREADING 

The Christchurch earthquake caused severe damage to the city of Christchurch, 

with the fault lying along the southern edge of the city. The epicenter is located in 

Heathcote Valley, approximately six kilometers from the Christchurch Central Business 

District, as shown in Figure 3.1. 

 

 

Figure 3.1 Location of epicenter of the February 22nd, 2011 Christchurch earthquake 

(Earthquake Commission; GNS Science, 2015) 

The earthquake damage was extremely devastating, causing widespread collapse of 

structures (many of which had already been weakened by the Darfield Earthquake), as well 

as large settlements, sand ejecta, and lateral spreading displacements due to liquefaction. 

The effects were especially severe in the areas surrounding the Avon River (Figure 3.2); 
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the combination of the elevated ground water table, the loose sand deposits, and the 

proximity to a free-face resulted in large lateral spreads (Quigley et al., 2013). 

 

 

Figure 3.2 Map of lateral spreading and ejecta from ground surface observations 

(Canterbury Geotechnical Database, 2015) 

The Canterbury Earthquake Sequence peaked interest in researchers and 

professionals due to the repetitive liquefaction with each event. When liquefaction occurs, 

the excess pore pressure build up prompts movements in the form of lateral spreading and 

sand ejecta, and the soil densifies and consolidates with the movement, potentially 

decreasing the potential to re-liquefy. The severity of the repetitive liquefaction that 

occurred in Christchurch is best shown in Figure 3.3, which shows ejecta of liquefied soils 

in the same residential yard during two significant earthquakes. 
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Figure 3.3 Reoccurring liquefaction sand ejecta in the backyard of a residence on 

Avonside Drive: (a) taken February 22nd, 2011 (b) taken June 13th, 2011, after the first 

earthquake, and (c) taken June 13th, 2011, after the second earthquake, approximately 1.5 

hours after (b).  (Quigley et al., 2013) 
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In many instances, the liquefaction induced multiple mechanisms of damage in a 

single structure. Figure 3.4 shows a residence near the Avon River that experienced severe 

differential settlement, infrastructure cracking, and sand ejecta.  

 

 

Figure 3.4 Photo showing damage in residential area near the Avon River: liquefaction 

caused sand ejecta, differential settlement, and cracking in structural walls (Personal 

Photo taken near Avon River, Cubrinovski, Misko, edited by K. H. Stokoe II) 

 

The extreme damage done to residences across the city resulted in a massive need 

for rebuilding. Due to the threat of reoccurring liquefaction and the uncertainty of when 

the next major earthquake would strike, the CERA established residential zonation and 
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rebuilding regulations. The most restrictive zone is what is referred to as the Red Zone. In 

the Red Zone, where no rebuilding is permitted and all infrastructure is to be demolished. 

Outside of the Red Zone residential rebuilding is permitted, however the foundation design 

regulations differ depending on which zone the site is located. (Canterbury Geotechnical 

Database, 2015)  

These regulations state land within technical category one (TC1) is subject to 

shallow geotechnical investigation and the use of standard foundations is acceptable; land 

within TC2 will likely require an enhanced foundation; and TC3 requires a thorough 

geotechnical investigation and specific engineering foundation design.  The mapped zones 

are shown in Figure 3.5. 

 

 

Figure 3.5 Map of residential zoning (Canterbury Geotechnical Database, 2015) 
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The majority of Christchurch is zoned in TC2 or TC3, where subsurface data is 

required for foundation design. Tonkin and Taylor, EQC and CERA took advantage of the 

massive influx of subsurface data collected as part of the zoning process and made it 

publically available through the CGD; creating one of the most comprehensive 

geotechnical databases in the world.  

3.3 AVAILABLE SUBSURFACE DATA 

The CGD is comprised of many different data types. The subsurface data is one of 

the largest in the world because of the foundation design rebuild restrictions, as explained 

in Section 3.2. There have been over 37,000 subsurface investigations uploaded to the 

CGD, including over 19,000 CPT investigations, as shown in Table 3.1.  
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Table 3.1 Subsurface data available in the CGD (Canterbury Geotechnical Database, 

2015) 

Investigation Type Total 

Borehole 4137 

CPT 19036 

Hand Auger 2137 

Hand Auger\Scala 6809 

Other 595 

Scala 3989 

SCPT 19 

SDMT 34 

SWS 29 

Test Pit 888 

Cross Hole VsVp 65 

CGD Total 37738 

Note: totals are of CGD 

investigation uploads as of 

February 28, 2015. 

 

For this study, the borehole and CPT data were utilized. Figure 3.6 and Figure 3.7 

show the concentration of boreholes and CPT in Christchurch, respectively. These figures 

display the density of CPT in the area, roughly 5 times the number of boreholes. Complete 

field logs were downloaded for use. From the borehole data, SPT N-values and 

stratigraphic layer boundaries were used for the analysis. Utilizing the CPT raw data, 

including the CPT tip resistance and skin friction, calculations were made to determine the 

factor of safety against liquefaction and normalized soil behavior type (Ic) values (e.g., 

Robertson and Wride, 1998) with depth. Additionally, Tonkin and Taylor shared ArcGIS 

layer files including calculated values of LPI, SV1D, and LSN for all CPT locations; as well 

as groundwater levels modeled specifically for the February 2011 event.  
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Figure 3.6 Available SPT data (Canterbury Geotechnical Database, 2015) with the Avon 

River highlighted in blue 

 

Figure 3.7 Available CPT data (Canterbury Geotechnical Database, 2015) with the Avon 

River highlighted in blue 
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3.4 AVAILABLE GROUND DISPLACEMENT DATA 

The ground displacement data used in this study are predominantly from Martin 

(2014) which used optical image correlation on satellite images to measure the 

liquefaction-induced horizontal deformations. The optical image correlation ground 

displacement data are presented in this study as the observed ground displacement.  

Optical image correlation utilizes satellite images taken at two different times to 

measure the displacement field that occurred between the acquisition of the two images. 

For the Christchurch earthquake, a 0.5-m satellite image was acquired prior to the 

earthquake (September 21, 2010) and another post-earthquake (February 26, 2011) and 

they were used in the analysis. The two images were precisely co-registered using tie points 

automatically generated in non-moving areas, and then a correlation analysis was 

performed with the program COSI-Corr (Leprince et al., 2007). COSI-Corr identifies the 

horizontal movement of the patches of pixels through correlation in the frequency domain, 

and outputs the displacement as well as a signal to noise ratio that represents the quality of 

the correlation. The correlation analysis provides displacement estimates spaced every 16 

m, with a lowest resolvable displacement measurement equal to about 0.3 m (Martin, 

2014).  

The optical image correlation data set includes three displacement files: (1) North-

South horizontal displacements, (2) East-West horizontal displacements, and (3) 

displacement amplitudes, calculated by the square root of the sum of the squares of the 

North-South and East-West displacement values. The North-South horizontal 

displacements from optical image correlation are shown in Figure 3.8. Note the large 
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southward displacements north of the Avon River and large northward displacements south 

of the river. 

 

 

Figure 3.8 North-South lateral spreading displacement estimates from optical image 

correlation of satellite images (Martin, 2014) 

Another lateral displacement data set used in this study was derived from LiDAR 

data (Beavan et al., 2012). The LiDAR displacements were derived from correlation 

analysis of the full point cloud LiDAR data, using the same correlation technique used for 

the satellite images (Beavan et al., 2012). This process generated displacement estimates 

every 4 m, with an average resolvable displacement of 0.4 m (Beavan et al., 2012). The 

data is reported in North-South and East-West displacements, similar to the optical image 

correlation results, as well as displacement vectors spaced every 56 m as a result of an 

averaging algorithm applied to the estimated displacements. The North-South horizontal 

displacement estimates from LiDAR are shown in Figure 3.9. Note the similarity in the 
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displacement patterns from the LiDAR (Figure 3.9) and optical image correlation (Figure 

3.8).  

 

Figure 3.9 North-South lateral spreading displacement estimates from sub-pixel 

correlation of LiDAR images (Beavan et al., 2012; Tonkin and Taylor, 2015) 

3.5 AREAS OF ANALYSIS 

The study investigates the liquefaction-induced lateral displacements from the 

Christchurch earthquake and the corresponding subsurface data within two contexts: (1) 

cross sections running perpendicular to the Avon River, and (2) zones parallel to the Avon 

River. The cross sections were developed to investigate, in detail, the relationship between 

the observed displacements and the variation of subsurface properties with depth as well 

as with distance from the river (i.e., distance from the free-face). Six different cross sections 

were chosen, each focusing on a different region of the river and slightly different 

displacement patterns (i.e. continuous over a long distance versus abrupt dissolution of 
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movement). The cross section locations are summarized in Table 3.2 and shown in Figure 

3.10. 

Table 3.2 Cross section descriptions 

Cross 

Section Description 

1 Typical cross section, along a straight segment of the river 

2 Typical cross section, at river bend where possible cut bank effects are present 

3 Extended cross section where movement is continuous 

4 
Extended cross section where two-directional movement occurred (i.e. large N-S 

and E-W movements) 

5 Extended cross section where movement is continuous 

6 “Hot spot” movement  

 

 

Figure 3.10 Cross section locations investigated in this study 
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The displacement and subsurface data are also investigated within the zones 

representing a certain proximity to the Avon River. Analyzing the data in this way is 

beneficial because the river free-face height is approximately constant (±1 m) along its 

length and therefore the distance from the free-face can be essentially isolated. 

Different buffer distances from the river edges were applied, including: 25 m, 50 

m, and 100 m as shown in Figure 3.11. There are 58 CPT within 25 m of the river, 49 CPT 

between 25 and 50 m of the river, and 68 CPT between 50 and 100 m of the river. 

 

 

Figure 3.11 Areas analyzed along the Avon River, (i.e., 25 m, 50 m, and 100 m from the 

river edges). 

3.6 SUMMARY 

As a result of the Canterbury earthquake sequence, the availability of subsurface 

and displacement data is significant due to the large amount of research ongoing in the area 

as well as the government rebuilding regulations which require subsurface characterization. 
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For this study, CPT and SPT data from the CGD are utilized to evaluate the subsurface 

conditions and these data will be analyzed against the available ground displacement data, 

including displacement data from optical image correlation of satellite images as well as 

from LiDAR. These comparisons will be made within two contexts, six cross sections 

perpendicular to the Avon River and buffer areas parallel to the Avon River. 
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Chapter 4: Analysis and Interpretation of Movements along Cross 

Sections 

4.1 INTRODUCTION 

To analyze the lateral displacements in Christchurch, cross sections were developed 

for six locations along the Avon River, as discussed in Chapter 3. Each cross section 

includes: (1) a subsurface profile, (2) plots lateral and vertical displacement as a function 

of location, and (3) plots of the liquefaction index parameters as a function of location. 

This chapter discusses how these cross sections were developed and interprets the findings 

from each. Additionally, each side of the river for each cross section is analyzed 

individually and the mechanism driving the lateral spread behavior is categorized in 

different zones. 

4.2 DEVELOPMENT OF CROSS SECTIONS 

Cross sections were selected based on differences in observed displacement 

patterns (Chapter 3). Various data were used to develop the information for the cross 

sections, as discussed below. 

A digital elevation model (DEM) from LiDAR taken after the Darfield earthquake 

and before the Christchurch earthquake was provided by Tonkin and Taylor and used to 

develop the ground surface of the cross sections. Estimates of the average ground slope 

derived from this data. Because the LiDAR data is not valid in the river channel, channel 

cross sectional data measured by Christchurch City Council, provided by Tonkin and 

Taylor (Robinson and Cubrinovski, personal communication), was utilized to estimate the 
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channel ground elevation. Additionally, groundwater table elevation maps interpreted 

specific to the Christchurch earthquake were provided by Tonkin and Taylor. The 

groundwater table elevation map was also used to determine the assumed groundwater 

level during the event at each CPT location. 

Subsurface profiles were developed using SPT and CPT logs available through the 

CGD (Canterbury Geotechnical Database, 2015). Logs within approximately 50 m of the 

cross section were incorporated. Cone tip resistances (qc) were plotted with depth for values 

less than 15 MPa, which provides a more detailed understanding of the looser soil, since 

liquefaction is of interest. The normalized soil behavior type index, Ic, was categorized into 

four bins: Ic less than 1.6 representing coarser grained soils, Ic between 1.6 and 2.1 for clean 

sands, Ic between 2.1 and 2.6 representing silty sands and Ic greater than 2.6 signifying 

finer grained soils. Each soil type was assigned a color and plotted with depth within each 

CPT stick. Borehole data, including SPT blow counts and interpreted soil classification 

and layer breaks, were plotted along the cross sections. Layer boundaries and soil 

characterization were first estimated from the CPT qc and Ic values plotted with depth. 

Borehole logs along the cross sections and within the surrounding areas were used to 

determine more detailed layer breaks and soil types.  

The second component of the cross sections is a plot of lateral and vertical 

displacements. The plotted lateral displacements are from optical image correlation of 

satellite images (the main displacements considered in this study), as well as from LiDAR; 

these methodologies are discussed in Section 3.4. The vertical displacements are from 

LiDAR.  
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The index parameters for liquefaction considered in this study are LPI, Sv1d, and 

LSN, as described in Chapter 2. These index parameters were computed for each CPT 

location and plots of these index parameters along the cross section were created using 

interpolated parameter surfaces of the parameters. An Inverse Distance Weighted (IDW) 

interpolation tool within ArcGIS was used. A variable search method was selected, where 

a set number of sample points was specified (set equal to 12, which is the default) along 

with a maximum search distance of 100 m. IDW interpolation determines the value of a 

cell using the values of the sample points, which are then weighted by a function of the 

inverse distance raised to a power (set equal to 2, which is the default). Using the variable 

search, when the specified number of sample points are not available within the specified 

maximum search distance only the points available are used. If there are no points within 

the maximum distance, the cell is assigned NoData. It was determined for our data that 

varying the number of sample points did not have a large influence on the interpolated 

surface. Additionally, it was found that using a maximum search distance smaller than 100 

m resulted in many NoData “holes” in the interpolated surface, and when increasing the 

distance, in some areas values were assigned to cells using points too far away. For this 

reason, the smallest search distance that did not produce NoData gaps in the surface 

through the cross sections was desired. For our data, this value was found to be 100 m. 

IDW interpolated surfaces were created for the index parameters (LPI, LSN, Sv1d) 

integrated over the top 10 m of soil and the top 5 m of soil at each CPT location. The 

interpolated index parameter surfaces for integration over the top 10 m of soil are shown 

in Figure 4.1 through Figure 4.3. 
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Figure 4.1 Interpolated values of LPI calculated for the top 10 m of soil 

 

 

Figure 4.2 Interpolated values of Sv1d calculated for the top 10 m of soil 
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Figure 4.3 Interpolated values of LSN calculated for the top 10 m of soil 

To extract from the raster data the displacement and interpolated index parameter 

values along each cross section, the Stack Profile tool in ArcGIS was used. This tool is part 

of the 3D Analyst toolbox. Stack Profile is used to interpret values along a specified line 

segment. This tool produces the same result as the ArcGIS 3D Analyst tool, Interpolate 

Line. Both methods include averaging of adjacent raster cells that the specified line passes 

through, therefore the coarseness of the resulting transect of the surface is determined by 

the raster cell size of the surface considered. In other words, if a raster has a cell size of 10 

m by 10 m, some averaging is already being done to produce one value for the 100 m2 area. 

The resulting profile of this raster will have point values every 10 m (+/- depending on the 

angle in which the line segment crosses the raster cell), producing a table of coordinates 

which was then plotted in AutoCAD. 
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4.3 INTERPRETATION OF CROSS SECTIONS 

Each cross section is analyzed to identify relationships between the subsurface 

conditions, observed lateral spreading and the index parameters calculated from the top 5 

m and top 10 m of soil. The cross sections are discussed below. 

4.3.1 Cross Section One 

Cross section number one (Figure 4.4) was chosen as a “typical” cross section. It 

runs along a straight section of the river, in an area where the horizontal movement is 

relatively uniform along the river banks. The lateral displacement occurs in the east-west 

direction and is perpendicular to the river.  

This subsurface profile (Figure 4.4) consists of soil properties typical to the area 

along the Avon River. On the left bank, there is a consistent layer of topsoil composed of 

a silty sand and silt mixture, 1 m thick. The topsoil is underlain by a silty fine to medium 

sand/sandy silt. This layer increases in thickness with proximity to the river. At the river 

the layer is 2 to 3 m thick, decreasing to 1 m thick about 200 m to the east. The remainder 

of the profile is a fine to medium sand, with occasional silt seams. The top 4 to 5 m of this 

layer are looser, with cone tip resistances between 5 and 10 MPa, after which the 

resistances increase with depth to 15 MPa and greater. The groundwater table is located at 

about 2 m depth. The left bank shows increasing fines content with increasing proximity 

to the river in all layers.  

The right bank has similar soil layers as the left bank, with some differences. The 

top two layers increase in thickness as distance from the river increases; the topsoil 

thickness varies from about 0.1 to 0.5 m, and the silty sand/sandy silt varies from 2 to 4 m 
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thick. Beneath the silty sand layer is a similar fine to medium sand as that observed on the 

left bank. Although intermittent silt seams are still apparent, generally less fines are 

observed. With depth, the sands become coarser, transitioning towards a sandy fine to 

coarse gravel and gravelly fine to coarse sand mixture. The cone tip resistance tends to be 

a bit higher than those of the left bank, with cone tip resistances 10 to 15 MPa and greater.  

On the left bank the ground slope is approximately 1% towards the river for the 80 

m adjacent to the river, at which point the ground slope changes direction, running with a 

slope of about 0.5% away from the river. Note that the change in direction of the ground 

slope within relatively close proximity to the river and larger sloping ground (~1%) is not 

typical of all cross sections. The right bank exhibits a flatter slope of about 0.2% towards 

the river. After 250 m, the slope changes direction (i.e., away from the river) and increases 

slightly. The river banks on both side of cross section one include levees. The left bank 

levee is slightly removed from the river edge, while the right bank levee is directly at the 

river edge. These levees were put in place after the Darfield earthquake to counter the 

settlement that occurred during the earthquake and protect the inland areas from flooding 

during heavy rain events. 

The displacements in the horizontal direction are plotted for optical image 

correlation as well as for LiDAR. The two datasets are generally consistent in terms of 

displacement trends (i.e., increasing/decreasing movement), but differ in displacement 

magnitudes, at most by 0.3 m. On the left bank the maximum displacement is 

approximately 1 m, at the free-face. This movement rapidly decreases to ~0.1 m within 

100 m from the river. This distance corresponds to the location at which the slope changes 

direction (i.e., the ground begins sloping away from the river). At this point, the LiDAR 



52 

 

data shows a constant displacement of 0.1 m, while the optical image correlation shows a 

gradual increase in displacement to ~0.35 m. Although the lowest resolvable displacement 

from the optical image correlation is 0.3 m, it may be plausible that further down the 

sloping ground more displacement occurs, as the plot exhibits. The right bank shows a 

maximum displacement of 1.1 m at the river free-face. The lateral displacement decreases 

to ~0.1 m at about 200 m from the river, where it remains relatively constant and small (0.1 

to 0.3 m) for the remainder of the profile.  

The vertical displacement (i.e., settlement) from the LiDAR fluctuates between 0.2 

and 0.4 m on the left bank, and 0.1 and 0.4 m on the right bank. The left bank settlement 

does not seem to vary systematically with distance from the river (i.e., it fluctuates about a 

constant value along the 200 m left of the river).  

On the left bank, the index parameters integrated over the top 10 m exhibit a slight 

increase in values closer to the river, while the top 5 m values decrease slightly. This 

indicates that as the river nears, more of the liquefiable layers are located beneath a depth 

of 5 m. This is somewhat contradicted by the Ic sticks of the subsurface profile, which 

show the soils between 5 and 10 m depth consisting of soils with Ic greater than 2.1 (i.e., 

more fine grained) and larger qc values, which are generally less liquefiable than those 

further from the river, where the soils between 5 and 10 m depth consist of looser materials 

with Ic less than 2.1.  

Index parameters on the right bank near the river are somewhat smaller than those 

on the left bank. Very little change is observed for all three parameters, LPI, Sv1d and LSN, 

along the profile.  The right bank index parameters correlate well to the subsurface 

conditions, which are relatively constant along the profile.  
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Considering the subsurface profiles and plots of displacement and index parameters 

on a whole, the index parameters do not vary significantly along the profile and thus they 

do not explain the variation of displacement along the profile. It may be possible that the 

inland extent of the left bank lateral displacements is driven by geologic constraints due to 

changing ground slope direction, while the right bank lateral displacements are driven 

perhaps entirely by the proximity to the river free-face (L). 
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Figure 4.4 Cross section 1
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4.3.2 Cross Section Two 

The second cross section (Figure 4.5) is located at a curved section of the Avon 

River where the displacements levels were significantly different on either side of the river. 

This cross section analyzes possible effects due to a cut bank and point bar along this curve.  

The left river bank consists of a thin layer, 1 to 2 m, of fine to medium loose sand 

(Figure 4.5). This layer appears to be entirely above the ground water table, which is found 

at about 2 m depth. The rest of the profile is a fine to medium sand, which transitions from 

medium dense to very dense with depth. Approximately 100 m from the river free-face, a 

silt layer is found. The top of this layer is roughly 2 m below the ground surface and is 

about 4 to 5 m thick. The stratigraphy of the right bank is different from the left. There is 

a consistent layer of topsoil, which is a silty sand/sandy silt mixture, which is a few meters 

thick. This is underlain by a layer of silt and fine sand that is about 3 m thick near the river 

and decreases in thickness to about 1 m about 300 m from the free-face. This layer extends 

a meter or two below the ground water table for the initial 150 m from the free-face. The 

remainder of the profile is more similar to that of the left bank profile, consisting of a fine 

to medium sand, however, this material appears less dense than that of the left bank. 

Generally, both sides exhibit an increase in fines near the river. The left bank, composed 

of mostly dense sands, is a cut bank of the meandering river, while the right bank, which 

is slightly looser material, is the point bar. 

Both sides of the river have very flat slopes, approximately 0.45% and 0.35% for 

the left and right banks, respectively. There is an apparent change in elevation between the 

two banks at the river. The left bank is roughly 0.5 m higher than the right bank and almost 

3 m higher if the thick topsoil (possible fill) is disregarded. The right bank has a levee 
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placed ~10 m back from the free-face, which tops off at an elevation close to that of the 

left bank.  

The lateral displacement from optical image correlation shows a constant 

movement of roughly 0.3 m on the left bank, but it should be noted that 0.3 m is the lowest 

resolvable displacement of the optical image correlation and therefore movements could 

be less than 0.3 m along the bank. Small movements are confirmed by the LiDAR, which 

shows displacement close to zero, until the point which the silt layer appears. Due to the 

dense sands of the left bank, it makes sense that there is little to no movement. The right 

bank lateral displacement ranges from approximately 1 to 2 m within 30 m from the free-

face, after which the displacement gradually decreases to about 0.2 m over 150 m, where 

it residues for the remainder of the cross section.  

The vertical displacement from LiDAR is very small for the left bank, fluctuating 

between 0 and 0.1 m. On the right bank the settlement is roughly 0.3 to 0.4 m for the first 

200 m from the river bank.  

A drastic difference is apparent in analyzing the index parameters along the cross 

section, the left bank values are very small while the right bank values are much greater. 

On the left bank, the low parameter values reflect the little to movement due to the dense 

sands. The right bank parameters are larger and relatively constant. Comparing the index 

parameters integrated over the top 5 m versus the top 10 m, the 10 m values are larger, 

however the two plots match with overall trends (increases and decreases), just not in 

magnitude.  

Considering the cross section as a whole, it appears that the difference in observed 

displacements on the two sides of the river are explained by differences in the index 
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parameters, which is caused by geologic constraints demonstrated as a change in soil 

characteristics on the left bank. The left bank is characterized as a cut bank, consisting of 

denser sands that has smaller values of LPI, Sv1d and LSN, and exhibits little to no 

movement. The presence of a silty fine sand layer and less dense sands on the right bank 

lead to larger index parameters and larger displacements were observed. On the right bank, 

lateral displacements seem to be driven by distance from the free-face (i.e., movement 

decreases as distance from the free-face increases). 
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Figure 4.5 Cross section 2
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4.3.3 Cross Section Three 

Cross section three is an extended profile about 1.5 km long, along which 

movement is relatively continuous (Figure 4.6 and Figure 4.7). Displacements on the left 

bank extend over about 900 m from the river, but they extend only about 100 m on the 

right bank.  

The subsurface profile along the left bank is generally consistent and continuous 

over all 900 m analyzed (Figure 4.6 and Figure 4.7). The topsoil ranges in thickness from 

0.2 to 1 m thick. The underlying soil consists of a fine to medium sand, 0.5 to 1 m thick, 

generally above the ground water table. At the water table level is a silt mix layer, up to 

0.5 m thick. This layer transitions to a loose (qc ~5 MPa), 1 to 2 m thick silty fine to 

medium sand. The rest of the profile is a fine to medium sand. The density of this layer 

increases with depth from medium dense to dense, with qc less than 15 MPa for the top 7 

m or so. The right bank has a similar topsoil layer, relatively thin. For roughly 350 m from 

the river, the topsoil is underlain by a thin silt layer, roughly 0.5 m thick. Below this layer 

is a thicker, silty fine to medium sand layer, ranging from 1 to 4 m in thickness. The rest 

of the profile is a fine to coarse sand with occasional gravel, medium dense to dense. This 

layer exhibits occasional silt seams, more so than on the left bank.  

Approaching each bank, the slope is generally flat (less than 0.5%). The left bank 

has a levee, relatively thin in width, directly at the river free-face. The right bank doesn’t 

have a levee, but instead a gently sloping river edge.  

The left side of the river has a generally constant lateral displacement, ranging from 

0.3 to 0.5 m. Near the free-face the displacement increases to about 1.3 m at the free-face. 

The right bank exhibits movements approximately 0.9 m at the free-face, decreasing to 0.2 
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to 0.4 m at a distance of about 100 m from the river. The vertical displacements remain 

between 0 and 0.3 m for the entire cross section length, without any apparent trend 

observed with distance from the free-face.  

The index parameters for both sides of the river are large and relatively constant 

with distance from the river. On the left bank, the index parameters slightly increase near 

the river free-face, where more lateral movement occurred. However, these elevated values 

remain the same across the river on the right bank, even in locations where very little (less 

than 0.4 m) horizontal displacement was observed.  

This extended cross section does not exhibit any obvious relationships between the 

subsurface and the horizontal movement.  However, it is generally observed on the left 

bank that the index parameters are somewhat constant while the movement also remains 

around the same magnitude for the majority of the bank. While the right bank movement 

decreases in amplitude, the index parameters do not change and there is no apparent change 

in soil conditions.
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Figure 4.6 Cross section 3 – sheet 1 of 2 
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Figure 4.7 Cross section 3 – sheet 2 of 2
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4.3.4 Cross Section Four 

Cross section four (Figure 4.8 and Figure 4.9) was selected as an extended profile 

that captures two-directional movement (i.e., considerable North-South and East-West 

movements) due to the presence of a stream extending north from the river. This steam is 

approximately 200 m to the west of the cross section. As a result movements are not parallel 

to the river on the left bank.  

The left bank exhibits consistent soil properties within ~500 m of the river free-

face. It has a topsoil layer approximately 1 m thick. Below the topsoil, almost directly at 

the ground water level, is a sandy silt/silty fine sand mixture, roughly 2 m thick, with a qc 

typically less than 5 MPa. Below this layer is a fine to medium sand, that is medium dense 

with a qc of about 10 MPa. The remainder of the profile is a fine to medium sand layer, 

with increasing denseness with depth to qc greater than 15 MPa. Approximately 600 m 

from the free-face, the soil conditions change. The sandy silt/silty sand layer is absent and 

denser, coarser sands are observed much closer to the ground surface, roughly below the 

topsoil. The right bank initially resembles the subsurface conditions of the left bank, 

although very little to no topsoil is observed. The sandy silt/silty fine sand layer is 3 to 4 

m thick, followed by sand that is about 6 m thick. Approximately 200 m from the river, the 

silty sand is absent and the soil appears coarser, with qc values around 10 to 15 MPa.  

Both the left and right bank ground slopes are roughly negligible, less than 0.1%. 

Nearing the end of the left bank, about 600 m from the free-face, the ground surface 

becomes slightly elevated, approximately at the same location the soil becomes coarser. 

The right bank has a levee at the river edge.  



64 

 

Lateral displacements on the left bank tend to increase very gradually as the river 

approaches. At the free-face displacements of 1.4 m are observed. The movement decreases 

to 1.2 m about 100 m from the river, and at 350 m, the movements are just under 1.0 m. At 

the location of the coarser, denser materials, movements are around 0.5 m. However, in 

this area the direction of movement is southwest. On the right bank about 1 m of lateral 

displacement occurred at the free-face. Movement on this bank diminishes much more 

rapidly, decreasing to ~0.2 m at a distance of 150 m. As the profile transitions into the 

coarse, dense sands, the movement remains at approximately 0.2 m. The vertical 

displacement varies between 0 and 0.3 m for most of the cross section. 

The index parameters on either side of the river remain constant, with larger values 

that the other cross sections discussed. The left bank exhibits a decrease in the index 

parameters approximately at the location where the subsurface soils become less silty, and 

coarser, denser sands are introduced. However, a decrease in displacement is not observed 

at this location. On the right bank, the index parameters decrease significantly at 

approximately the location where the displacements become small. 
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Figure 4.8 Cross section 4 – sheet 1 of 2 
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Figure 4.9 Cross section 4 – sheet 2 of 2
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4.3.5 Cross Section Five 

Cross section five is an extended profile over 2 km long over which continuous 

movements were observed (Figure 4.10 through Figure 4.12), without as large peak 

displacement at the river’s edge. Movement extends over 1700 m from the free-face on the 

left bank, while movement on the right bank extends 400 m from the free-face. This cross 

section was selected to investigate movement occurring over such a large distance from the 

river free-face.  

The subsurface conditions on the left bank are generally consistent, with a few 

interbedded layers, each with similar properties. Under the topsoil are two layers, which 

alternate laterally, one of the sand and the other of silty sand and the groundwater table is 

at about 1 m depth.  Nearest the river, the top layer is silty sand, with qc values less than 5 

MPa. Further from the river, this layer is overlain by a fine to medium sand. This layer has 

qc values between 5 and 10 MPa. Beginning at about 4 to 6 m below the ground surface is 

a fine to medium sand, dense to very dense, with qc values typically greater than 15 MPa. 

Over the 1700 m of the left bank cross section, there are not any significant changes in soil 

conditions, however the soil has slightly more fines near the river. The right bank has the 

same soil conditions, with a thinner layer of silty sand, and the more dense sands beginning 

about 3 to 4 m below the ground surface.  

On the left bank, the slopes are very gradual, typically around 0.4%, however the 

ground is consistently sloping towards the river free face for hundreds of meters. On the 

right bank, the slope is flat (~0.15 to 0.2%) but is sloping away from the free-face. 

Additionally, displacements are not perpendicular to the river along this bank. The left 

bank has a levee placed almost 100 m from the river free-face, and the area between the 
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levee and river is the Cockayne Reserve. The right bank free-face has a levee near the river 

bank, and is at an elevation 1 m above the left bank.  

Lateral displacement along the left side of the river is continuous, gradually 

fluctuating between 0.5 and 1 m for over 1 km. Near the river, the most movement occurs 

not at the free-face, but instead at the location of the levee, with peak displacements around 

1 m. The right bank shows little movement, around 0.1 to 0.4 m. The significant 

characteristic of this movement is that the movement is not perpendicular towards the river. 

This characteristic is driven by the slope of the surrounding land, with a low area located 

southeast of this cross section. The vertical displacement fluctuates between 0 and 0.5 m, 

erratically.  

Similar to the displacement trends, the index parameters are relatively consistent 

along the length of the cross section. For the left bank, the index parameters are slightly 

larger within 100 m of the river, which coincides with the area of larger displacement. The 

right bank observed smaller lateral displacements and the index parameters are slightly 

smaller from those on the left bank, particularly those computed over only the top 5 m.  

For this cross section, the index parameters integrated over the top 5 m tend to better 

reflect the trends of lateral displacement, because they are a bit lower on the right bank. 

Additionally, there are locations on the left bank where increases and decreases in 

displacement are captured in the 5 m and not the 10 m index parameters.
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Figure 4.10 Cross section 5 – sheet 1 of 3 
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Figure 4.11 Cross section 5 – sheet 2 of 3 
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Figure 4.12 Cross section 5 – sheet 3 of 3
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4.3.6 Cross Section Six 

The sixth cross section (Figure 4.13) was selected at a “hot spot” of lateral 

displacements. This “hot spot” is a location where large lateral movements occurred in an 

area where movements on adjacent segments of the river were significantly smaller.  

At this location, both banks of the river exhibit similar soil stratigraphy. Beneath a 

thin layer of topsoil is a 1 to 2 m thick silt layer with fine to medium sand/sandy silt. The 

majority of the profile is composed of a fine to medium sand, medium to very dense and 

the water table is at about 1 m depth. The largest deviation between the left and right banks 

is the amount of fines in the soils. The right bank exhibits finer materials (according to the 

larger calculated IC values) and have qc values between 5 to 10 MPa, on average.  

The left bank is gently sloping at 0.5% and the ground slope on the right bank is 

1%, which is larger than those of the other cross sections studied. Additionally, the right 

side of the river slopes away from the river free-face. Both banks have levees located 

directly on the river free-face. 

The lateral displacements on the left bank free-face are 2.4 m, decreasing to 0.6 m 

about ~100 m from the river. This value stays constant for the next 100 m. The right bank 

free-face experienced lateral displacements around 1.6 m. These displacements taper down 

to 0.1 m at a distance of ~250 m from the river. It is interesting to note that the direction of 

movement on the right bank is northward. The left bank experienced larger displacements, 

which may be explained by the ground sloping in the direction of the free-face, unlike the 

slope of the right bank. It is a possibility the smaller movements of the right bank may be 

explained by the presence of more fine grained materials.  



73 

 

The index parameters of the cross section reflect the corresponding subsurface 

conditions. The left bank, which contains more coarse and dense sands, exhibits smaller 

index parameter values. On the right bank, which has more loose sands, the index 

parameters are much larger. However, the differences in the index parameter values on the 

left and right bank do not correspond well with the similarity in displacement profiles for 

the two sides.  
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Figure 4.13 Cross section 6
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4.4 DESIGNATED ZONES OF MOVEMENT  

To better understand the characteristics influencing the lateral ground 

displacement, the general characteristics of the left bank and right bank of each cross 

section were analyzed independently and grouped into different “zones”. Zone A 

represents general cross sections, where no geologic constraints are present, the ground 

surface is relatively flat, and displacements are perpendicular to the river. Zone B includes 

zones where displacements terminate due to geologic constraints, described as having 

sloping ground or a change in soil characteristics. Zone C consists of the cross sections 

where displacements are not perpendicular to the river and therefore some geometrical 

complexity is influencing the displacement.  

The subsurface and topographic conditions, and displacements were analyzed to 

determine which zone each cross section fits in. First, to evaluate if geologic constraints 

were present (i.e., Zone B criteria), the subsurface profiles were analyzed to determine if 

there is a change of soil characteristics between banks (i.e. variations in soil layer 

thicknesses, presence of layers, changes in IC or qc, etc.). Another characteristic of Zone B 

is ground sloping away from the free-face. To study the slope of each cross section, the 

DEM plotted on the subsurface profiles was used to estimate the ground slope, as well as 

the ground elevation map from LiDAR (Canterbury Geotechnical Database, 2015) shown 

in Figure 4.14, which displays the regional slope along each cross section.   
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Figure 4.14 Ground surface elevation from LiDAR (Canterbury Geotechnical Database, 

2015) 

The lateral displacement vectors from the LiDAR data, shown in Figure 4.15, were 

used to determine if the movement was perpendicular to the river. Although the magnitudes 

differ, the displacement vectors generated from optical image correlation of satellite 

images are consistent in direction with the LiDAR data. It was determined that the 

movements are not perpendicular to the river at the left bank of cross section 4, and the 

right banks of cross sections 5 and 6. These locations are highlighted in red in the figure 

below. 
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Figure 4.15 Lateral displacement vectors generated from LiDAR (Canterbury 

Geotechnical Database, 2015) with locations where movements are non-perpendicular to 

the river shown in red 

The results of this zoning analysis are shown in Table 4.1. Of the twelve banks, it 

was found that six are general (Zone A), three have geologic constraints (Zone B) and three 

have displacements non-perpendicular to the river (Zone C). 
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Table 4.1 Cross section banks categorized by zone 

Cross 

Section(1) Geologic Constraints Flat(2) 

Displacements ⊥  

to River? ZONE 

1a Slopes away from free-face x  B 

1b None   A 

2a Change in soil characteristics   B 

2b None   A 

3a None   A 

3b None   A 

4a None  x C 

4b Change in soil characteristics   B 

5a None   A 

5b Slopes away from free-face  x C 

6a None   A 

6b Slopes away from free-face x x C 
NOTES: (1) a refers to left bank and b refers to right bank, relative to downriver 

(2) cross sections are considered flat for slopes less than ~1% 

4.5  SUMMARY 

Large displacements appear to be driven primarily by presence of the river free-

face. It was observed that the left and right banks of the river often experienced different 

magnitudes of movement, with some river banks experiencing abrupt reduction in lateral 

displacements while other banks had movement diminishing over hundreds of meters. 

Additionally, the ground movement is affected by change in the direction of ground slope 

and the change of soil conditions. To assist in interpreting the effects of these geologic 

conditions and movement non-perpendicular to the river, three zones were established and 

each cross section river bank was designated in a zone.  

From the cross sections it was generally found that there is little difference between 

the trends of index parameters calculated from the top 5 m of soil versus the top 10 m. For 

the majority of cross sections, both seemed to exhibit the same trends, although they varied 
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in magnitude. However, a few instances were found in which the 5 m index parameters 

related better to the observed horizontal displacements, for example, both river banks on 

cross section 5.  
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Chapter 5: Comparison of Observed Displacements with Predictions 

from Empirical and Semi-Empirical Models 

5.1 INTRODUCTION 

The empirical and semi-empirical models discussed in Chapter 2 are used to predict 

the lateral displacement expected for the Christchurch earthquake along the Avon River 

within the cross sections defined in Chapters 3 and 4. These predicted displacements are 

compared to the observed displacement from the optical image correlation analysis. 

5.2 INPUT PARAMETERS USED IN MODELS 

Each displacement model requires various seismological, subsurface, and 

geometric parameters and these parameters were determined for the locations considered 

in this study. The locations investigated in this study represent CPT soundings along the 

six cross sections analyzed, as shown in Chapter 4. These locations were selected on 

average every 100 m along the profiles, trying to gather a representative collection of CPT 

to capture geologic changes, including subsurface and geometric changes. The spacing 

between CPT locations along the cross sections varies quite a bit, depending on the 

availability of CPT data and the extent of the cross section. If a cross section extended over 

a kilometer, the spacing between the analyzed CPT increased. Additionally, CPT were 

removed during analysis if they were found to not be liquefiable. The final CPT locations 

analyzed are spaced as close at 15 m and as far as 300 m. A total of 49 CPT locations were 

analyzed with the number of locations associated with each cross section is shown in Table 

5.1. Detailed information about the CPT used is provided in Appendix A. It should be noted 
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that these CPT locations were used in the analysis to compare with all models except that 

by Rauch and Martin (2000), which analyzes the properties along an entire length of a slide 

and not specific point locations. 

 

Table 5.1 Number of CPT locations analyzed for each cross section  

Cross Section 
No. of Locations Analyzed 

Left Bank Right Bank 

1 3 5 

2 2 4 

3 7 3 

4 5 2 

5 10 2 

6 3 3 

For all models the magnitude of the Christchurch earthquake was taken as Mw = 

6.2, and for the Youd et al. (2002) model the magnitude-dependent distance constant that 

is added to the closest distance to the fault was taken as Ro = 0.755 km. The Youd et al. 

(2002) model also requires the average fines content (F15) and the mean grain size (D5015) 

of soils within the layers considered liquefiable. These values are difficult to determine 

from CPT data so they were set to F15 = 10% and D5015 = 0.3 mm. The F15 and D5015 

values were selected as typical values for loose sand, and the influence of the values on 

predicted displacement are analyzed in the next section. All additional parameters were 

estimated from the CPT and DEM along the river cross section, as discussed below.  

For each cross section, the height of the free-face was estimated from the ground 

elevation near the riverbank (ignoring any existing levee) and the elevation of the river bed. 

This elevation data came from the measured cross sections from the Christchurch City 
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Council. The distance from the free-face was measured from each CPT location to the river 

free-face, ignoring any existing levee. 

5.2.1 Input Parameters for Youd et al. (2002) and Bardet et al. (2002) 

The Youd et al. (2002) and Bardet et al. (2002) models requires the cumulative 

thickness of the liquefied layer, T15, defined as the sum of the soil layers with a stress 

corrected blow count, N1,60, less than 15 blows per 30 cm. Because CPT data were used in 

this study rather than SPT, the CPT tip resistance, qc1N, equivalent to N1,60 = 15 was used. 

The equivalent cone tip resistance value was determined based on typical liquefaction 

triggering curves that predict CRR using SPT and CPT. This equivalent cone tip resistance 

was taken as qc1N = 75. It is important to note that this value is not directly specified from 

the models and may contribute to some of the error associated with the predicted lateral 

spread displacement.  

Additionally, soil layers included in T15 must be susceptible to liquefaction and thus 

must be below the ground water table and have an Ic less than 2.6 (i.e., not a fine-grained 

soil). The summation for T15 is typically performed over the entire borehole or CPT 

sounding. However, only the top 10 m are analyzed in this study because that is the 

maximum depth of most of the soundings. This issue is not critical because most of the 

CPT qc1N reach above 75 within the top 10 m. 

To illustrate the calculation of the subsurface parameters used in the empirical 

models, consider the CPT sounding in Figure 5.1. The profiles of qc1N and Ic are used 

directly to calculate T15 for the Youd et al. (2002) and Bardet et al. (2002) models. Layers 

are included in the T15 summation if (1) they are below the GWT, (2) qc1N < 75, (3) Ic < 2.6, 
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and (4) they are within the top 10 m of soil. The applicable layers for this sounding are 

highlighted in red and the resulting value of T15 is 3.0 m. 

 

 

Figure 5.1 Example CPT sounding illustrating soil layers included in the T15 calculation, 

indicated in red 

5.2.2 Input Parameters for Rauch and Martin (2000) EPOLLS Models 

The EPOLLS models (Rauch and Martin, 2000) determine the average 

displacement over the entire slide area (i.e., the model results in one horizontal 

displacement for the left side of the river and one for the right side of the river, for each 

cross section). This means there are only 12 predicted displacements determined for the 6 

cross sections, much fewer data than the other empirical models. Additionally, the 
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parameters used in the model are estimated for the entire slide area (i.e., one average value 

for each side of the river). The length of the slide area (Lslide) was determined for each side 

of the cross sections by analyzing the horizontal displacement amplitude from optical 

image correlation (discussed in Chapter 3). Lslide was estimated as the length for which 

horizontal displacements occurred along the cross section. It should be noted that this 

would be a difficult parameter to determine prior to an earthquake occurring. Figure 5.2 

illustrates the slide length for the right bank of Cross Section 1.  

 

 

Figure 5.2 Calculation of Lslide for the right bank of Cross Section 1 

 

The EPOLLS-Geotechnical model (Rauch and Martin, 2000) requires the 

calculation of the depth to the minimum factor of safety (ZFSmin) and the depth to the top 
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of the liquefiable layer (Zliq). Considering the same example CPT sounding as previously 

discussed to calculate T15 for the Youd et al. (2002) and Bardet et al. (2002) models, the 

profile of factor of safety is shown in Figure 5.3 to determine the calculation of ZFSmin and 

Zliq. The layers which were determined liquefiable from Figure 5.1 are plotted on the factor 

of safety profile. The ZFSmin is equal to 4.4 m, and Zliq is 2.1 m.  

  

 

Figure 5.3 Example CPT sounding illustrating the depths of ZFSmin and Zliq  
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The EPOLLS (Rauch and Martin, 2002) models predict the lateral movement on 

one side of the river as an independent slide and they require a single value for each input 

parameter for each slide. To determine a single representative value, the parameters were 

analyzed from many CPT along the cross sections. The ZFSmin and Zliq were calculated for 

a few CPT from one side of the cross section, to obtain an average. The cross sections were 

analyzed to determine if the estimated average parameter values seemed to capture the 

entire side of the riverbank (i.e., if the minimum factor of safety was in the same layer and 

same depth along the majority of the riverbank). 

It was found that for most of the parameters the values along one side of the cross 

section (i.e., along the left river bank, considered as a single slide) typically did not change 

very much. Additionally, it should be noted that the CPT located near the river were given 

more consideration than those located a few hundred meters from the free-face. The 

location of the free-face was used to determine the distance from the fault (Rf), since that 

parameter varies quite a bit along the transect, particularly for the longer cross sections.  

Lastly, the lateral displacement amplitudes from the optical image correlation were 

used for the observed horizontal displacement. As mentioned, the EPOLLS models predict 

the average horizontal displacement over the length of the slide, so a value representative 

of the slide was determined in order to compare with the predicted horizontal 

displacements. A representative displacement value was chosen as the average 

displacement for which the majority of data hovers for the length of the slide. Typically 

this value was the average of the maximum displacement (near the river) and the minimum 

displacement (at the end of the cross section). However, that was not always the case, 
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especially if the cross section was very long and/or had maximum displacements that 

reduced to a lower value over a short distance.  

5.2.3 Input Parameters for Zhang et al. (2004) 

The Zhang et al. (2004) model requires the factor of safety against liquefaction be 

computed as a function of depth. These values are used, along with the relative density 

determined from the CPT data (derived as a function of the qc1N), to predict the maximum 

shear strain with depth, as described in Chapter 2. Each shear strain value is multiplied by 

the layer thickness and integrated over the top 10 m to calculate the Lateral Displacement 

Index (LDI). For this study the equation for free-face conditions was used, and the lateral 

displacement is calculated as a function of the LDI and the L/H ratio.  

The same example CPT as that from Figure 5.1 and Figure 5.3 was used to illustrate 

these calculations. Figure 5.4 shows the profiles of factor of safety, relative density and 

maximum shear strain. The maximum shear strain increases for (1) decreasing factor of 

safety and (2) decreasing relative density. The LDI for this CPT was equal to 1.7 m, and 

L/H ratio was 79 (i.e., W = 1.3%). These values resulted in a predicted lateral displacement 

of 0.31 m. The observed lateral displacement from the optical image correlation was 0.21 

m.  
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Figure 5.4 Profiles of the factor of safety and maximum shear strain used to determine the 

lateral displacement index for the Zhang et al. (2004) model 

5.3 PREDICTED HORIZONTAL DISPLACEMENTS USING EMPIRICAL MODELS  

5.3.1 Models by Youd et al. (2002)  

Table 5.2 lists the limits for the input model parameters, based on the range of 

values included in the Youd et al. (2002) empirical database. Also included in Table 5.2 is 

the range of the parameters values for the sites analyzed for the Christchurch earthquake. 

First, note that the magnitude of the Christchurch event is on the lower end of the 

magnitude limit (Mw=6.2). The free-face ratio (W = 100 H / L) of the cross sections vary 

from 0.2 to 400% (i.e. L/H ratio from 564 to 0.25) which fall outside the limits of the 1 to 

20% (i.e. L/H ratio from 100 to 5) included in the Youd et al. (2002) database. Note that 
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small W corresponds with points far from the free-face (L > > H) and large W corresponds 

with points closer to the free-face. The values of W in Christchurch that are smaller than 

1% are due to the relative small values of H (i.e., 3 to 4 m) and the relatively large inland 

extent of observed displacement (Chapters 3 and 4). Note that 63% of the site analyzed 

have W > 1%, most being between 1 and 9. Additionally, only one site has a W greater 

than 20% (W = 400%), which is a site located right on the free-face. The slopes analyzed 

are all gentle slopes with S≤1% and fall within the limits of the model, but they are all near 

the lower limit. The cumulative thickness of the liquefied layers (T15) ranges from 0.1 to 

5.3 m, which fall beyond the minimum value of 1 m specified for the model. Of the sites 

analyzed, 41% have T15 values less than 1 m. Although the top of the liquefied layer (ZT) 

is not a parameter used in the model, Youd et al. (2002) notes the range of ZT represented 

in their database and the values along the cross sections all fall within that range of 0-10 

m.  

 

Table 5.2 Limits on input parameters for use in the Youd et al. (2002) model 

Variable Minimum Value Maximum Value 

Range for 

Sites in this 

Study 

Mw 6 8 6.2 

W (%) 1 20 0.2 to 400 

S (%) 0.1 6 0.1 to 1 

T15 (m) 1 15 0.1 to 5.3 

ZT (m) 1 10 1 to 2.6 

 

The Youd et al. (2002) model includes the average fines content (F15) and the mean 

grain size (D5015) of the liquefied layers, which require lab testing of soil samples. This 
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information is not directly available from the CPT, although it can be estimated with 

empirical relationships. Nonetheless, the values will be highly variable among CPT 

locations, as well as with depth. Because there is potentially a large amount of error in 

estimating these parameters, the influence of the fines content on predicted displacement 

was analyzed. Four combinations of F15 and D5015 were selected to use in this analysis 

(Table 5.3) based on the range of values included in the Youd et al. (2002) database (Figure 

5.5). 

 

 

Figure 5.5 Bounds of acceptable fines content and mean grain-size for the Youd et al. 

(2002) model showing combinations included in the analysis, indicated in red 
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Table 5.3 Combinations of average fines content and mean grain size of the liquefiable 

layers analyzed in the Youd et al. (2002) model 

Combination F15 (%) D5015 (mm) Value Type 

a 30 0.1 Typical 

b 10 0.3 Typical 

c 65 0.09 Extreme 

d 25 9 Extreme 

 

Of the four combinations of F15 and D5015 selected, two combinations represent 

typical values and two represent extreme values. The two typical values represent values 

where a majority of the Youd et al. (2002) data is located. The predicted horizontal 

displacements for the 49 CPT locations were calculated using these two combinations of 

F15 and D5015 and are plotted in Figure 5.6 and Figure 5.7. For either combination, the 

Youd et al. (2002) model generally predicts displacements smaller than observed, with the 

majority of the observed movements between 0 to 1 m and the corresponding predicted 

displacements falling between 0 and 0.2 m, with the exception of a single point from Cross 

Section 1, which falls beyond of limits of the plots. This point is from a CPT approximately 

1 m from the free-face, resulting in a W equal to 400% (i.e., L = 0.25 H), the largest of all 

points analyzed. This point has an observed horizontal displacement of 0.8 m and a 

predicted displacement of 2.5 m and 3.4 m for combinations (a) and (b), respectively.  
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Figure 5.6 Predicted horizontal displacement from the Youd et al. (2002) model, 

computed with an F15 of 30% and a D5015 of 0.1 mm (combination a) 

 

Figure 5.7 Predicted horizontal displacement from the Youd et al. (2002) model, 

computed with an F15 of 10% and a D5015 of 0.3 mm (combination b) 
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The two more extreme combinations of F15 and D5015 (Table 5.3) also were used 

to calculate the horizontal displacement and are plotted in Figure 5.8 and Figure 5.9. These 

figures illustrate that by significantly increasing either the fines content or the mean grain 

size, the predicted horizontal displacements are significantly reduced, almost to zero. The 

single outlier point is from Cross Section 1, as mentioned above for Figure 5.6, with a W 

equal to 400% (i.e., L = 0.25 H). The displacement for this location is still under predicted, 

although the predicted displacement is larger than that of any other CPT due to the large 

W equal to 400%, much larger than all points analyzed. 
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Figure 5.8 Predicted horizontal displacement from the Youd et al. (2002) model, 

computed with an F15 of 65% and a D5015 of 0.09 mm (combination c) 

 

Figure 5.9 Predicted horizontal displacement from the Youd et al. (2002) model, 

computed with an F15 of 25% and a D5015 of 9 mm (combination d) 



95 

 

The results in Figure 5.6 through Figure 5.9 provide information regarding the 

influence of the assumed fines content and mean grain size on the predicted displacements. 

It is clear that very small displacements are predicted when using values that fall near the 

upper and lower bounds of those shown in Figure 5.5. Additionally, the available boreholes 

do not indicate the large fines content or large mean grain size values associated with these 

extremes. Therefore, the remainder of the comparisons use F15 = 10% and a D5015 = 0.3 

mm. 

To further investigate the range of W for the Christchurch data analyzed (0.2% < 

W < 400%) relative to the values included in the Youd et al. (2002) the model (1% < W < 

20%), the predicted displacements are plotted in Figure 5.10 with the data separated by the 

values of W (where W < 1% and W > 20% which are outside of the model limits). From 

Figure 5.10 it is clear that most of the points with W values less than 1% (i.e., L > 100 H) 

predict very small displacements although displacements as large as 0.9 m were observed. 

This result indicates that displacements extended further inland than would be predicted 

from the Youd et al. (2002) model. There is only one data point with a W > 20% and it has 

W = 400% (i.e., L = 0.25 H). The large value of W for this point, which indicates that it is 

very close to the free-face, causes the large predicted displacement for this location. The 

remainder of the data, which have W = 1% to 20%, fall in between the others but all of the 

predictions are smaller than observed. The data are shown in Figure 5.11 for smaller bins 

of W. By dividing the data into smaller bins, it is easier to see that the displacement 

predictions are more favorable for larger W.  
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Figure 5.10 Observed displacements versus predicted displacements calculated using the 

Youd et al. (2002) model for different ranges of W 

 

 

Figure 5.11 Observed versus predicted displacements calculated using the Youd et al. 

(2002) model for smaller ranges of W 
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To evaluate the predicted displacement values relative to the generalized 

characteristics of movement (Table 4.1), the displacements are plotted separately for the 

different zones in (Figure 5.12). Analyzing Figure 5.12, plotting by zone does not appear 

to show any correlation to the predicted displacements.  

 

 

Figure 5.12 Observed displacements versus predicted displacements calculated using the 

Youd et al. (2002) model, plotted by zone 

Given the results presented, it is possible that the smaller predicted displacements 

are due to the effect of the earthquake magnitude. The Youd et al. (2002) model was 

developed from the Bartlett and Youd and (1995) database, which includes earthquakes 

with magnitudes ranging from 6.4 to 9.2, but roughly 65% of the displacements are from 

the 1964 Mw 7.5 Niigata earthquake and another 20% of the dataset is from earthquakes 
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with magnitudes greater than 7.5. The 6.2 magnitude of the Christchurch earthquake is 

significantly smaller than the earthquake magnitudes most heavily represented in the 

dataset. The magnitude scaling in the Youd et al. (2002) model is strong (i.e., the coefficient 

associated with magnitude is 1.532), such that the model predicts that a M = 6.2 earthquake 

at the same distance as a M = 7.5 earthquake will produce a displacement 1/100th times 

smaller (i.e., D(M=6.2) / (D(M=7.5) ~ 0.01). 

5.3.2 Models by Bardet et al. (2002)  

The input parameter limits for Bardet et al. (2002) model are listed in Table 5.4 and 

compared with the values for the sites analyzed in Christchurch. The magnitude of the 

Christchurch event is slightly under the minimum specified, and as noted previously, the 

majority of the dataset used for this regression is from the 1964 M = 7.5 Niigata earthquake 

and therefore the model is likely skewed towards larger magnitudes.  

The free-face ratios (W) of the CPT being analyzed range from less than 1% up to 

400%, values outside of the limits specified. However 49% of the data fall within the limits 

for W, with most being between 1.6 and 9. The cumulative thickness of the liquefied layer 

(T15) is generally within the range specified, with the exception of the smallest value from 

the CPT being 0.1 m. It should be noted that the majority of the T15 values from the CPT 

of the cross sections are on the lower bound of the limits, with a maximum value of 5.3 m. 
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Table 5.4 Input parameter limits for Bardet et al. (2002) model  

Variables Range Range for Sites in this Study 

M 6.4 – 9.2 6.2 

R (km) 0.2 – 100 3 – 4.5 

W 
1.6 – 56 (Data set A) 

1.6 – 49 (Data set B) 
0.2 – 400 

S (%) 
0.05 – 6 (Data set A) 

0.05 – 2.5 (Data set B) 
0.1 – 1 

T15 (m) 
0.2 – 16.7 (Free-face) 

0.7 – 19.7 (Sloping ground) 
0.1 – 5.3 

The Bardet et al. (2002) models include those for free-face and sloping ground. In 

this study the free-face models are of interest. Additionally, there are two data sets used to 

develop regression coefficients: Model A (all displacements) and Model B (only 

displacements less than 2 m).  

Evaluating Model A, plots of predicted versus observed displacement are presented 

in Figure 5.13. Similar to the Youd et al. (2002) model, most of the predicted displacements 

are smaller than observed. The largest displacement predicted by this model is 1.85 m, with 

the associated observed displacement equal to 0.8 m. This point is from a site with a W of 

400% (i.e., L = 0.25 H), which is very close to the free-face and well outside the bounds of 

the dataset (Table 5.4. The second largest predicted displacement is 0.55 m and is for W = 

18%, which is roughly in the middle of the limits for W specified by Bardet et al. (2002), 

and the associated observed displacement is 0.85 m. With the exception of these few data 

points, the majority of the predicted displacements are less than 0.25 m, although most of 

the associated observed displacements are between 0.25 m and roughly 1 m. 

 



100 

 

 

Figure 5.13 Predicted horizontal displacement calculated using Bardet et al. (2002) 

Model A  

The horizontal displacements predicted using Model B for free-face conditions are 

plotted versus observed displacements in Figure 5.14. Again, the predictions are 

significantly smaller than observed. The largest predicted displacement is 0.23 m, for the 

data point with W = 400% (i.e., L = 0.25 H). This is a significant decrease from the 1.85 

m displacement predicted for the same point by Model A. From Figure 5.14 all of the 

predicted displacements are less than 0.25 m, yet the observed displacements range from 

zero to about ~1 m. Also, there appears to be a concentration of data with predicted 

displacements of about 0.15 m. 

All of the data points analyzed experienced displacements less than 1.2 m from the 

Christchurch earthquake, and therefore it would be expected that the Bardet et al. (2002) 

Model B would predict more accurate displacements because it is derived from 
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displacements less than 2 m. However, from Figure 5.13 and Figure 5.14 it appears that for 

the most part both models result in similar predictions. It is likely that this poor correlation 

is due to the fact the Bardet et al. (2002) model is derived from the Bartlett and Youd 

(1992) data set, which is predominantly composed of data from earthquakes with 

magnitudes 7.5 and larger.  

 

 

Figure 5.14 Predicted horizontal displacement calculated using Bardet et al. (2002) 

Model B  

The data points from Figure 5.13 are plotted in Figure 5.15 by the zones identified 

based on different characteristics (as specified by Table 4.1). Figure 5.15 shows that the 

different zones do not explain any trends relative to under or over prediction by the model.  
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Figure 5.15 Predicted horizontal displacement calculated using Bardet et al. (2002) 

Model A plotted by zone 

To evaluate the effect of W on the predicted displacements, the results for Model 

A were plotted separately for data with different values of W (Figure 5.16). This figure 

illustrates that displacements are under predicted for all values of W, although the 

predictions are larger for larger W.  Therefore, no correlation between W and the 

performance of the model predictions can be made. 
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Figure 5.16 Predicted horizontal displacement calculated using Bardet et al. (2002) 

Model A sorted by W 

To better understand the influence of the various input parameters on the Youd et 

al. (2002) and Bardet et al. (2002) displacement predictions, the variation of displacement 

with W and T15 was investigated for Mw = 6.2 and R = 4 km for the different models. 

The calculated displacement is plotted versus W for different values of T15 in Figure 

5.17. The Youd et al. (2002) model is compared with both Bardet et al. (2002) Model A 

(Figure 5.17a) and Model B (Figure 5.17b). The Bardet et al. (2002) Model A and Youd et 

al. (2002) model predict very similar displacements for all values of W and of T15. This is 

not surprising given that the models were developed from the same datasets. Considering 

the Bardet et al. (2002) Model B, which was developed only from displacements less than 

2 m, the effect of W on the predicted displacements is significantly reduced as indicated 

by the smaller slope (Figure 5.17b). Additionally, the effect of T15 is reduced for Model B 
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as indicated by the smaller range of displacements predicted for the different values of T15 

considered. Finally, from Figure 5.17b, Bardet et al. (2002) Model B predicts 

displacements that range from ~0.1 m to ~0.2 m for all values of W and T15 which explains 

the concentration of predicted displacements around 0.15 m in Figure 5.14. 
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(a) 

 

(b)  

Figure 5.17 Predicted displacements for (a) Bardet et al. (2002) Model A and Youd et al. 

(2002), and (b) Bardet et al. (2002) Model B and Youd et al. (2002) for Mw = 6.2 and R 

= 4 km. D5015 and F15 taken as 0.3 mm and 10%, respectively, for Youd et al. (2002) 

model. 
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Overall, it was found that Bardet et al. (2002) Model A predicts displacements very 

similar to the Youd et al. (2002) model. Both Bardet et al. (2002) models under predict the 

displacement from the Christchurch earthquake (Figure 5.13 and Figure 5.14). This is most 

likely due to the lower magnitude of the Christchurch earthquake which is outside of the 

limits specified for the model (Table 5.4), and due to the fact the model database is 

primarily from a M = 7.5 earthquake. 

5.3.3 Models by Rauch and Martin (2000)  

The models by Rauch and Martin (2000), known as the EPOLLS model, predicts 

the average displacement over an entire slide area, as opposed to the other models that 

predict displacement at individual locations. Because of this, the EPOLLS models require 

estimated input parameters which are representative of the entire slide area. In estimating 

these parameters, there is likely some error associated since the parameters vary with 

horizontal distance from the river. 

The limits of the input model parameters specified by Rauch and Martin (2000) are 

shown in Table 5.5, as well the range of parameter values for the sites analyzed for the 

Christchurch earthquake. As discussed for the previous models, the magnitude of the 

Christchurch earthquake, M = 6.2, is below the limits of the EPOLLS models, which are 

derived from a data set for which 82% of the data is from earthquakes with a magnitude 

7.3 or larger. Therefore, it is likely that the models will be calibrated towards larger 

magnitude earthquakes. All of the other input parameter values of the sites analyzed for the 

Christchurch earthquake are within the limits specified for the EPOLLS models. 
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Table 5.5 Limits of input parameters for the EPOLLS model (Rauch and Martin, 2000) 

Variable 

Minimum 

Value 

Maximum 

Value 

Range for Sites in 

this Study 

(a) Limits on input parameters 

Mw 6.5 9.2 6.2 

Rf (km) 0 119 3 – 4.5 

Amax (g) 0.06 0.52 0.3 – 0.5  

Td (s) 4 88 5 & 10  

Lslide (m) 20 1360 75 – 750  

Stop (%) -0.7 5.2 -0.5 – 1  

Hface (m) 0 9 3 – 4.5  

ZFSmin (m) 2.4 12.4 2.5 – 9.5  

Zliq (m) 0.9 7.3 1 – 2.6 

The EPOLLS model was applied to each river bank of each cross section, for a total 

of 12 locations. The EPOLLS model requires the maximum acceleration and ground 

motion duration. The maximum acceleration was taken from the interpolated Amax maps 

provided by Tonkin and Taylor (CGD, 2015) as based on strong motion recordings within 

the vicinity of the lateral spread sites for the Christchurch earthquake, and the values for 

the sites analyzed ranged from 0.3 g to 0.5 g. The recorded motions in the area displayed 

some differences in duration, so displacements were calculated using strong motion 

durations of 5 and 10 s to test the sensitivity of the results to this parameter. Comparing the 

results from the three EPOLLS models using the two durations (Figure 5.18) the shorter 

duration predicts slightly larger horizontal displacements. This effect of duration is 

unexpected because longer duration shaking should generate more displacement. This 

brings to light one issue with the EPOLLS models, which is that they over compensate for 

using variables that are not independent of one another. All of the models include the 

magnitude (Mw), distance from the fault (Rf), maximum horizontal acceleration (Amax) and 

strong motion duration (Td) as independent variables. Since these variables are not entirely 
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independent of one another, when the model was fit to the historical displacements in the 

database, it assigned negative coefficients to the Amax and Td variables. Because of the 

negative coefficients, the model results in smaller predicted horizontal displacement for a 

larger horizontal acceleration and/or a longer duration, which is counterintuitive of what 

would be expected. 

 

 

Figure 5.18 Predicted displacements using EPOLLS models for a strong motion duration 

of 5 seconds versus those with a strong motion duration of 10 seconds 

It should be noted the EPOLLS models include simultaneously the effect of an 

existing free-face and sloping ground, whereas other models consider a free-face or sloping 

ground. The effect of the gently sloping ground conditions present was analyzed by plotting 

predicted displacements when the ground slope was included versus predicted 
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displacements when the ground slope was set to 0%, and the differences were found to be 

negligible. 

Using a strong motion duration of 10 s, the Regional (R-EPOLLS), Site (S-

EPOLLS) and Geotechnical (G-EPOLLS) models were used to compute displacement and 

are plotted versus the observed lateral ground displacement (Figure 5.19 through Figure 

5.22). 

 

Figure 5.19 Observed versus predicted horizontal displacements using R-EPOLLS model  

The R-EPOLLS model (Figure 5.19) mostly predicts displacements between 0.2 m 

and 0.7 m, while the observed displacements are between 0.25 m and 1 m. These results 

show the R-EPOLLS model predicts displacement of the same order as the observations, 

although 10 of the 12 predictions are larger than the observations. From Figure 5.19 it is 

observed that the predicted horizontal displacement is the same on both sides of the river 

for a given cross section. This is because the R-EPOLLS model is a function of M and Td 
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which are constant for all cross sections, and Rf and Amax which were determined for either 

side of the river and did not differ for a singular cross section.  

The S-EPOLLS model adds as independent model parameters the approximate 

length of the slide (Lslide), the slope from the river free-face to the head of the slide (Stop), 

and the height of the free-face (Hface). The displacements predicted from this model are 

shown in Figure 5.20. The predictions using the S-EPOLLS model are slightly larger than 

those from the R-EPOLLS model and therefore there is some significant improvement over 

the R-EPOLLS model. The parameter that appears to influence the predicted displacement 

the most for the Christchurch sites is Lslide, with larger displacements predicted for larger 

values of Lslide.  

 

 

Figure 5.20 Observed versus predicted horizontal displacements using S-EPOLLS model 
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The G-EPOLLS model adds as independent model parameters the average depth to 

the minimum factor of safety in the potentially liquefiable soil (ZFSmin) and the average 

depth to the top of liquefied soil (Zliq). The predicted and observed displacements are 

plotted in Figure 5.21. It should be noted that the geotechnical parameters derived from the 

subsurface data are somewhat uncertain because the values may vary significantly over the 

length of the slide. From the G-EPOLLS model equation (Chapter 2), an increase in ZFSmin 

increases the predicted displacement and an increase in Zliq decreases the predicted 

displacement. Generally, it is observed the G-EPOLLS model produced predicted 

displacements reasonable to those observed, with the exception of Cross Section 6, for 

which the observed displacements are consistently larger than predicted. Comparing the 

G-EPOLLS model (Figure 5.21) to the R-EPOLLS model (Figure 5.19), there is an overall 

improvement in predicted displacements relative to those observed. 

The G-EPOLLS model, which predicted horizontal displacements closest to those 

observed, was plotted by zones based on different movement characteristics (as specified 

in Table 4.1) in Figure 5.22. This figure does not show a relationship between over or under 

predicted displacements and zone type. 
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Figure 5.21 Observed versus predicted horizontal displacements using G-EPOLLS model 

 

Figure 5.22 Observed versus predicted horizontal displacements using G-EPOLLS model 

plotted by zone 
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From Figure 5.19 through Figure 5.21, the progression from the Regional (R-

EPOLLS) to Geotechnical (G-EPOLLS) model by Rauch and Martin (2000) shows 

predicted lateral displacements moving closer to those that were observed. However, this 

model has different limitations than the others, as some of the input parameters must be 

averaged over an entire area, which may be difficult to achieve. For example, the estimated 

length of the lateral spread is required a priori and it is difficult to know the length of the 

slide that will occur before the earthquake occurs. Additionally, the ground slope used 

(Stop) and the soil conditions (ZFSmin and Zliq) are taken as constant and equal to the average 

values over the length of the slide. Despite these limitations, all three of the EPOLLS 

models predict displacements more similar to the observations than the other empirical 

models considered. However, this favorable comparison may be due to the fact that the 

EPOLLS models attempt to predict the average displacement across a slide, while the other 

empirical models attempt to predict the displacement at a point. 

5.4 PREDICTED DISPLACEMENT USING A SEMI-EMPIRICAL MODEL 

The Zhang et al. (2004) semi-empirical model incorporates the maximum cyclic 

shear strain, as derived from the factor of safety against liquefaction and the relative 

density, to determine the Lateral Displacement Index (LDI). The LDI is then corrected for 

geometric effects related to the L/H ratio (i.e., length from free-face divided by height of 

free-face) and the slope. The limits of the input parameters for this model are compared to 

those for the sites analyzed in this study in Table 5.6. Aside from the magnitude, which is 

below the minimum value indicated, and the L/H ratios, the parameters are within the 
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ranges specified. The range of slope values for the sites analyzed are outside of the limits, 

but the slope is not used in the free-face model. 

 

Table 5.6 Limits of parameters for use of Zhang et al. (2004) model  

Variable Minimum Value Maximum Value 

Range for Sites in 

this Study 

Mw 6.4 9.2 6.2 

PGA (g) 0.19 0.6 0.3 – 0.5 

H (m) - 18 3 – 4.5 

S (%) 0.2 3.5 0.1 – 1  

L/H 4 40 0.3 – 564  

 

The predicted lateral displacements are plotted versus the observed values for all 

data points in Figure 5.23. One location has a very large predicted displacement of 81 m 

(Figure 5.23a), and this value is much larger than observed. This point represents a location 

~1 m from the free-face, with L = 0.3 H (i.e., W=400%), which is much smaller than the 

minimum L/H specified by the model (L/H min = 4). For L/H = 0.3, a factor of almost 16 

is applied to the computed LDI and that results in a very large displacement. Focusing only 

on displacements less than 2 m (i.e., 46 of the 49 points), shown in Figure 5.23b, a lot of 

scatter exists on either side of the 1:1 line. However, most of the predictions are smaller 

than observed.  
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(a) 

 

(b) 

Figure 5.23 Observed versus predicted horizontal displacement from Zhang et al. (2004) 

model showing (a) all displacements (b) displacements less than 2 m 
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To better illustrate the influence of L/H on the predicted horizontal displacement, 

the data was separated by ranges of L/H (Figure 5.24). Note that L/H < 4 and L/H > 40 are 

beyond the limits specified by the model. The three points with L/H < 4 all result in 

predicted displacement greater than 2 m and are thus not shown. These predicted 

displacements are much larger than observed. It is clear from Figure 5.24 that for L/H > 40 

the predicted displacements are generally smaller than observed. This result indicates that 

the displacements in Christchurch extended somewhat further inland (relative to the height 

of the free-face, H) than expected. The data for L/H = 10-40 generally fall equally above 

and below the 1:1 line, but with significant scatter. The data for L/H = 4-10 show that the 

predictions are larger than observed for these cases. 

 

 

Figure 5.24 Observed versus predicted horizontal displacement from Zhang et al. (2004) 

model showing (a) all displacements (b) displacements less than 2 m with L/H ratio data 

labels 
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To analyze the influence of characteristics of movements on the model predictions 

(i.e., zones A, B and C, as discussed in Chapter 4), the displacements are plotted by zone 

in Figure 5.25. There does not seem to be a strong correlation between the zone and the 

performance of the model predictions from the Zhang et al. (2004) model. This semi-

empirical approach appears to be an improvement over some of the other empirical models, 

provided the sites are within the limits of the L/H ratio.  

 

 

Figure 5.25 Observed versus predicted horizontal displacement from Zhang et al. (2004) 

model plotted by zone 
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5.5 SUMMARY  

Four empirical and semi-empirical models were used to predict lateral spreading 

displacements for the Christchurch earthquake. These predicted displacements were 

compared to those observed from optical image correlation of satellite images. 

Two of the empirical models, Youd et al. (2002) and Bardet et al. (2002), greatly 

under predicted the horizontal displacements at the locations analyzed. It was found that 

Bardet et al. (2002) Model A and the Youd et al. (2002) model predict very similar 

displacements, while the Bardet et al. (2002) Model B predicts smaller displacements. Most 

likely the cause of the under prediction by these models is the relatively small magnitude 

of the Christchurch earthquake, Mw 6.2. Both of these models use the Bartlett and Youd 

(1992) data set, which is mainly composed of displacements from Mw 7.5 earthquakes and 

larger. Therefore, it can be summarized that the implementation of these two empirical 

models is not sufficient for predicting lateral spreading in Christchurch, a magnitude 6.2 

earthquake.  

The Rauch and Martin (2000) EPOLLS models appear to provide a better match 

with the observed displacements. The Geotechnical model (G-EPOLLS) shows scatter of 

both under and over predicted displacements, generally around the 1:1 line. However these 

models do not predict displacement at one point, as the other empirical models do, but 

instead predict the average displacement over an entire slide. 

The Zhang et al. (2004) semi-empirical model proved to predict the lateral 

displacement better than the empirical models by Youd et al. (2002) and Bardet et al. 

(2002). The limitation of this model is the effect of the L/H ratio. The model states bounds 

of acceptable L/H ratios between 4 and 40, and within these bounds the predicted 
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displacements showed scatter about the 1:1 line. However, outside of these limits it was 

observed that lower L/H ratios tend to over predict lateral displacements, while larger L/H 

ratios under predict displacements.  

 



120 

 

Chapter 6: Relationship between Horizontal Displacement and Index 

Parameters 

6.1 INTRODUCTION 

In current practice index parameters, including LPI, Sv1d and LSN, are calculated 

from in situ field test data to give information regarding the potential of that location to 

liquefy, as discussed in Chapter 2. Larger values of an index parameter value indicate a 

larger potential to liquefy. In this chapter, the observed horizontal displacements across 

Christchurch are compared to index parameter values calculated at the same location to 

investigate potential relationships.  

6.2 INFLUENCE OF INDEX PARAMETERS 

To investigate the relationship between displacement and the various index 

parameters, displacements and CPT within a fixed distance of L = 25 m from the river were 

utilized (Figure 6.1), which resulted in a total of 58 data points. By limiting the distance 

from the river, the displacement locations have similar values of L/H and the effect of the 

liquefaction index parameters can be isolated. For the CPT locations in Figure 6.1 and the 

average free-face height H = 3.5 m, the L/H range from about 1 to 7. To put this range of 

L/H into perspective, the semi-empirical Zhang et al. (2004) model is appropriate for L/H 

= 4 to 40, and the lowest L/H of the dataset used by Zhang et al. (2004) is 3.8. The L/H = 

1 to 7 are small values (i.e., in a close proximity to the river free-face) and are grouped 

together for this study. 

Each of the index parameters are computed over different depths, as presented in 

Section 2.2. Tonkin and Taylor calculated all three index parameters over the top 10 m of 
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soil (Van Ballegooy et al., 2015) because many of the CPT soundings terminate after 10 m 

and it is important to be consistent when making comparisons. For the lateral spreading in 

Christchurch, the river depth is between 3 and 4 m, such that the potential liquefaction of 

soils deeper than about 5 m may not influence the displacements. Therefore, the index 

parameters were calculated over depths of 5 m, as well as the 10 m provided by Tonkin 

and Taylor. At each CPT location, the index parameters computed over the top 5 m and 

top 10 m were plotted versus the observed horizontal displacement as the same location 

determined from the optical image correlation using satellite imagery (Section 3.4). 

 

 

Figure 6.1 Areas within 25 m from the river free-face and available CPT soundings  

To relate LPI values to liquefaction risk, Iwasaki et al. (1982) established bounds 

associated with various liquefaction risks, as shown in Table 6.1. These thresholds were 

established for index parameters calculated over the top 10 m of soil and they were 

established based on observations of various types of liquefaction effects (e.g., ejecta, 
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settlement). These thresholds are shown in the plots in this section relating displacement 

and LPI, although they may not be meaningful for lateral spreading.  

 

Table 6.1 Range of LPI values and their corresponding liquefaction risk levels (Iwasaki et 

al., 1982) 

LPI Range Liquefaction Risk 

LPI = 0 Very low 

0 < LPI ≤ 5 Low 

5 < LPI ≤ 15 High 

15 < LPI Very high 

 

Figure 6.2 plots the observed horizontal displacement versus each of the index 

parameters (LPI, Sv1d, LSN). Shown separately are plots for the index parameters 

calculated over the top 5 m and top 10 m. Considering the results in Figure 6.2, the 

relationship between displacement and each of the three parameters exhibit a large amount 

of scatter. A general trend is observed that larger index parameters are associated with 

larger displacements. This trend is apparent for the index parameters computed over the 

top 5 m and 10 m of soil. However, the index parameters computed over the top 10 m 

appear to better discriminate the small displacements from the large displacements. For 

example, when computed over 5 m, displacements as large as 1.3 m are associated with an 

LPI of 5, Sv1d of 35 mm, and LSN of 8. These index parameter values are some of the 

smallest values across the dataset. Yet, when computed over 10 m, the index parameter 

values associated with this displacement are larger. Thus, the parameters computed over 

10 m depth appear to more strongly discriminate between smaller displacements (i.e., less 

than 0.5 m) and larger displacements. 
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Figure 6.2 Index parameters calculated over the top 5 m of soil (left: a, c, e) and over the 

top 10 m of soil (right: b, d, f) versus observed horizontal displacement 
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Considering the data in terms of the parameters computed over the top 10 m, the 

LPI relationship with displacement is consistent with the LPI thresholds for different levels 

of liquefaction risk (Table 6.1). Only relatively small displacements are observed below a 

value of 15, and LPI values greater than 15, which correspond to a “very high” liquefaction 

risk, include locations where over 1 m of lateral displacement occurred (Figure 6.2b). 

Thresholds relating to larger displacements are also observed for Sv1d equal to 100 (Figure 

6.2d) and LSN equal to 20 (Figure 6.2f). 

Although small index parameter values are associated with smaller displacements 

in Figure 6.2, at large index parameter values a large range of displacements are observed. 

For example, an LPI of about 30 is associated with displacements between 0.1 and 3.5 m. 

A similar characteristic is observed for Sv1d of about 200. The LSN parameter somewhat 

better discriminates the larger displacements, although a large range of displacements are 

observed at LSN of about 40. 

6.3 INFLUENCE OF DISTANCE FROM THE RIVER 

The distance from the river free-face has a large influence on the amount of 

horizontal displacement. In general, the observed displacement decreases with increasing 

distance from the river. The relationship between displacement, index parameters, and the 

distance from the river free-face was analyzed.  

The Avon River has a relatively constant river height of about 3.5 m. By grouping 

CPT locations with a similar L, the effect of distance from the free-face and the ratio L/H 

can be essentially isolated for interpretation and comparison with the index parameters and 

horizontal displacement.  
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For this study, areas within various distances from the river were selected for 

comparison. At smaller distances, data from CPT locations within 15 m from the river (L/H 

< 4.3, with the smallest value in the dataset having L/H ~1) consisting of 34 CPT locations, 

as well as locations between 15 and 25 m from the river (L/H = 4.3 to 7.1), consisting of 

24 CPT locations, are considered. Note that the datasets used in the development of the 

empirical and semi-empirical lateral displacement models (Chapter 5) have few data at L/H 

less than 4. Locations with small L/H (i.e., close to the river) may have larger displacements 

and displacements may be more erratic due to multiple mechanisms of displacement 

occurring (e.g., slump failure). The Zhang et al. (2004) model applies a minimum bound 

of L/H equal to 4 because of the issues associated with predicting displacements close to a 

free-face. The influence of index parameters (computed over 10 m) on the displacements 

for L < 15 m and L = 15 – 25 m are shown separately in Figure 6.3. It would be expected 

that the displacements within 15 m from the river would exhibit larger observed 

displacements given the same values of the index parameters. However, the displacement 

data are scattered within the same general bounds. 

 

  



126 

 

 

Figure 6.3 Index parameters from locations within 15 m from the river (left: a, c, e) and 

from locations between 15 and 25 m from the river (right: b, d, f) versus observed 

horizontal displacement, highlighting four data points (CPT-44, CPT-50, CPT-53 and 

CPT-52) with larger observed displacements 
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The data from within 15 m from the river include a few points which experience 

more displacement than most others with about the same value of index parameter, and the 

data for 15 – 25 m include one point which has a larger observed displacement. These four 

points (CPT-44, CPT-50 and CPT-53 for the 0 – 15 m data, and CPT-52 for the 15 – 25 m 

data) are pointed out in Figure 6.3. These points represent locations along the curved 

portion of the river, which experienced large displacements on the right bank (i.e., the point 

bar side of the river bend), as shown in Figure 6.4. CPT-52, grouped with the 15 – 25 m 

data, is located 16.5 m from the river free-face, just a few meters further than the other 

three locations. This section of the river may experience larger displacements due to 

subsurface characteristics that are not captured by the index parameters considered here. 

 

 

Figure 6.4 Locations of CPT-44, CPT-50, CPT-52 and CPT-53 
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The relationship between lateral displacement and index parameters at distances 

further from the river free-face was analyzed. Distances of L = 25 to 50 m and L = 50 to 

100 m were used to group data points and compare against those within 25 m of the river. 

These three areas are shown in Figure 6.5. Note that the 50 – 100 m buffer area is twice 

the length of the other areas. The area within 25 m of the river contains 58 CPT locations, 

L = 25 and 50 m contains 49 CPT locations, and L = 50 and 100 m contains 68 CPT 

locations. 

 

 

Figure 6.5 Areas parallel to the river edge, within 25 m from the free-face (yellow), 25 to 

50 m from the free-face (blue) and 50 to 100 m from the free face (orange), and available 

CPT soundings 

Plots of observed displacement versus the three index parameters (LPI, Sv1d, LSN) 

are shown in Figure 6.6. Each area (L = 0 – 25 m, 25 – 50 m, 50 – 100 m) is plotted 

separately. The first area, including locations within 25 m from the river, contains locations 

with L/H less than ~7. The area between 25 to 50 m from the river contains locations with 
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L/H between ~7 and ~14, and lastly, the area between 50 and 100 m from the river contains 

locations with L/H between ~14 and ~28.  Larger ratios are reached at 100 m from the free-

face due to the shallow river bed (~3.5 m). These ratios are all within the L/H upper limit 

of 40 defined by the Zhang et al. (2004) model, as well as the largest value of L/H = 100 

for Youd et al. (2002) and L/H ~ 60 for Bardet et al. (2002). Figure 6.6 shows that the 

observed magnitudes of displacement changes for L greater than 25 m (i.e., L/H > 7). 

Almost no displacement greater than 1 m occurs at L > 25 m. These plots confirm that 

lateral displacements tend to decrease as distance from the river increases. However, for 

the data with L > 25 m, the relationship between displacement and the index parameters is 

not strong. Additionally, it is important to note that smaller displacements still are observed 

near the river at some locations.  
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Figure 6.6 Index parameters from locations within 25 m from the river (left: a, d, g), 

locations between 25 and 50 m from the river (center: b, e, h), and locations between 50 

and 100 m from the river (right: c, f, i) versus observed horizontal displacement, 

highlighting two data points (CPT-867 and CPT-1114) with similar index parameter 

values and different observed displacements 
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Two points with roughly the same index parameter values were selected from the 

0 – 25 m data to determine what may be driving the difference in observed displacement. 

These points are highlighted in red in Figure 6.6. The two points have an LPI ~ 30, Sv1d ~ 

185, and LSN ~ 45. Location CPT-867 has a displacement of 1.64 m and location CPT-

1114 has a displacement close to zero (0.07 m). These points are along the same section of 

the river, shown in Figure 6.7. It is apparent that the right side of the river experienced 

larger displacements and over a longer distance than the left side. However, the index 

parameters computed from the CPTs do not capture the subsurface characteristics that are 

resulting in such drastically different displacements.  

 

 

Figure 6.7 Locations of CPT-867 and CPT-1114 



132 

 

 

Lastly, there are two data points in the L = 25 – 50 m data which observed 1.5 m 

lateral displacement (Figure 6.6). This level of displacement is larger than the majority of 

the other data that are similar distances from the river. These two points are located 26.3 

m and 31 m from the river free-face, in the location shown in Figure 6.4, where the river 

curves and large displacements occurred.  

Given the significant variability observed in the data, the lateral spread 

displacements are being influenced by characteristics that are not captured in the localized 

CPT profile. These other characteristics may be topographical and/or geologic conditions 

that result in differences in the displacements.  

 

6.4 SUMMARY 

The relationship between horizontal displacement and various index parameters 

was investigated. Displacements plotted versus each of the index parameters showed 

significant scatter, although there was slightly less scatter when the index parameters are 

calculated over the top 10 m of soil, as opposed to the top 5 m of soil.  Displacements 

generally decrease with increased distance from the river, and most of the largest 

displacements (i.e., greater than 1 m) occurred within 25 m of the river (i.e., L/H less than 

about 7).  There is a trend showing that smaller index parameters typically relate to small 

displacements, but a larger index parameter could exhibit small or large displacements. For 

this reason, it is difficult to use the index parameters to estimate the amount of lateral 

spreading. 
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Chapter 7: Final Discussions 

7.1 SUMMARY AND CONCLUSIONS 

The ability to predict the potential for a site to liquefy and forecast the effects of 

liquefaction is critical in geotechnical engineering. Liquefaction can cause severe 

settlements, sand ejecta and lateral spreads which will damage infrastructure. Researchers 

have developed various liquefaction index parameters and empirical and semi-empirical 

models to help predict the damage and movements associated with liquefaction and lateral 

spreading. Yet these parameters and models need validation and assessment relative to 

recent observations of lateral spreading. 

Liquefaction index parameters and lateral spreading models were investigated 

using the observed lateral spread displacements from the Christchurch earthquake in New 

Zealand. The Christchurch earthquake caused wide-spread lateral spreading all around the 

city, particularly in the land surrounding the Avon River east of the city center. Available 

subsurface data for Christchurch is significant due to the large amount of research ongoing 

in the area as well as the government rebuilding regulations that require subsurface 

characterization. Elevation data, event specific groundwater elevations, and SPT and CPT 

data were used to create subsurface profiles. Observed horizontal displacements 

determined from optical image correlation were used to compare with the predicted 

displacements from various models.  
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Six cross sections perpendicular to the Avon River were created, each including 

subsurface data, lateral and vertical displacements, and computed liquefaction index 

parameters as a function of location along the cross section. The subsurface profiles include 

estimated layer boundaries from borehole data, and plots of qc (tip resistance) and Ic (soil 

behavior index) from CPT data. It was observed that displacements decreased with 

increasing distance from the river free-face. Some sides of the river experienced an abrupt 

reduction in the amount of lateral spreading while others exhibited movements that slowly 

diminished over hundreds of meters.  

The lateral spreading models were applied to numerous CPT along each of the six 

cross sections. These lateral spreading models include three empirical models: Youd et al. 

(2002), Bardet et al. (2002), Rauch and Martin (2000); and one semi-empirical model by 

Zhang et al. (2004). Additionally, the relationship between the observed displacements and 

various index parameters were investigated. Observations and conclusions are presented 

below. 

7.1.1 Youd et al. (2002) model 

The Youd et al. (2002) model predicted lateral displacements smaller than those 

observed for the Christchurch earthquake. The predicted displacements tended to be more 

favorable for locations closer to the river free-face. The under prediction of displacements 

was more significant with increasing distance from the river, suggesting that displacements 

in Christchurch extended further inland than would be predicted by the Youd et al. (2002) 

model. It is most likely that the under predicted displacements from the model are due to 

the small magnitude of the Christchurch earthquake (M = 6.2). The Youd et al. (2002) 
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model was developed from a dataset where the majority of the data are from earthquakes 

with a magnitude 7.5 or larger, and extrapolation of the magnitude dependence to M = 6.2 

resulted in small predicted displacements. 

7.1.2 Bardet et al. (2002) model 

The Bardet et al. (2002) model predicted lateral displacements smaller than those 

observed for the Christchurch earthquake. Bardet et al. (2002) Model A resulted in most 

predictions smaller than those observed and Model B resulted in all predicted displacement 

being less than 0.25 m.  This under prediction is most likely due to the small magnitude of 

the Christchurch earthquake, as previously discussed for the Youd et al. (2002) model. The 

Bardet et al. (2002) model was also developed from a dataset similar to Youd et al. (2002) 

and therefore the similarity in results is not surprising.  

7.1.3 Rauch and Martin (2000) EPOLLS model 

The EPOLLS models predict displacements that are on the same order as those 

observed. Moving from the Regional (R-EPOLLS) to the Site (S-EPOLLS) to the 

Geotechnical (G-EPOLLS) models, the predictions improved. The predicted displacements 

from the G-EPOLLS model are scattered about the 1:1 line, both under and over predicting 

displacements, and predicts displacements more similar to the observations than the other 

empirical models considered. This model has different limitations than the others, as some 

of the input parameters must be averaged over the entire slide area. Additionally, some of 

the input parameters may be difficult to determine a priori, such as the length of the slide 

area. Although this model predicts displacements closer to those which were observed, this 

favorable comparison may be due to the fact that the EPOLLS models attempt to predict 
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the average displacement across a slide, while the other empirical models attempt to predict 

the displacement at a point. 

7.1.4 Zhang et al. (2004) model 

The semi-empirical model by Zhang et al. (2004) predicts displacements on the 

same order as those observed, provided the sites are within the specified range of L/H 

between 4 and 40. For L/H greater than 40, predicted displacements were smaller than the 

observed displacements. This suggests that displacements in Christchurch extended further 

inland than would be predicted by this model. Smaller L/H values (roughly less than 10) 

result in over predicted displacements. This model is an improvement over the Youd et al. 

(2002) and Bardet et al. (2002) models. 

7.1.5 Liquefaction Index Parameters 

Locations parallel to the Avon River were used to investigate the relationship 

between the observed horizontal displacements and various liquefaction index parameters 

(LPI, Sv1d, LSN). Because the height of the river free-face is approximately constant along 

the Avon River, locations with similar distance from the river free-face were grouped 

together to represent data with similar L/H. In doing so, the effect of distance from the free-

face and the ratio L/H can be essentially isolated for interpretation and comparison with 

the liquefaction index parameters and horizontal displacement.  

It was found that the index parameters calculated over the top 10 m of soil better 

discriminate small displacements from large displacements, in comparison to those 

calculated over the top 5 m. Displacements were found to generally decrease with 

increasing distance from the river, although it is important to note that smaller 
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displacements are still observed near the river at some locations. Almost no displacement 

greater than 1 m occurs at distances greater than 25 m from the river (L / H greater than 

about 7), and the relationship between displacement and the index parameters is not strong 

for distances larger than 25 m from the river. Displacements are generally limited to less 

than 1 m for index parameter values smaller than about LPI of 15, Sv1d of 100 and LSN of 

20. There is a large range of displacements (i.e., 0.1 to 3.5 m) observed for larger index 

parameter values, typically corresponding to LPI greater than 30, Sv1d greater than 200 and 

LSN greater than 40. Given the significant variability in the displacements for these cases, 

lateral spreading displacement is likely influenced by characteristics not captured in 

localized CPT profiles. These characteristics may be topographical and/or geologic 

conditions which result in different displacements. Overall, it was found difficult to use 

index parameters to estimate the amount of lateral spreading. 

7.2 FUTURE RESEARCH  

Based on the research presented in this thesis, there are several recommendations 

for future research. It is recommended that the database of observed lateral spread 

displacement be expanded. Currently, displacements are mainly from earthquakes with 

magnitude 7.5 or larger. Optical image correlation of satellite images taken pre- and post-

earthquake can aid in horizontal displacement mapping, producing continuous 

displacement data for a given area and a given earthquake. Combined with additional in 

situ field testing, the database could greatly expand to include subsurface, displacement 

and ground motion data from a much wider range of earthquakes and locations. This alone 

would help improve lateral spread models, since the majority of the models were developed 
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for larger magnitude earthquakes. Additionally, the use of more data from a broader range 

of earthquakes and from many more locations may lead to a more global lateral spread 

model.  

Continuing with this research, it is recommended that the analysis expand to include 

more subsurface and topographical parameters. In addition to the subsurface parameters 

discussed in this thesis, the influence of the plasticity index, the sensitivity to the fines 

content, and the effect of Ic, should be studied in relation to the observed lateral spread 

displacements. Most of the available lateral spread models have relationships for sloping 

ground conditions or the presence of a free-face, while in many cases both a free-face and 

sloping ground exist and contribute to the horizontal displacements. Additionally, 

consideration of local ground slope as well as regional ground slope should be considered. 

Further analysis of this data will help determine which parameters best correlate to the 

amount of lateral spreading that may occur.  

With a larger database and consideration of additional input parameters, a closer 

investigation will contribute towards new lateral spread models that predict the likelihood 

of lateral spreading and the severity of the lateral spreading given an earthquake. This 

research can be applied for forward analysis, leading to not only safer designs, but perhaps 

also more cost effective.  
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Appendix A: Detailed Cross Section Data 

 

Table A.1 Distance to the fault, R, for each cross section used in models by Youd et al. 

(2002) and Bardet et al. (2002) 

Cross Section R (km) 

1 4 

2 4.5 

3 4.5 

4 4 

5 3 

6 3 
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Table A.2 CPT data for the locations analyzed in cross section 1 

 

 

Table A.3 Calculated displacements for the locations analyzed in cross section 1 

 

  

CPT ID

Distance 

Along 

Profile (m) 
(1)

Surface 

Elevation 

(m)

CPT 

Depth 

(m)

GWD 

(m) H (m) L (m) L/H

W (%)

100H/L T15 (m)

15703 14 2.11 6 1.47 4 203 50.8 2.0 1.24

25543 53.41 2.2 19 1.69 4 154 38.5 2.6 2.12

1108 211.61 1.82 31 1.04 4 1 0.3 400.0 2.51

21510 305.06 1.94 20 1.77 4 27 6.7 14.9 0.66

21509 329.98 2.1 20 1.85 4 50 12.4 8.0 0.84

34460 532.91 - 10 2.08 4 95 23.6 4.2 0.34

25574 570.381 2.2 20 2.28 4 266 66.4 1.5 1.28

26641 593.74 1.96 20 2.11 4 315 78.8 1.3 3

(1) Distance along profile is measured from the beginning of the cross section, on the left bank (facing downstream)

River

Dataset A Dataset B

CPT ID

Observed 

Displacement 

(m)

Free-face

DH (m)

Free-face

DH (m)

Free-face

DH (m) LDI (m)

Free-face

DH (m)

15703 0.35 0.10 0.08 0.11 0.99 0.26

25543 0.34 0.16 0.13 0.14 2.41 0.78

1108 0.79 3.37 1.85 0.23 4.45 81.00

21510 1.06 0.23 0.16 0.11 0.97 1.27

21509 0.69 0.18 0.14 0.12 0.87 0.70

34460 0.57 0.08 0.05 0.08 0.93 0.44

25574 0.24 0.09 0.07 0.11 1.34 0.28

26641 0.21 0.12 0.11 0.14 1.69 0.31

River

Free-Face

Zhang (2004)Youd et al. 

(2002)

Bardet (2002)
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Table A.4 CPT data for the locations analyzed in cross section 2 

 

 

Table A.5 Calculated displacements for the locations analyzed in cross section 2 

 
  

CPT ID

Distance 

Along 

Profile (m) 
(1)

Surface 

Elevation 

(m)

CPT 

Depth 

(m)

GWD 

(m) H (m) L (m) L/H

W (%)

100H/L T15 (m)

44368 181 2.83 20 2.57 4.5 91 20.1 5.0 0.22

5252 197 2.96 20 2.57 4.5 71 15.9 6.3 1.22

29053 364 1.38 10 1.82 4 46 11.6 8.7 1.04

29058 388 1.73 10 1.97 4 71 17.7 5.7 1.94

15599 448 2.11 10 1.91 4 131 32.7 3.1 0.16

13716 743 2.08 10 2.01 4 426 106.5 0.9 0.18

(1) Distance along profile is measured from the beginning of the cross section, on the left bank (facing downstream)

RIVER

Dataset A Dataset B

CPT ID

Observed 

Displacement 

(m)

Free-face

DH (m)

Free-face

DH (m)

Free-face

DH (m) LDI (m)

Free-face

DH (m)

44368 0.2 0.06 0.04 0.07 0.59 0.32

5252 0.38 0.17 0.14 0.12 4.90 3.22

29053 1.04 0.19 0.15 0.12 1.22 1.03

29058 1.02 0.20 0.17 0.14 0.94 0.57

15599 0.76 0.04 0.02 0.06 0.66 0.24

13716 0 0.02 0.01 0.05 0.36 0.05

RIVER

Youd et al. 

(2002)

Bardet (2002) Zhang (2004)

Free-Face
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Table A.6 CPT data for the locations analyzed in cross section 3 

 

 

Table A.7 Calculated displacements for the locations analyzed in cross section 3 

 
  

CPT ID

Distance 

Along 

Profile (m) 
(1)

Surface 

Elevation 

(m)

CPT 

Depth 

(m)

GWD 

(m) H (m) L (m) L/H

W (%)

100H/L T15 (m)

4985 6 1.82 16 1.16 3 937 312.4 0.32 0.76

25696 84 3.48 20 2.6 3 860 286.7 0.35 1.16

34616 230 4.38 20 3.23 3 713 237.8 0.42 1.54

22311 405 4.39 20 3.28 3 538 179.4 0.56 2.6

38121 592 2.43 19 1.9 3 351 117.1 0.85 1.04

15682 814 2.19 10 1.82 3 130 43.2 2.32 1.54

325 920 1.82 23 1.76 3 23 7.7 13.0 2.9

64 1104 2.12 13 2.1 3.5 123 35.0 2.9 3.52

71 1206 2.11 33 2 3.5 223 63.6 1.6 1.58

22340 1478 2.03 20 1.49 3.5 490 140.0 0.71 3.3

(1) Distance along profile is measured from the beginning of the cross section, on the left bank (facing downstream)

RIVER

Dataset A Dataset B

CPT ID

Observed 

Displacement 

(m)

Free-face

DH (m)

Free-face

DH (m)

Free-face

DH (m) LDI (m)

Free-face

DH (m)

4985 0.36 0.02 0.02 0.08 1.46 0.09

25696 0.42 0.03 0.02 0.09 1.03 0.07

34616 0.38 0.04 0.03 0.10 1.75 0.13

22311 0.3 0.06 0.06 0.12 1.91 0.18

38121 0.69 0.05 0.04 0.09 0.38 0.05

15682 0.52 0.11 0.09 0.12 1.03 0.30

325 0.89 0.41 0.34 0.17 1.57 1.84

64 0.04 0.19 0.17 0.15 2.17 0.76

71 0.04 0.08 0.08 0.11 1.31 0.28

22340 0.19 0.08 0.08 0.13 1.55 0.18

Youd et al. 

(2002)

Bardet (2002) Zhang (2004)

Free-Face

RIVER
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Table A.8 CPT data for the locations analyzed in cross section 4 

 

 

Table A.9 Calculated displacements for the locations analyzed in cross section 4 

 

 

  

CPT ID

Distance 

Along 

Profile (m) 
(1)

Surface 

Elevation 

(m)

CPT 

Depth 

(m)

GWD 

(m) H (m) L (m) L/H

W (%)

100H/L T15 (m)

2242 43 3.58 25 2.14 3 774 258.1 0.39 1.52

2153 68 3.42 25 1.96 3 749 249.7 0.40 0.42

1420 373 1.96 15 0.9 3 443 147.7 0.68 4.37

15776 685 1.9 10 0.87 3 132 43.9 2.3 2.39

1422 800 1.7 15 0.9 3 16 5.5 18.2 4.52

15600 911 2.05 10 1.59 3.5 50 16.6 7.0 1.9

19088 1134 2.11 10 1.85 3.5 273 91.0 1.3 0.14

RIVER

(1) Distance along profile is measured from the beginning of the cross section, on the left bank (facing downstream)

Dataset A Dataset B

CPT ID

Observed 

Displacement 

(m)

Free-face

DH (m)

Free-face

DH (m)

Free-face

DH (m) LDI (m)

Free-face

DH (m)

2242 0.29 0.04 0.03 0.10 1.16 0.08

2153 0.18 0.02 0.01 0.07 0.70 0.05

1420 0.77 0.10 0.10 0.15 2.45 0.27

15776 0.9 0.15 0.13 0.14 1.86 0.54

1422 0.85 0.74 0.55 0.21 2.58 3.97

15600 0.95 0.27 0.20 0.15 0.88 0.56

19088 0.09 0.02 0.01 0.05 0.20 0.03

Youd et al. 

(2002)

Bardet (2002) Zhang (2004)

Free-Face

RIVER
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Table A.10 CPT data for the locations analyzed in cross section 5 

 

 

Table A.11 Calculated displacements for the locations analyzed in cross section 5 

 

 

  

CPT ID

Distance 

Along 

Profile (m) 
(1)

Surface 

Elevation 

(m)

CPT 

Depth 

(m)

GWD 

(m) H (m) L (m) L/H

W (%)

100H/L T15 (m)

3924 57 5.16 20 2.67 3 1693 564.2 0.18 0.56

27046 202 5.34 15 2.47 3 1548 515.9 0.19 0.46

2161 393 4.96 25 2.38 3 1357 452.2 0.22 1.26

2319 692 3.78 20 1.72 3 1058 352.6 0.28 1.18

2333 756 3.77 20 1.63 3 994 331.3 0.30 0.43

9712 895 3.14 20 1.33 3 855 284.9 0.35 0.46

11033 1132 3.1 21 1.67 3 617 205.6 0.49 2.06

4643 1305 2.96 20 1.91 3 445 148.2 0.67 1.45

38115 1461 2.89 17 1.83 3 289 96.4 1.04 0.71

1425 1650 1.74 14 1.26 3 98 32.7 3.1 2.51

15287 2000 2.13 10 2.17 4 210 70.0 1.9 0.12

6382 2036 2.29 15 2.01 4 246 81.9 1.6 0.28

RIVER

(1) Distance along profile is measured from the beginning of the cross section, on the left bank (facing downstream)

Dataset A Dataset B

CPT ID

Observed 

Displacement 

(m)

Free-face

DH (m)

Free-face

DH (m)

Free-face

DH (m) LDI (m)

Free-face

DH (m)

3924 0.39 0.02 0.01 0.08 0.75 0.03

27046 0.43 0.02 0.01 0.08 1.19 0.05

2161 0.48 0.04 0.03 0.11 1.39 0.06

2319 0.9 0.04 0.03 0.11 0.98 0.05

2333 0.83 0.03 0.01 0.08 0.79 0.05

9712 0.84 0.03 0.02 0.08 1.17 0.08

11033 0.6 0.08 0.06 0.13 1.54 0.13

4643 0.32 0.08 0.06 0.12 1.64 0.18

38115 0.39 0.07 0.04 0.10 1.12 0.17

1425 0.62 0.27 0.18 0.17 2.26 0.83

15287 0.27 0.04 0.02 0.06 0.52 0.10

6382 0.06 0.06 0.03 0.08 0.71 0.13

Youd et al. 

(2002)

Bardet (2002) Zhang (2004)

Free-Face

RIVER
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Table A.12 CPT data for the locations analyzed in cross section 6 

 

 

Table A.13 Calculated displacements for the locations analyzed in cross section 6 

 

 

 

CPT ID

Distance 

Along 

Profile (m) 
(1)

Surface 

Elevation 

(m)

CPT 

Depth 

(m)

GWD 

(m) H (m) L (m) L/H

W (%)

100H/L T15 (m)

12268 8 2.12 20 1.59 3 228 76.1 1.3 0.24

35056 75 1.74 20 1.38 3 112 37.3 2.7 0.64

15772 198 1.66 10 1.43 3 35 11.7 8.6 1.04

15641 298 1.54 10 1.21 3 36 12.1 8.2 0.82

168 442 1.01 38 1.15 3 174 58.1 1.7 5.26

15632 530 1.19 10 1.53 3 252 84.0 1.2 0.6

RIVER

(1) Distance along profile is measured from the beginning of the cross section, on the left bank (facing downstream)

Dataset A Dataset B

CPT ID

Observed 

Displacement 

(m)

Free-face

DH (m)

Free-face

DH (m)

Free-face

DH (m) LDI (m)

Free-face

DH (m)

12268 0.66 0.05 0.02 0.07 0.56 0.11

35056 0.78 0.12 0.07 0.11 1.05 0.35

15772 1.05 0.31 0.18 0.14 0.94 0.79

15641 0.93 0.27 0.16 0.13 1.51 1.23

168 0.28 0.29 0.21 0.20 3.14 0.73

15632 0.1 0.07 0.04 0.10 1.03 0.18

RIVER

Youd et al. 

(2002)

Bardet (2002) Zhang (2004)

Free-Face
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