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ABSTRACT 

This study investigates the applicability of simplified semi-empirical and advanced dynamic 

liquefaction assessment methods to reclaimed soils using a comprehensive set of data for two types of 

reclamations at the port of Wellington, New Zealand (CentrePort) that are challenging for liquefaction 

assessment: end-dumped gravelly fills and hydraulically placed silty-sandy fills. The gravelly fills are 

the primary focus of this study as they are comprised of complex gravel-sand-silt (G-S-S) mixtures 

that are not well-represented in current liquefaction databases used to develop existing semi-empirical 

methods for liquefaction assessment. As such, existing procedures to evaluate triggering and 

consequences of liquefaction may not be directly applicable or may need additional considerations 

when applied to the gravelly mixtures encountered at CentrePort. The hydraulic fills are also of 

significant interest as they relate to a range of issues in the simplified engineering assessment around 

effects of fines and their plasticity on the liquefaction resistance. 

The detailed site characterization in the first part of this study, primarily based on CPT data 

and supplemented by borehole logs and index testing of borehole soil samples, show that the 10–22 m 

thick fill in the southern end of the port (i.e., the Thorndon reclamation) is composed of 60–80% fine-

to-medium gravels and 20–40% finer sand-silt fractions. The proportion of sand and non-plastic silt in 

the G-S-S mixtures is sufficiently large for these finer fractions to govern the deformational behaviour 

and mechanical response of the matrix, as also suggested by the CPT characteristics (qc = 6–8 MPa; 

Ic = 1.9–2.3). The G-S-S fills in other parts of the port have similar CPT characteristics, however, the 

G-S-S layers are much thinner and contain several interbedded layers of non-liquefiable soils or soils 

with higher density. The hydraulic fill varies in thickness from 5 m to 10 m and is characterized by 

three distinct soil units. The sand-silt hydraulic fill (sands with 5–35% fines; qc ≈ 4.5 MPa; Ic ≈ 2.1) 

are most commonly encountered in the Log Yard, the silt-clay hydraulic fill (sands with 70–100% 

fines with mostly PI > 20; qc < 2 MPa; Ic > 3.0) is commonly encountered along Aotea Quay, and G-

S-S mixtures (FC = 5–25%; GC = 15–55%; qc ≈ 5 MPa; Ic ≈ 2.0) are encountered in one location at 

Aotea Quay. 

An existing CPT-based simplified liquefaction evaluation method is applied to the CentrePort 

profiles and compared against liquefaction performance observed in three recent earthquakes. There is 

generally good agreement in the triggering assessment for seismic demands well above or below the 

liquefaction triggering threshold for the fills, but overestimation for seismic demands close to the 

triggering threshold. While the triggering methods themselves are unable to clearly discern between 

different performances, key differences in the thicknesses and locations of liquefied fills are better 

indicators of the liquefaction-induced damage and potential for manifestation at the ground surface. 

Simplified estimates of settlements perform well for the cases where liquefaction triggering results are 

generally in agreement with observed damage, though with slight underestimation. Calculation of 

damage indices also matched reasonably well with the general trends in the severity of damage 

observed for all three earthquakes across most of CentrePort. However, the damage indices provide 

lesser degree of variation in the ground performance as compared to actual observations. 

Two key issues in the simplified assessment of reclaimed fills are scrutinized. Firstly, 

uncertainty in the interpretation of material characterization on the triggering assessment are 

investigated through a sensitivity study. In particular, sensitivity of the computed response to 

uncertainties associated with effects of fines or complex soil composition on the liquefaction 

resistance (via FC or Ic parameters in the Boulanger and Idriss (2014) and Robertson and Wride 
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(1998b) methods, respectively) are scrutinized in detail. These two triggering methods can result in 

over 50% difference in estimates of liquefaction resistance in the CentrePort fills (characterized by 

Ic = 2.0–2.3) due to modelling uncertainty in the material characterization. Results show that well-

defined critical layers have low penetration resistance, and that sensitivity of liquefaction resistance to 

material parameters is the smallest for such layers, hence the uncertainty in the cyclic demand tends to 

dominate. However, the triggering methods are much more sensitive to the material characterization 

in soil layers with much larger penetration resistance. The second issue investigated is the grain-size 

effects on penetration resistance and associated estimates of settlements via relative density 

relationships. Sand-based procedures for evaluation of liquefaction-induced settlement are found to be 

generally applicable to well-graded gravels that have a dominant silty sand fraction in the soil matrix, 

though they can significantly overestimate the relative density and consequently underestimate post-

liquefaction settlement of gravelly soils in the case of dense fills. Results from investigation of both 

issues above imply that the overall sensitivity in the simplified assessment is density dependent. 

Finally, a series of preliminary advanced dynamic effective stress analyses are performed for 13 

representative profiles at CentrePort. Liquefaction resistance of advanced constitutive models are 

calibrated using CPT-based empirical relationships from simplified procedures, and hence the 

advanced numerical simulations of this study are consistent with the simplified liquefaction 

assessment in this regard. This facilitates comparative evaluation of the two approaches, and 

differences in performances reflect differences in modelling and analysis methodologies rather than in 

the liquefaction resistance characteristics. Overall, the dynamic effective stress analyses provide 

greater insight on the mechanisms of liquefaction, explains important dynamic interactions within the 

deposit, and explores the evolution of the system response for different seismic intensities. The 

analyses also explain some of the discrepancies between the observed performance and simplified 

methods. Comparison of damage indices calculated for the simplified methods with damage proxies 

from the dynamic simulations show reasonable agreement in the relative liquefaction performance for 

most sites across CentrePort, with some discrepancies identified. 
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1.1 Overview 

The 2016 Mw7.8 Kaikōura earthquake caused extensive liquefaction throughout the port of 

Wellington (CentrePort), New Zealand, resulting in temporary loss of operations with an estimated 

capital expenditure repairs and reinstatement of over $200 million (CentrePort Ltd., 2017). The 

liquefaction at CentrePort is of significant interest for geotechnical engineers from New Zealand and 

international perspectives as it contains liquefiable soils that are not well-documented in previous case 

histories. Reclaimed fills were constructed with no compaction effort (i.e., loose deposits) using 

different materials (gravelly soils sourced from quarries; and silts and sands from the original seabed), 

by different methods (end-dumping of gravelly soils; and hydraulic placement of silts and sands), in 

different periods (gravelly fill mostly in 1965–1976; and hydraulic fill in 1924–1932), and of varying 

thickness (3–22 m thick) (Hutchison, 1973). Hence, the reclamations at CentrePort involve all aspects 

of soil composition, fabric, and ageing effects on the liquefaction resistance in a very complex and 

unique way. Furthermore, as these reclamations were constructed before the development of rigorous 

liquefaction evaluation procedures, they were constructed without specific mitigation measures 

against soil liquefaction and therefore have inherited liquefaction vulnerability (Cubrinovski and 

Dhakal, 2021). 

The well-graded gravelly soils are of primary interest as they were historically considered 

unlikely to liquefy since gravels were considered to have greater liquefaction resistance than sandy 

soils (Dellow and Perrin, 1991, Palmer, 1995), yet widespread liquefaction was observed during the 

Kaikōura earthquake. Studying liquefaction of reclaimed gravelly soils can be challenging for several 

reasons. Firstly, there are only a handful of case histories of liquefied gravelly reclamations with well-

documented observed damage, comprehensive field- and laboratory-based characterization, and 

ground motion recordings. The previous case history with comparable rigour in documented data and 

research dates back to the liquefaction of Kobe Port Island over 25 years ago (Japanese Geotechnical 

Society., 1996). Despite there being a recent focus on documenting observed damage in reclaimed 

fills to greater detail (Nikolaou et al., 2015, Lopez et al., 2018), many of the case histories do not 

involve the wide range of soils present at CentrePort (including both gravelly and hydraulic fills). 

Importantly, the fills at CentrePort were subjected to three earthquakes in the period 2013 to 2016, 

causing a wide range of performances from marginal to severe liquefaction, thus providing great 

details on the liquefaction response of the fills and port structures. Secondly, performing in-situ tests 

for gravelly soils can be challenging due to the relative size of gravel particles compared to in-situ 
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testing probes (Tokimatsu, 1988). Finally, even more challenging is interpreting penetration tests in 

gravelly soils through the relative density concept, as empirical relationships between the penetration 

resistance and density are developed for sandy soils and do not adequately account for grain-size 

effects on penetration resistance (Cubrinovski et al., 2019a). As gravelly soils are not well-represented 

in databases used to develop such sand-based relationships, existing procedures to evaluate triggering 

and consequences of liquefaction may not be applicable to the gravelly mixtures encountered at 

CentrePort. 

The hydraulic fills of CentrePort are also of some interest as they constitute a significant 

portion of the port. More importantly, the fills are constructed primarily using sands and fine-grained 

soils of varying fines content and plasticity, and such fills can behave either like sands (i.e., 

susceptible to liquefaction) or clays (i.e., not susceptible to liquefaction) depending on the proportion 

and plasticity of the fines (Boulanger and Idriss, 2004, Bray and Sancio, 2006). Furthermore, they are 

spatially highly variable with parts dominated by silty sands and silts of low plasticity, other parts 

dominated by thick non-liquefiable fine-grained deposits, and one small area with mixtures of sands 

and silts with fine gravel. Given the varying severity of liquefaction damage observed in the 

CentrePort hydraulic fills during the Kaikōura earthquake, ranging from minor to severe liquefaction 

manifestation, the fills also provide a unique opportunity to study the predictive capacity of existing 

liquefaction evaluation methods. 

With the abovementioned challenges in mind, an additional approach for liquefaction 

assessment is to perform advanced seismic effective stress analysis with rigorous modelling of 

reclaimed fills and their liquefaction behaviour. A rigorous calibration of sophisticated constitutive 

models for specific soils may require a comprehensive series of laboratory tests, which is challenging 

to obtain for the wide range of reclaimed fills at CentrePort. An alternative approach in performing 

effective stress analysis is to calibrate constitutive models on empirical relationships established 

within the simplified procedures. While such an approach provides basis for performing dynamic 

analysis in which key aspects of liquefaction response can be realistically and rigorously modelled, 

such calibration also relies on sand-based relationships. It is therefore not clear what added value such 

advanced analysis will provide in comparison to simplified liquefaction evaluation procedures. 

Liquefaction assessment of reclaimed soils is evidently not developed at a satisfactory level 

and there remains a large gap in our knowledge of reclaimed soil behaviour in earthquakes. This is 

especially important as reclaimed land often hosts key infrastructure and critical lifelines, as is the 

case in the capital of New Zealand, Wellington. As CentrePort has several features commonly found 

in case histories of liquefied reclaimed fill and is a case study with well-documented observations of 

liquefaction-induced damage in several recent earthquakes, a dense array of ground motion records, 

and tremendous amount of geotechnical data, it provides an excellent basis in filling this gap and 

scrutinizing existing liquefaction assessment methods when applied to reclaimed soils, which is the 

primary motivation of this study. 

1.2 Research Objectives 

The scope of this research is to advance the current understanding of liquefaction behaviour 

and analysis of reclaimed soils, and hence facilitate the evaluation of potential liquefaction impacts on 

reclaimed land and its structures. This is achieved by scrutinizing the performance of existing 

liquefaction assessment methods developed for sands when applied to a well-documented case history 
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of reclaimed soils and identifying under which conditions these methods are applicable. The main 

research objectives are as follows: 

1. Summarize, interpret, and better understand key features in the liquefaction performance 

of reclaimed land for the well-documented CentrePort case history. 

2. Identify issues in the use of penetration tests, and the Cone Penetration Test (CPT) in 

particular, for assessment of gravel-sand-silt mixtures. 

3. Scrutinize the applicability of simplified liquefaction evaluation procedures to gravel-

sand-silt mixtures, which are not well represented in the liquefaction case history 

database, and hydraulic fills, which pertain to issues around fines and its plasticity, and 

provide guidance on specific steps in the assessment, i.e., site characterization, soil 

characterization, liquefaction triggering assessment, and evaluation of liquefaction-

induced settlement. 

4. Provide guidance on performing seismic effective stress analysis for reclaimed land and 

obtain insights on the liquefaction performance of the CentrePort reclamations from such 

analyses. This includes comparison between the results of the advanced analyses and the 

observed damage during recent earthquakes. 

The tasks required to achieve these objectives are as follows: 

1. Case histories of liquefied gravelly soils and hydraulic fills are first examined to identify 

common characteristics and differences. This task provides insights on key features of 

liquefied reclaimed sites in the case history database. CentrePort is shown to have 

common features with other case histories of liquefied reclaimed soils and can be used as 

a representative case study for evaluation of the applicability of existing liquefaction 

evaluation methods to reclaimed soils with similar composition and fill characteristics. 

This task directly addresses Objectives 1 and 2. 

2. Prior to any consideration of liquefaction problems, it is imperative to understand the 

subsurface conditions through detailed site characterization. This step utilizes results from 

comprehensive series of field and laboratory index tests. Identification of representative 

soil profiles and reliable characterization of each soil unit of the reclaimed fills are key 

outcomes of this task. Particular attention is given to the use of the CPT in gravelly soils. 

This task directly addresses Objectives 2 and 3. 

3. Liquefaction triggering assessment and associated liquefaction-induced ground 

deformation is then evaluated using existing semi-empirical simplified methods. Results 

from these analyses are compared with the observed manifestation and damage patterns to 

evaluate the predictive capacity of these methods and flag any potential issues in their 

application to the reclaimed soils of CentrePort. This task directly addresses Objective 3. 

4. Emphasis is next placed on detailed scrutiny of the applicability of simplified methods to 

reclaimed soils. This task quantifies the uncertainties in each step of the simplified 

procedure, and for each major issue identified, sensitivity analyses are performed to 

clarify the conditions under which the uncertainties are pronounced. This task directly 

addresses Objective 3. 

5. The remaining research effort is devoted to conducting seismic effective stress analysis 

(ESA). Since ESA requires careful consideration of numerical issues and rigour in 

performing analyses, significant effort is first placed on careful preparation of the 

numerical analysis, including development of a numerical model for the fill, selection of 

appropriate input ground motions, and calibration of appropriate soil constitutive models. 
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Soil constitutive models are calibrated based on empirical triggering relationships 

consistent with the simplified methods so that additional insights from ESA can be clearly 

illustrated in direct comparison with outputs from simplified procedures. This task 

directly addresses Objective 4. 

6. One-dimensional (1D) seismic ESA is then conducted for free-field ground conditions for 

representative profiles within CentrePort. These analyses quantify the response of 

reclaimed fills at CentrePort by accounting for evolution of pore pressures and 

consequent effects on stress-strain relationships of soils and dynamic interaction effects 

that are not considered in simplified analyses, and hence provides additional and unique 

insights on the behaviour of the fills during earthquakes. This task directly addresses 

Objective 4. 

7. Based on the results of the simplified and advanced analyses, recommendations are made 

on the liquefaction assessment of reclaimed soils. 

1.3 Organization of the Thesis 

This thesis is divided into ten chapters with several appendices supplementing the content in 

the main body of the thesis. The contents of each chapter are as follows: 

1. Chapter 1 provides a research overview and motivation for the study and defines scope 

and objectives. 

2. Chapter 2 provides a general summary of previous research efforts related to soil 

liquefaction to better understand key issues in the current state-of-practice and state-of-

the-art in liquefaction assessment. The first part of the chapter focuses on liquefaction 

observations from laboratory experiments. The second part then discusses the use of 

penetration tests and penetration resistance to estimate the density state of the fill, 

including ways in which grain-size effects can be considered. The chapter then 

summarizes liquefaction case histories of reclaimed fills and the key features in the state-

of-practice for simplified and advanced liquefaction assessment. 

3. Substantial background information on the CentrePort case study is necessary to 

contextualize this thesis. Therefore, Chapter 3 provides key background information 

relevant for subsequent liquefaction analyses, including a brief description of the geology 

of Wellington, reclamation history at CentrePort, and liquefaction observations from three 

recent earthquakes. 

4. Prior to performing any liquefaction assessment, it is imperative to comprehensively 

characterize the reclamation fills to identify representative soil profiles, characterize 

principal soil units, and understand the geometry of the fills throughout the port. 

Chapter 4 therefore characterizes the fills primarily using laboratory and extensive CPT 

data. 

5. Chapter 5 presents results when applying existing CPT-based simplified liquefaction 

assessment methods to the assessment of reclamations for three recent earthquakes of 

varying seismic demands. Key findings from the analyses are discussed including 

evaluating the performance of the method by comparing the results to well-documented 

observations. Key issues in the assessment are flagged for further scrutiny. 

6. Chapter 6 investigates the applicability of the CPT-based simplified methods to the 

gravelly soils of CentrePort with a focus on the key issues identified for the assessment of 
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such soils. These issues include uncertainty in the interpretation of material 

characterization on the triggering assessment and considerations of grain-size effects on 

penetration resistance and associated estimates of settlements. 

7. Chapter 7 investigates the applicability of the CPT-based simplified methods to the 

hydraulic fills of CentrePort with a focus on the key issues previously flagged. These 

issues include comparisons between laboratory- and CPT-based liquefaction 

susceptibility criteria, uncertainty in the interpretation of material characterization on the 

triggering assessment, and insights from fill characteristics to inform possible global 

response patterns. 

8. Chapter 8 discusses the development of the numerical model, determination of input 

motions, and calibration of constitutive models for 1D effective stress analysis. 13 

representative soil profiles are considered in these analyses to evaluate the response of 

different reclamation areas and fill characteristics. 

9. Chapter 9 presents and discusses results of the 1D effective stress analyses and provides 

insights into the performance of the method in conjunction with observations from recent 

earthquakes. 

10. Chapter 10 summarizes the main findings of this study and provides general 

recommendations for liquefaction assessment of reclaimed soils using both simplified and 

advanced methods. 

1.4 Publications Related to this Dissertation 

This study is a part of a wider scope of research that began in 2017, led by the University of 

Canterbury, in understanding general liquefaction hazard of CentrePort reclamations and reclamations 

in the central Wellington region. Literature published prior to the commencement of this thesis that 

are a part of the wider research includes Cubrinovski et al. (2017b), Cubrinovski et al. (2017a), and 

Cubrinovski et al. (2018b). 

The contents of this thesis have significant overlap with publications from several journal and 

conference papers, of which the primary author is the same as the present thesis. These journal 

publications are Dhakal et al. (2020a, 2020c, 2022b), and the conference publications are Dhakal et al. 

(2019a, 2019b, 2019c, 2020b, 2021, 2022a, 2022c). 
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2.1 Introduction 

The scope of this chapter is to provide a general summary of previous research efforts related 

to soil liquefaction and identify the current understanding and state-of-practice in addressing 

liquefaction problems. Background of the Wellington port case history (i.e., the primary subject of 

this research) is presented in the subsequent chapter. 

Since sands form the basis for the current understanding and modelling of liquefaction 

behaviour, the fundamentals of shear behaviour of sandy soils are first reviewed. Emphasis is first 

placed on laboratory observations with interpretation using critical state soil mechanics. This is 

followed by a brief review of the effects of soil gradation on the packing characteristics of soil mixes, 

with implications on their liquefaction resistance and engineering evaluation. The second major 

section presents a brief background on in-situ testing methods including their advantages and potential 

issues encountered when applying them to non-standard soils. Here, the term non-standard soils imply 

mixtures comprised of varying grain size other than sands and non-plastic silty sands. Thirdly, 

background relevant to understanding liquefaction of reclaimed gravelly and hydraulic fills are 

discussed by investigating key features of liquefaction case histories in lieu of the limited laboratory 

studies performed on reclaimed soils. Finally, a brief overview of the state-of-practice for liquefaction 

assessment of soils are summarized in two main sections: (i) details on the semi-empirical simplified 

methods, with commentary on the key assumptions and limitations relevant for this research, and (ii) a 

brief overview of advanced seismic effective stress analysis with details constitutive models relevant 

for this study. 

2.2 On the Response of Soils when Sheared 

2.2.1 Liquefaction of Sandy Soils 

Granular soils subjected to shear loads exhibit a tendency for volume change due to 

rearrangement of their particles (i.e., dilatancy effects). Under undrained conditions, where the voids 

between soil particles are fully saturated with water, such a volume change cannot occur due to the 

low compressibility of water. The volume change tendency due to dilatancy instead results in an 

equivalent change in the pore water pressure that, in turn, changes the contact forces between soil 

CHAPTER 2. BACKGROUND AND LITERATURE REVIEW 
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particles and the effective stress. Liquefaction is the phenomenon in which the effective stress reduces 

to (almost) zero due to development of large excess pore water pressures during shearing. While this 

phenomenon can occur under monotonic shearing (referred to as flow liquefaction) for soils packed in 

a loose to very loose initial state, this study focuses on liquefaction induced by cyclic loading during 

earthquakes. When liquefied, sands either behave like a viscous fluid (cyclic liquefaction), causing 

complete loss of strength and stiffness, or can progressively accumulate large strains (i.e., 

deformations) under repeated cyclic action (cyclic mobility). 

Consequences of severe liquefaction include several phenomena of engineering significance 

such as excessive ground movement, loss of bearing support, and failure of structural foundations and 

piles. The destructive effects and importance of this hazard in earthquake engineering were brought to 

attention during the 1964 earthquake in Niigita, Japan (Seed and Idriss, 1967). Since then, many 

observations have been made on soil liquefaction, majority of which is on sandy soils, and its 

consequences to civil infrastructure. Over the past 50 years, tests on soil specimens have attempted to 

replicate, on a small scale, the loading conditions imposed by earthquakes in the field. These 

laboratory experiments have provided invaluable understanding of soil behaviour under various 

loading conditions, density and stress states, and soil fabrics. 

To illustrate typical behaviour of soil specimen when sheared, a schematic effective stress 

path (mean effective stress, p’, versus applied shear stress, q) of sands tested under monotonic loading 

and constant amplitude cyclic loading are shown in Figure 2.1 (Alarcon-Guzman et al., 1988). The 

monotonic test at higher initial p’ condition (dashed line) shows a decrease in p’ and initial increase in 

q until reaching a peak strength, which is then followed by a decrease in p’ while q is also decreasing 

until the steady state is reached. The latter phase in the response, also known as the ‘undrained flow’, 

is associated with a rapid reduction of the effective stress and strain-softening behaviour with large 

increase in the shear strain during decreasing shear stress q. Note, however, that the stress ratio (q / p’) 

is continuously increasing during the flow, which drives the shear deformation. 

 

 

Figure 2.1: Schematic effective stress path for undrained conditions under monotonic (dashed line) 

and cyclic (solid line) shear stresses smaller than steady-state strength (Alarcon-Guzman et al., 1988). 

 

In contrast, loading of several cycles of smaller amplitude loads causes p’ to decrease steadily 

with each cycle, implying a net increase in pore water pressure in each cycle. This behaviour 

continues until the stress path reaches the line of phase transformation, which is a straight line in the 

p’ – q space separating areas in the stress space where sands tend to dilate (above the line) and 
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contract (below the line) when sheared (Ishihara et al., 1975). It is apparent in the final cycle of the 

test that, upon encountering the phase transformation, the soil briefly dilates (shows an increase in p’) 

until contractive behaviour is again activated at the reversal of the loading direction. As loading 

cycles continue, the effective stress eventually reaches p’ = 0 (the origin of the plot), which indicates 

that the soil specimen has reached the stage of initial liquefaction (National Research Council 

Committee on Earthquake Engineering, 1985). 

When interpreting test results such as the one presented in Figure 2.1, there can be 

subjectivity in the definition of when liquefaction occurs. Some definitions of liquefaction are based 

on when the excess pore water pressure ratio (ru = u / ’v0; excess pore water pressure normalized by 

the initial vertical effective stress) reaches a certain threshold of 95%, 98%, or 100%. More 

commonly, liquefaction is said to be triggered when the strain in a given cycle, either measured as a 

single amplitude (SA) or double-amplitude (DA) strain, exceeds a certain threshold (e.g., SA 

strain > 3% or DA strain > 5–7.5%). Liquefaction, or a certain level of strain in the soil, can be 

triggered by different combinations of the applied load (commonly reported as the Cyclic Stress Ratio, 

CSR =  / ’v0, which is the applied shear load normalized by initial mean effective stress) and the 

number of loading cycles (Nc). A CSR − Nc relationship is referred to as a liquefaction resistance 

curve (LRC). The example LRCs shown in Figure 2.2 illustrate that as the amplitude of the cyclic 

shear stress decreases, the number of cycles required to trigger liquefaction increases. It is apparent 

that below some threshold the loading amplitude is too low for liquefaction to occur within a 

reasonable number of cycles (e.g., less than 100 cycles). These curves represent the liquefaction 

resistance for a given soil at specific relative densities. 

 

 

Figure 2.2: Cyclic stress ratio required to cause triggering of liquefaction (5% DA strain) versus 

number of loading cycles for two relative densities (Dr) for Niigata sands (Ishihara, 1996). 

 

Another commonly adopted format of representing the liquefaction resistance of a soil is to 

plot the CSR required to trigger liquefaction in a given number of cycles against the initial relative 

density of the soil. Such an example in Figure 2.3 shows that the CSR required to trigger liquefaction 

in Nc = 20 cycles increases as the relative density of the sand increases. At large relative densities, the 

curve becomes more vertical, suggesting there is a threshold density above which the soils have 

significantly larger liquefaction resistance than loose sands (based on the adopted criteria of DA 

strain > 5%) in the given number of cycles (Nc = 20 cycles in the case of Figure 2.3). 
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Figure 2.3: Cyclic stress ratio required to cause triggering of liquefaction (5% DA strain) in Nc = 20 

cycles versus relative density of Toyoura sand (Ishihara, 1996). 

 

It is important to note that the LRCs shown in Figure 2.2 and Figure 2.3 are dependent on 

several factors related to the particle properties (mineralogy, grain shape, surface texture) (Makse et 

al., 1997, Miura et al., 1997), soil packing (gradation, density, fabric, structure) (Arthur and Menzies, 

1972, Oda, 1972, Mitchell et al., 1976, Ladd, 1977, Mulilis et al., 1977), pre-shearing state of the soil 

(stress state, stress history, degree of saturation) (Youd and Perkins, 1978, Yoshimi et al., 1984), 

drainage conditions (Yamamoto et al., 2009), and imposed loading of the sand (Boulanger et al., 

1993). Some of these factors (e.g., effects of density state and gradation) are briefly discussed in this 

chapter given their relevance to the present study, while readers are referred to the plethora of detailed 

studies in the literature investigating the effects of other factors on the liquefaction resistance of sandy 

soils. 

2.2.2 Critical State Interpretation of Soil Behaviour 

Among the factors which affect the behaviour of sandy soils when sheared, the combination 

of initial void ratio (density) and effective confining stress has been recognized as having the most 

important influence since early studies. Thus, soil mechanics has often focused on describing soil 

behaviour in terms of these parameters, often utilizing critical state soil mechanics (Schofield and 

Wroth, 1968) and the state concept interpretation (Been and Jefferies, 1985). While critical state soil 

mechanics, or the nearly synonymous approach when it comes to liquefaction problems (Been et al., 

1991), based on the steady state of deformation, was developed as a framework for describing soil 

response under monotonic loading conditions, it remains a very important concept today for 

understanding the cyclic response of soils. 

The theory of critical state soil mechanics postulates that when a sand is sheared at large 

strains at constant rate with no changes in volume and stress, it will approach and eventually reach a 
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critical state (Casagrande, 1975). The critical state line (CSL) describes the locus of such critical 

states, in terms of void ratio (e) and mean effective stress (p’), in which the soil can continuously 

deform at constant volume, constant void ratio, constant normal effective stress, constant shear stress, 

and constant velocity (Castro and Poulos, 1977). A schematic example of the CSL is illustrated in 

Figure 2.4 as a black line. There is controversy about the uniqueness of the CSL of a given soil in the 

p’ – q – e space, and it has been a subject of scrutiny. Some non-uniqueness has been shown by 

several researchers (Kuerbis and Vaid, 1988, Vaid et al., 1990, Konrad, 1993), while others have 

shown and supported uniqueness of the CSL with data and theoretical considerations (Poulos, 1988, 

Ishihara, 1993). For liquefaction assessment, a unique CSL is a reasonable assumption (Jefferies and 

Been, 2019). 

 

 

Figure 2.4: Critical (or steady) state line with stress paths for monotonic drained loading with constant 

mean effective stress (𝑝′) and undrained loading (constant volume) of saturated sands of two different 

initial states. 

 

Figure 2.4 shows several paths a soil specimen might take to reach a critical state under 

drained (with constant p’ conditions) and undrained monotonic shearing, illustrating how the position 

of the initial state of a given sand relative to its CSL defines whether the behaviour is contractive or 

dilative and the consequent 𝑒 − 𝑝′ path during shearing. All states that are above the CSL (i.e., loose 

of critical) show contractive behaviour upon monotonic shearing whereby they decrease in volume in 

drained shear or decrease in effective stress in undrained shear. All initial e – p’ states that are below 

the CSL (i.e., dense of critical) exhibit initially contractive behaviour at the start of shearing until 

phase transformation (Ishihara et al., 1975), after which the sand shows dilative behaviour with an 

increase in volume in drained shear or increase in effective stress in undrained shear. The further 

away the initial state is from the CSL, the more contractive or dilative the net behaviour of sand is. 

Figure 2.4 illustrates how all monotonic shear tests of a given sand ends up at its CSL irrespective of 

the initial state (Poulos, 1981). The apparent uniqueness of the CSL for a particular soil provides a 

reference to differentiate between soils under initial conditions that will either exhibit contractive or 

dilative tendencies and therefore provides a powerful tool in describing the behaviour of soils under 

various loading and drainage conditions. 

The state concept interpretation can also be used to characterize the different behaviours of 

loose and dense sand in cyclic shear, as illustrated in Figure 2.5. While it is evident that loose sands 
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(Figure 2.5a-b) show a contractive tendency when sheared monotonically or cyclically, dense sands 

can also exhibit contractive behaviour under cyclic loading when the amplitude of each loading cycle 

are not large enough to shear the soils to phase transformation. Even if the soil is sheared beyond 

phase transformation where strong dilation occurs (as in the case of Figure 2.5c-d), there is very 

contractive behaviour upon reversal (i.e., unloading) which results in a net contractive behaviour. 

Therefore, both loose and dense sands have net contractive tendencies in cyclic loading. An important 

corollary of this is that pore water pressures build up during undrained cyclic loading, which, if the 

amplitude of shaking is high enough with a sufficient number of loading cycles, the soil eventually 

reaches a state in which ru ≈ 100%. 

 

 

Figure 2.5: Characteristic (a & c) stress-strain curves and (b & d) effective stress paths for (a & b) 

loose sands and (c & d) dense sands, obtained from cyclic torsional shear tests on Fuji river sand 

(Ishihara, 1996). 

Despite both loose and dense sands reaching a state of ru ≈ 100%, their response 

characteristics can differ greatly as shown in Figure 2.5. Loose sands are fluidized during liquefaction 

and produce large deformations with stiffness approaching zero (Figure 2.5a-b). In contrast, dense 

sands do not produce such large changes in the soil deformability and instead accumulate shear strains 

gradually (Figure 2.5c-d). While the response of loose sand when reaching ru ≈ 100% is often referred 

to as cyclic liquefaction, the response of dense sands when reaching ru ≈ 100% is known as cyclic 

mobility since the sand mobilizes significant shear resistance due to their strong dilative tendency 

(Castro, 1975). 

2.2.3 Influence of Fines and Plasticity on Liquefaction Resistance 

Although most early liquefaction research efforts focused on sands (i.e., soil particles with an 

equivalent diameter between 0.075 mm and 2 mm), there is substantial evidence that the liquefaction 

resistance of soils are influenced by the presence of fines (soil particles with an equivalent diameter 

below 0.075 mm) (Troncoso, 1986, Lade and Yamamuro, 1997, Thevanayagam, 1998, Cubrinovski 

and Ishihara, 2002, Rahman et al., 2008, Rees, 2010), and the nature of the fines with regards to its 

plasticity (Boulanger and Idriss, 2004, Bray and Sancio, 2006). Based on the state concept 
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interpretation of soil behaviour, it is evident that soil density plays a governing role in the liquefaction 

response of sandy soils. Therefore, it is important to recognize that the observed differences in 

liquefaction resistance between uniform sand and sand with fines are also due to the effects of the 

fines on the density state and packing characteristics of soils (Cubrinovski, 2019). Laboratory studies 

have therefore been subject of several research efforts to better understand sand-fines mixtures, with 

an emphasis on understanding the microstructure and packing characteristics of the granular soil 

mixes (Polito, 1999, Cubrinovski et al., 2010b). 

Since the early studies of Mitchell (1976) and Troncoso and Verdugo (1985), three general 

groups of soils have been identified, with regards to their packing characteristics, when sand-fines 

mixtures are considered. Figure 2.6 summarizes results from one such study (Cubrinovski and 

Ishihara, 2002) which plots index void ratios (maximum and minimum void ratios, or emax and emin, 

respectively) against fines content (FC; percentage of soil particles, by mass, with an equivalent 

diameter smaller than 0.075 mm) for soils comprised of Cambria sands mixed with different 

proportion of Nevada fines. The plot illustrates the clear effect of the fines on the packing of sand-silt 

mixtures. When FC is relatively small (< 20%), the microstructure (and hence deformational response) 

of the mixture is controlled by the sand matrix (Figure 2.6b). In contrast, at FC > 40%, the 

microstructure is effectively controlled by the silt matrix, in which case the coarse grains (sand 

particles) are separated by finer silt particles that govern the deformational response (Figure 2.6c). 

Intermediary amounts of FC (20–40%) result in the microstructure transitioning between these two 

packing structures. This evidence highlights the effects of FC on the density state of the soil and the 

role of the fines in the soil matrix. It is important to note that the interpretation for sand-silt mixtures 

presented in Figure 2.6 applies for one type of host sand and fines, and the trend can differ slightly for 

different sand and fines types (Chang et al., 1982, Rahman et al., 2008). 

 

 

Figure 2.6: Influence of fines content (FC) on the packing of Cambria sand – Nevada silt mixtures: (a) 

variation of index void ratios (emax and emin) with FC; (b) sand-controlled matrix for FC < 20%; (c) 

fines-controlled matrix for FC > 40%; reproduced from Cubrinovski and Ishihara (2002) and 

Cubrinovski (2019), after Lade et al. (1998). 
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Such an interpretation was the key motivation for the important studies conducted by 

Thevanayagam and co-workers (1998, 2000) on the skeleton void ratio concept. While these studies 

provide one approach for considering soil mixtures of varying grain-sizes, its applicability is based on 

binary mixtures and is yet to be well-established for complex well-graded mixtures as those 

considered in the present research. Therefore, the effects of soils of varying grain sizes are quantified 

using emax and emin trends identified in Figure 2.6 as key material parameters reflecting the overall 

grain-size composition and particle characteristics of soils. 

The difference in the density state of sand with different proportion of fines ultimately also 

affects their liquefaction resistance, as shown in Figure 2.7 (Guo and Prakash, 1999), which plots 

LRCs, for constant void ratio, of sand-fines mixtures for sand with varying non-plastic FC. Results 

show that the cyclic resistance decreases with increasing FC for low FC (< 20%) in the range for 

sand-controlled matrix, since a constant void ratio corresponds to smaller relative densities as FC 

increases (Figure 2.6). For higher FC (> 45%) in the range for fines-controlled matrix, this trend 

reverses such that the cyclic resistance increases as FC increases, since a constant void ratio now 

corresponds to a larger relative density with increasing FC (Figure 2.6). Several other researchers 

have shown similar patterns in which the effects of FC on LRCs show a distinct trend for low FC 

when the mixture is sand-controlled, and then a different pattern for large FC when the mixture is 

fines-controlled (Chang et al., 1982, Finn, 1991, Polito, 1999, Rees, 2010). This implies that 

differences in the packing characteristics of sand-fines mixtures compared to clean sands affect their 

liquefaction resistance. 

 

 

Figure 2.7: Liquefaction resistance curves for sand-fines mixtures with constant void ratio and 

varying FC (Guo and Prakash, 1999). 

 

In the case of soils which have a sufficiently large fraction of fines (i.e., FC > 40% or 

FC > 20% in some interpretation), the response in undrained cyclic loading is highly dependent on the 

nature of the fines with regard to their plasticity. Mijic et al. (2021b) illustrated, through several 
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laboratory cyclic simple shear tests, that sands with non-plastic silts of FC varying between 2% and 

99% at the same relative density all have similar stress-strain response, with subtle differences not 

attributed to the variation in FC. This result corroborates with the cyclic triaxial tests performed by 

Beyzaei et al. (2018), who showed that clean sands and non-plastic silts have similar response during 

cyclic loading. Moreover, silty sands with FC > 50% (i.e., in the range of a fines-controlled matrix) 

exhibited subtle changes as the plasticity index (PI) of the fines increased, demonstrating transitional 

response in silty soils with PI up to 10. Here, transitional response refers to when soils exhibit 

behaviour between that of typical clean sands and soft clays. Such a result implies that the PI of the 

fines can determine if soils with fines-controlled matrix behaves sand-like or clay-like. 

While stress-strain response of sand-like soils are similar to those of clean sand previously 

described (e.g., Figure 2.8a-b), clay-like soils may not reach the stage of initial liquefaction 

(i.e., ru = 100%), though they may still undergo large strains under repeated cyclic loads (e.g., Figure 

2.8c-d). Several plasticity criteria are available distinguishing sand-like and clay-like soil mixtures. 

Bray and Sancio (2006) suggest sand-fines mixes behave sand-like if PI is below 12 (and in some 

cases as large as 18) given a sufficiently high water content. Boulanger and Idriss (2004) suggests this 

boundary may be slightly lower (PI = 7). Several studies have also correlated soil plasticity with in-

situ field measurements to distinguish between sand-like and clay-like soils (Molle, 2005, Cetin and 

Ozan, 2009). 

 

 

Figure 2.8: Characteristic (a & c) stress-strain curves and (b & d) effective stress paths for (a & b) 

sand-like behaviour (of Sacramento River sand) and (c & d) clay-like behaviour (of Cloverdale clay) 

during undrained cyclic triaxial loading, according to the definition of Boulanger and Idriss (2004). 
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2.2.4 Liquefaction Resistance of Gravelly Soils 

Liquefaction studies on gravelly soils is much more limited compared to clean sands and 

sands with fines for several reasons. Firstly, gravel was historically considered to be less susceptible 

to liquefaction than sand due to its higher stiffness, cyclic resistance, and hydraulic conductivity 

(Ishihara, 1996), and has only been subject of substantial research efforts due to recent case histories 

of gravel liquefaction (discussed in Section 2.4.1). Secondly, sampling of gravels for laboratory 

testing is inherently more difficult than sands since they are more susceptible to sample disturbance 

(Kokusho, 1987). Therefore, collection of undisturbed gravels has only been possible with high-

quality and careful ground freezing techniques (Tanaka et al., 1992), which bears significant costs. 

Only recently has there been more focus on other techniques for undisturbed sampling, such as the use 

of the gel-push sampler (Mori and Sakai, 2016). Finally, even when undisturbed samples of gravelly 

soils are successfully collected, large-scale devices are required to test these samples due to the large 

size of gravel particles relative to the size of standard testing apparatus, which demands specialised 

skills from the operator (Lenart et al., 2014). 

The limited laboratory studies on gravelly soils have shown that, compared to sands, gravels 

can have significantly different response to cyclic loading due to the effects of the larger particle size 

on the packing characteristics of the soil (Tanaka et al., 1992, Kokusho and Tanaka, 1994, Evans and 

Zhou, 1995). Coarser particles tend to have fewer voids, even when packed very loosely, thus 

increasing their liquefaction resistance compared to sands (Wong et al., 1975, Hatanaka et al., 1988). 

Figure 2.9 compares typical stress-strain curves from cyclic triaxial tests performed on undisturbed 

samples of naturally deposited sand (D50 ≈ 0.6 mm) and gravel (D50 ≈ 5 mm) collected using ground 

freezing techniques and after isotropic consolidation (Flora et al., 2012). Both samples were collected 

at the same site from the same geological soil unit in Cannitello, Italy, and hence are of similar age, 

have similar soil fabric, and comparable stress history. Both samples are also tested under similar 

drainage and loading conditions. Therefore, these tests differ mainly in soil gradation. The gravel 

sample (Figure 2.9b) exhibits much stiffer response and retains its stiffness over several cycles 

compared to the sand sample (Figure 2.9a) that quickly degrades in stiffness. The steady increase in 

strain for the gravels are also usually associated with a more gradual reduction in effective stress. Due 

to the smaller strains experienced by gravels, even when in a loose-to-medium dense state, often the 

conventional triggering criterion of DA strain = 5% is never reached. Therefore, it is common to use a 

smaller strain threshold as a criterion for liquefaction triggering, such as DA strain = 2% in 20 cycles 

(Tanaka et al., 1992, Kokusho and Tanaka, 1994). 

 

 

Figure 2.9: Stress-strain curves of undisturbed (a) sand and (b) gravel specimen, collected at the same 

site using the same ground freezing technique and tested using a large-scale triaxial device (Flora et 

al., 2012). 
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When considering soil mixtures containing gravel, most studies have focused on sand-gravel 

composites with gap-graded grain-size distributions. In such cases, studies have shown that the cyclic 

response of sand-gravel mixes depends on proportion and role of the different fractions in the soil 

matrix. This interpretation is similar to that of sand-fines mixtures presented in Figure 2.6, since 

gravel-sand mixtures have a similar relative disparity between their particle sizes as sand-fines 

mixtures. In other words, an analogous interpretation of Figure 2.6 can be made suggesting that the 

presence of 20–40% or more sand in gravel-sand mixtures may be sufficient for the sand fraction to 

control the soil matrix and have a critical influence on the liquefaction resistance. To illustrate this 

interpretation, Toyota and Takada (2019) investigated the cyclic response of Toyoura sand (particle 

sizes ranging from 0.07 mm to 0.4 mm; D50 ≈ 0.2 mm) mixed with different proportion of uniform 

gravel (particle sizes ranging from 2 mm to 9.5 mm; D50 ≈ 6 mm), with the gravel content (GC; 

percentage of soil particles, by mass, with an equivalent diameter larger than 2 mm) of the gap-graded 

sand-gravel mixture ranging from 0% (i.e., clean Toyoura sand) to 50% (i.e., gravel-controlled 

matrix). Figure 2.10 shows the resulting LRCs, with liquefaction triggering defined as DA 

strain = 2%. Results indicate there is almost no change in liquefaction resistance when GC < 20%, 

with the LRC aligning with that of clean Toyoura sand, suggesting the sand-gravel mixtures are 

controlled by the Toyoura sand fraction at this GC range. When GC exceeds approximately 30%, the 

liquefaction strength becomes greater than that of Toyoura sand, reflecting the fact that the gravel 

particles are now influencing the soil matrix behaviour. 

 

 

Figure 2.10: Liquefaction resistance curves of sand-gravel composites with GC ranging from 0% (i.e., 

clean Toyoura sand) to 50% (Toyota and Takada, 2019). 

 

A further extension of the sand-fines analogy of Figure 2.6 can also be made for well-graded 

mixtures containing gravels, sands, and fines, though this is not as well-supported in the literature due 

to the very limited laboratory studies investigating the cyclic response of well-graded gravel-sand-silt 

mixtures. One such study was conducted by Hara et al. (2012) who compared results of cyclic tests 

performed on Sample-A, which describes a well-graded gravel-sand-silt soil mixture with 

D50 ≈ 1 mm, FC = 18%, GC = 35%, and coefficient of uniformity (Uc) of 91.1, with Sample-B, which 

describes a more uniformly-graded gravel-sand composite with D50 ≈ 2 mm, FC = 0%, GC = 50%, 

and Uc = 23.8. The grain-size distribution curves for each sample are shown in Figure 2.11a, 
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indicating that the two samples have largely similar gradation characteristics with the major difference 

being its coefficient of uniformity. While noting that there was potential for particle crushing in their 

tests, results of the triaxial tests on both samples, shown in Figure 2.11b as LRCs, indicate that the 

well-graded Sample-A has much lower liquefaction resistance, reflecting the matrix being controlled 

by the sand-sized particles. In contrast, the more uniformly graded Sample-B exhibits larger 

liquefaction resistance typical of the host gravels in the matrix, reflecting the matrix is more gravel-

controlled. Such findings bring to the forefront the importance of the proportion and role of different 

fractions in the soil matrix and shows the important differences in grain-interactions between gap-

graded and well-graded soils, the latter of which is the most relevant for this study. 

 

 

Figure 2.11: (a) Grain-size distribution curves of a well-graded gravel-sand-silt mixture (Sample-A) 

and sand-gravel composite (Sample-B), and (b) liquefaction resistance curves from triaxial tests of 

both samples tested at 60% relative density (Hara et al., 2012). 
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2.3 In-Situ Testing for Geotechnical Characterization and Liquefaction 

Assessment 

2.3.1 Development and Key Features 

The two main categories of methods available for characterizing soils and performing 

liquefaction assessment are based on (i) cyclic testing of soil samples in the laboratory, or (ii) results 

from in-situ tests correlated to field observations of historical liquefaction case histories (Seed et al., 

1983). Dealing with soils in the field presents challenges to geotechnical engineers arising from the 

fact that materials deposited in the field have varying soil properties over short distances (Cooling, 

1962). This variability can be also significant in reclaimed land in complex depositional environments. 

In-situ testing provides a practical solution for engineers to measure approximate soil properties in the 

field, thus avoiding issues associated with testing “undisturbed” soil samples in the laboratory, or 

possibly missing important soil units when recovering soil samples at the site of interest. Overall, in-

situ test methods are vital in providing engineers with geotechnical information which are both 

reliable and economical (in terms of time and cost). 

The first penetration test developed and further refined over the past 100 years is the Standard 

Penetration Test (SPT), while more recently, the Cone Penetration Test (CPT) has gained much wider 

popularity. The SPT is carried out by driving a split barrel sampler attached to a probe and counting 

the number of blows required to advance it into the ground by 300 mm, giving a resultant SPT blow 

count. The SPT is routinely carried out due to the ease of testing in comparison with other methods, 

though it requires skilled operators with well-maintained equipment. In the CPT, a cone of 10 cm2 or 

15 cm2 area is pushed into the ground at a constant rate (10–25 mm/s) and the resistance at the cone 

tip (qc) and cone sleeve (fs) is recorded every 0.01–0.05 m. The CPT has undergone many upgrades, 

with modern cones being able to also measure pore water pressures and velocity of seismic waves. 

Today, the CPT is considered the best-available field investigation method due to several 

reasons (Campanella et al., 1983, Wroth, 1984, Baez et al., 2000). Firstly, the equipment and 

operation are more widely standardized than the SPT and is therefore more repeatable. Secondly, the 

readings of the CPT are virtually continuous and thus capable of identifying thin layers in the soil 

profile. Thirdly, the test does not disturb the soil unduly. Finally, the logged CPT data can be used for 

soil classification to indicate the behavioural characteristics of the soils. These classifications, based 

on the soil behaviour type index (Ic), have been developed and refined over the past 60 years 

(Begemann, 1965, Schmertmann, 1978, Baligh et al., 1981, Douglas and Olsen, 1981, Campanella et 

al., 1983, Robertson and Campanella, 1983, Robertson, 1986, Robertson, 1990, Robertson, 2009b, 

Robertson, 2016). This is particularly important for earthquake engineering problems as one can set 

expectations on how individual soil layers behave under earthquake loading (e.g., whether or not the 

soils are liquefiable) without further laboratory soil testing. 

2.3.2 In-Situ Testing for Liquefaction Assessment of Gravelly Soils 

Despite its advantages, performing a CPT in gravelly soil is inherently difficult because of 

interaction of the cone with gravel-size particles that are large relative to the probe-size (Tokimatsu, 

1988). This has been the primary reason for the use of shear-wave velocity (Vs) in the liquefaction 

assessment of gravels (Kayen et al., 2013), and for the ongoing efforts to develop penetration tests 

with larger probes and greater energy delivered to the probe, such as the Becker Penetration Test 
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(BPT) (DeJong et al., 2017), the Dynamic Cone Penetration Test (DPT) (Cao et al., 2013), and the 

Large Penetration Test (LPT) (Daniel et al., 2003). While existing liquefaction assessment methods 

include in-situ testing in gravelly soils, the number of case histories involving gravels is quite limited. 

For example, in the Boulanger and Idriss (2014) SPT-based liquefaction database, confirmed gravelly 

sites account for only 5% of the total number of sites. Confirmed gravel case histories represent 

approximately 10% of the Kayen et al. (2013) Vs-based liquefaction database. The use of CPTs for 

gravelly soils is even rarer than the SPT and Vs. For example, only 4% of the Boulanger and Idriss 

(2014) CPT-based liquefaction database involves confirmed gravelly sites. The BPT, DPT, and LPT 

databases are also incomplete due to their recent development and evolving standardization of testing 

procedures. The liquefaction triggering database is dominated by case histories on sandy soils, and 

empirical field-based test methods evidently lack a robust database for liquefaction assessment of 

gravelly soils. 

While the above challenges are prevalent for clean gravels with high GC in the range of 50–

100%, the behaviour of gravel-sand-silt mixtures is affected by both the proportion and role of 

different soil fractions in the soil matrix (Section 2.2.4). Hence, even though some fills can be 

classified as gravelly by grain-size composition, as they contain at least 50% gravel-sized particles by 

mass, the presence of at least 20% sand and silt may be sufficiently large for the finer silty sand 

fraction to govern the deformational behaviour of the soil mixture and hence control the response 

during earthquake shaking and penetration testing (Kokusho and Tanaka, 1994, Cubrinovski et al., 

2019a). Such a hypothesis implies that in-situ test methods and associated liquefaction assessment 

procedures developed for sands may be applicable to such gravel-sand-silt mixtures, at least for some 

cases or under certain conditions (Flora et al., 2012, Cubrinovski, 2019). A key focus of the present 

research effort is to explore this hypothesis. 

2.3.3 Effects of Grain Size on Penetration Resistance and Relative Density Relationships 

Penetration resistance from the SPT and CPT have shown to be good proxies for relative 

density (Lancellotta, 1983, Kulhawy and Mayne, 1990, Jamiolkowski et al., 2003), and since relative 

density is linked to important geotechnical properties such as liquefaction resistance (Section 2.2.2), 

penetration tests have been established as a routine procedure for site characterization and liquefaction 

assessment in geotechnical engineering. Based on a comprehensive set of data collected in soils 

worldwide, several empirical correlations exist between the relative density and CPT resistance and 

SPT blow counts. However, such correlations are often only developed for clean sands. Figure 2.12a 

shows empirical relationships between relative density (DR) and cone tip resistance corrected for 

overburden pressure (qc1N) developed by Tatsuoka et al. (1990), Robertson and Cabal (2012), and 

Idriss and Boulanger (2008). The expressions for these three relationships, herein denoted T90, RC12, 

and IB08, respectively, are: 

 

𝐷𝑅 = −0.85 + 0.76 log10(𝑞𝑐1𝑁)      (2.1) 

 

𝐷𝑅 = √
𝑞𝑐1𝑁

𝑐
         (2.2) 

 

𝐷𝑅 = 0.465 (
𝑞𝑐1𝑁

𝐶𝑑𝑞
)

0.264

− 1.063      (2.3) 
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In these equations, 𝑐 is a material factor ranging between 300 and 400 for fine to coarse sands in the 

RC12 correlation, and 𝐶𝑑𝑞 is a material factor with characteristic values between 0.64 and 1.55 for the 

sands used in the development of the IB08 correlation, with an estimated mid-range value of 𝐶𝑑𝑞 = 0.9. 

Note that the RC12 relationship is a modified form of the correlations developed by Kulhawy and 

Mayne (1990) for sandy soils. 

Figure 2.12b shows empirical relationships between DR and SPT blow counts corrected for 

overburden pressure ((N1)60) developed by Skempton (1986), Idriss and Boulanger (2008), and 

Cubrinovski and Ishihara (1999). The expressions for the first two relationships, herein denoted S86 

and IB08, respectively, are of the format: 

 

𝐷𝑅 = √
(𝑁1)60

𝐶𝑑
         (2.4) 

 

In Equation (2.4), S86 and IB08 use best-estimate Cd values of 60 and 56, respectively. The empirical 

correlation proposed by Cubrinovski and Ishihara (1999), herein denoted CI99, is of the form: 

 

(𝑁1)60 = 𝐷𝑅
2 11.7

(𝑒𝑚𝑎𝑥−𝑒𝑚𝑖𝑛)1.7       (2.5) 

 

Figure 2.12b shows the CI99 DR – (N1)60 correlation for typical void ratio range (emax – emin) values of 

three different soil types, with (emax – emin) values ranging from 0.35 to 0.45 for clean sands. 

 

 

Figure 2.12: (a) DR – qc1N correlations developed using sands by Tatsuoka et al. (1990), denoted as 

T90, Robertson and Cabal (2012), denoted as RC12, and Idriss and Boulanger (2008), denoted as 

IB08, and (b) DR – (N1)60 correlations developed by Skempton (1986), denoted as S86, Idriss and 

Boulanger (2008), denoted as IB08, and Cubrinovski and Ishihara (1999), denoted as CI99. 

 

There are limited studies on the effects of grain-size on penetration resistance and its 

relationships with DR. One such study is that of Cubrinovski and Ishihara (1999) and Cubrinovski and 

Ishihara (2002), which are important contributions investigating these effects for several reasons. 

Firstly, the study uses the SPT as the reference in-situ measurement since it is the most sensitive 

measure to changes in DR, being approximately two times more sensitive than the CPT (Cubrinovski 

et al., 2010b). Secondly, the relationships were developed using high-quality data for a wide range of 
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soils including silty sands, sands, gravels, and their mixtures. Therefore, the CI99 correlation can be 

used for soils other than clean sands. Finally, the CI99 relationship uses (emax – emin) as an index void 

ratio that reflects the effects of overall grain-size composition and particle characteristics of 

cohesionless soil, and hence it embodies the combined influence of the entire grain composition and 

particle shapes of a given soil (e.g., Figure 2.6). Since the void ratio range is the difference between 

the two index void ratios (emax and emin), it is a proxy for the deformation potential of the soil. Note 

that (emax – emin) also features in the definition of DR. 

The final feature of the CI99 relationship identified above is key as one can use (emax – emin) 

values to represent the effects of grain-size on the DR – (N1)60 relationship and hence use it to 

scrutinize the effects of fines and gravels on penetration resistance. Figure 2.13 illustrates an 

empirical relationship between (emax – emin) and FC of sands with GC < 15% and varying proportion 

of fines, in which a clear trend for an increase in (emax – emin) is evident as FC increases. Similar trends 

have been observed by several other researchers (Lade and Yamamuro, 1997, Lade et al., 1998, 

Thevanayagam, 1998, Mijic et al., 2021a), which corroborate the findings in Figure 2.13 that as more 

fines are added to a sand-fines mixture, larger (emax – emin) values (i.e., higher deformation potential) 

are observed. 

 

 

Figure 2.13: Correlation between void ratio range (emax – emin) and fines content (FC) for sands and 

silty sands (Cubrinovski and Ishihara, 2002). 

 

When considering gravels, penetration resistance is expected to be higher than sands, for all 

other conditions being equal, due to two important differences between sands and gravels. Firstly, 

gravel particles are large relative to the penetration probe, which is known to lead to an increase in the 

penetration resistance, and in some cases may even result in refusal (Tokimatsu, 1988). The second 

factor that leads to an increase of the penetration resistance in gravels is related to the denser packing 

or lower void ratios of gravels. Clean gravels have generally less voids in their structure, even when 

deposited in a loose state, as compared to sands and silts (Kokusho and Tanaka, 1994, Evans and 

Zhou, 1995). Hence, gravels often exhibit higher stiffness and strength, and consequently larger 

penetration resistance than sands. The important effects of the second factor (i.e., larger particle size 
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and lower volume of voids) on the penetration resistance in gravels is accounted for in the CI99 DR –

 (N1)60 relationship via (emax – emin). Figure 2.14 illustrates an empirical relationship between (emax –

 emin) and the median particle size of soils (D50), in which a clear trend for a reduction in (emax – emin) is 

evident as the soil particle size increases. 

 

 

Figure 2.14: Correlation between void ratio range (emax – emin) and median grain diameter (D50) for 

sands with fines, clean sands, gravelly sands, and gravels (Cubrinovski and Ishihara, 2002). 

 

Apparently, silt-sized and coarser gravel-sized particles have opposing effects on (emax – emin) 

and therefore on penetration resistance, as compared to sands. The effects of FC on (emax – emin) in 

Figure 2.13 implies that as FC increases, significantly lower penetration resistance is observed, while 

the effects of D50 on (emax – emin) in Figure 2.14 implies that as the particle size increases, significantly 

greater penetration resistance is observed (for a given DR). To illustrate this, Figure 2.12b plots the 

CI99 relationship as three shaded regions: clean sands with (emax – emin) of 0.35 to 0.45; silty sands 

with (emax – emin) of 0.50 to 0.70; and clean gravels with (emax – emin) of 0.20 to 0.30. While the CI99 

relationship corresponding to clean sands is in general agreement with the sand-based relationships of 

T90, RC12 and IB08, the CI99 relationships for silty sands and clean gravels are above and below the 

rest of the curves, respectively. The CI99 DR – (N1)60 relationship of Figure 2.12b depicts the effect of 

both fines and gravels on the penetration resistance and indicate that at a given relative density, soils 

other than clean sands exhibit different penetration resistance to that of clean sands. 

2.3.4 Effects of Grain Size on CPT-to-SPT Conversions 

Since the SPT has been the most used in-situ test in many parts of the world for the entirety of 

the 21st century, geotechnical engineers historically preferred to present CPT results in the form of 

equivalent SPT blow counts (Lunne et al., 1997). Therefore, substantial efforts have been placed in 

the past 50 years in developing reliable CPT-to-SPT correlations so that CPT data can be used in SPT-

based design approaches. For example, to use the CI99 correlation presented in Equation (2.5) to 
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estimate relative density for a site with only CPT data, a conversion to equivalent SPT blow counts is 

required. In this study, the CPT-to-SPT conversion is achieved via QNR, which is defined as the ratio 

of qc1N to (N1)60. 

Several empirical correlations have shown that QNR is a function of the soil type and mostly 

influenced by the gradation characteristics. One such correlation developed by Tokimatsu (1988), 

based on data from Muromachi and Kobayashi (1982), is shown in Figure 2.15a, which plots QNR as 

a function of sands with varying proportion of fines (FC), in which a clear trend for a decrease in 

QNR is evident as FC increases. On the other hand, correlations for QNR against D50, such as the one 

presented by Lunne et al. (1997) in Figure 2.15b, shows that QNR increases as the soil particle size 

increases. Overall, silt-sized and coarser gravel-sized particles have opposing effects on QNR as 

compared to sands. The effects of FC on QNR in Figure 2.15a implies that as FC increases, 

significantly lower penetration resistance is observed, while the effects of D50 in Figure 2.15b implies 

that as the particle size increases, significantly greater penetration resistance is observed (for a given 

DR). Similar trends have been observed by other researchers, indicating grain-size effects are 

important considerations when converting between CPT and SPT penetration resistances (Robertson 

et al., 1983, Kulhawy and Mayne, 1990). 

 

 

Figure 2.15: Influence of grain size on CPT-to-SPT penetration resistance ratio (QNR): (a) QNR as a 

function of fines content (Tokimatsu, 1988), and (b) QNR as a function of median grain diameter 

(Lunne et al., 1997). 

2.4 Liquefaction Case Histories of Reclaimed Soils 

The present research focuses on two types of reclaimed fills: end-dumped gravelly fill and 

hydraulically dredged marine fill. These fill types are complex to study as they can be composed of a 

wide range of soil types, gradation, and fabric (due to the depositional environment). Further 

complexity is added in the field given the highly variable layering of fill deposits compared to 

laboratory studies of individual soil units. In light of these complications, field evidence of 

liquefaction manifestation in past earthquakes provides an important and unique contribution to better 

understand the liquefaction behaviour of reclaimed fills. For this reason, the focus in this section is 

placed on summarizing the characteristics of liquefaction observations from historical databases and 
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identifying similarities and points of differences typically found in case histories of liquefied 

reclaimed soils. 

2.4.1 Liquefaction Case Histories of Gravelly Soils 

While gravel was historically considered to be less susceptible to liquefaction than sand, 

several significant case histories of liquefaction in gravelly soils have been reported (Harder, 1990, 

Andrus, 1994, Shibata et al., 1996, Cubrinovski et al., 2017a, Chen et al., 2018, Rollins et al., 2020). 

These case histories include either artificially constructed fills or naturally deposited alluvial gravels. 

Since laboratory investigations on liquefaction assessment of gravelly soils is seldom studied 

(Kokusho and Tanaka, 1994, Evans and Zhou, 1995), insights are also gained from several case 

histories of these two groups of gravelly deposits in terms of soil grain-size composition, measured 

penetration resistance or Vs for the deposits, and observed liquefaction-induced damage. 

Liquefaction of naturally deposited gravels has been reported in ten earthquakes. Grain-size 

distribution curves of liquefied gravelly soils for six of the ten events are summarized in Figure 2.16, 

which include two sites from the 1929 Murchison earthquake (Bienvenu, 1988), several sites from the 

1964 Alaska earthquake (Ross et al., 1973, Bartlett and Youd, 1992), three sites from the 1976 Friuli 

earthquake (Sirovich, 1996, Rollins et al., 2020), five sites from the 1983 Borah Peak earthquake 

(Harder, 1990, Andrus, 1994), one site from the 1999 Kocaeli earthquake (Bardet et al., 2000, Cetin et 

al., 2002), and several sites from the 2008 Wenchuan earthquake (Chen et al., 2018, Zhou et al., 2020). 

The remaining four earthquakes that reportedly caused liquefaction of naturally deposited gravels, 

with no grain-size distribution data available in the literature, are the 1891 Mino-Owari (Kishida, 

1969), 1948 Fukui (Kishida, 1969), 1978 Miyagiken-Oki (Tohno and Yasuda, 1981), and 2010 

Darfield earthquakes (Cubrinovski et al., 2010a).  

 

 

Figure 2.16: Grain-size distribution curves of liquefied naturally deposited gravelly soil case histories 

(data source indicated in the legend). 
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In seven other earthquakes, liquefaction has been reported in constructed gravelly fills. Three 

of these events involve case histories of gravel liquefaction in dams and embankments during the 

1975 Haicheng, 1976 Tangshan, and 1988 Spitak earthquakes. However, in these cases, the 

liquefaction only affected small areas and resulted in isolated boils, fissures, and small ground 

movements (Wang, 1984, Yegian et al., 1994). As limited data and liquefaction observations are 

available for these case histories, they are not considered herein. In contrast, during the 1995 Kobe 

(Shibata et al., 1996, Ishihara et al., 1998), 2016 Muisne (Lopez et al., 2018), and 2016 Kaikōura 

(Cubrinovski et al., 2017a, Dhakal et al., 2020a, Dhakal et al., 2020c) earthquakes, liquefaction of 

reclaimed gravelly fill in port reclamations caused widespread land and structural damage at Port 

Island (Japan), Port Manta (Ecuador), and CentrePort (New Zealand), respectively. Grain-size 

distribution curves of the young, reclaimed deposits from these three ports are shown in Figure 2.17. 

Liquefaction of reclaimed gravel was also reported at port facilities in Cephalonia during the 2014 

sequence of earthquakes in Greece (Nikolaou et al., 2015, Athanasopoulos et al., 2020), but detailed 

soil characterization on the gravelly reclamations is not yet published, so this event is not considered. 

 

 

Figure 2.17: Grain-size distribution curves of reclaimed gravelly soil case histories, with soil samples 

collected from boreholes in Kobe Port Island, Japan (Ishihara et al., 1998), Port Manta, Ecuador 

(Lopez et al., 2018), and CentrePort, New Zealand (Dhakal et al., 2020a). 

 

With regard to the grain-size composition of the case histories with liquefied naturally 

deposited gravels (Figure 2.16a), the GC is typically between 30% and 80%, with the remaining 70% 

to 20% of the mixture consisting of finer sand and silt fractions. The FC is typically in the range 

between 5% and 15%. For the reclaimed gravels (Figure 2.17), the fills at Port Manta have a GC of 

40–80%. The fills at Port Island and CentrePort are similar in this regard, with GC of 40–60% and 

55–80%, respectively. The FC is between 5% and 15% at Port Island and CentrePort and reaches up 

to 20% at Port Manta. Thus, the liquefied naturally deposited gravelly soils and reclaimed gravelly 

fills have similar gradation largely containing 50–70% mostly fine-to-medium sized gravels and 30% 

or more sand and silt. The presence of 30% or more finer sand- and silt- sized particles is an important 
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compositional characteristic that is common for the case histories that exhibited a high liquefaction 

potential of gravelly soils. This fill composition is distinctly different from clean gravel deposits and 

are therefore referred to as well-graded gravel-sand-silt (G-S-S) mixtures. 

In-situ tests are available for most of the liquefaction case histories except those from the 

Murchison, Fukui, and Darfield earthquakes. A summary of the reported CPT, Standard Penetration 

Test (SPT), and shear-wave velocity (Vs) data for these case histories is shown in Figure 2.18. CPTs 

of liquefied naturally deposited gravelly soils were only performed at sites that liquefied during the 

Borah Peak and Kocaeli earthquakes, which exhibited cone tip resistance on the order of 4–15 MPa 

(Figure 2.18a). This is generally in agreement, though with slightly higher values, with the measured 

cone tip resistance at Port Island and CentrePort (the subject of this study). Vs measurements obtained 

for several case histories of natural deposits and reclaimed fills of gravelly soils are in the range of 

100–250 m/s (Figure 2.18b). For the SPTs, a majority of the case histories of naturally deposited 

gravels exhibited blow counts in the range of 6–22, which are larger than the range of blow counts for 

reclaimed gravels of 4–8 (Figure 2.18c). 

Due to the absence of strong motion data for most of the natural deposit case histories, the 

peak horizontal ground acceleration (PGA) is estimated using empirical ground motion models. PGA 

is in the range of 0.2–0.6 g. The moment magnitude (Mw) of the causative earthquake for these case 

histories ranges from 7.3 to 9.2, with the exception of the Friuli earthquake, which has a lower Mw of 

6.4, though with PGA = 0.42 g at the site. Liquefaction-induced damage in native deposits caused by 

these moderate-to-high levels of shaking was generally reported to contain widespread sand ejecta 

with only small, isolated regions of gravelly ejecta in noticeably smaller volumes associated with 

some cracking and small vertical settlement. Relatively small amounts of lateral-spread induced 

damage (< 100 mm movement) was also reported in these cases, except for lateral movement of 

bridge abutments by several hundreds of millimetres due to the 1964 Alaska earthquake. However, 

these movements are relatively small compared to the size of these bridges (several hundreds of 

meters in length). Thus, the observed liquefaction-induced damage in case histories involving native 

gravelly deposits can be generally classified as minor-to-moderate. 

 

 

Figure 2.18: Range of in-situ (a) cone penetration resistance, (b) shear-wave velocity, and (c) standard 

penetration resistance for liquefaction case histories of naturally deposited gravels shown in black 

(Tokimatsu and Yoshimi, 1983, Bartlett and Youd, 1992, Andrus, 1994, Cetin et al., 2002, Rollins et 

al., 2020, Zhou et al., 2020) and reclaimed gravelly soil shown in red (Ishihara et al., 1998, Lopez et 

al., 2018, Dhakal et al., 2020a). 
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In stark contrast, widespread liquefaction and severe damage in the reclaimed G-S-S fills of 

Port Manta, Port Island, and CentrePort were reported despite having similar ranges of estimated PGA 

(based on recorded ground motions at nearby strong motion stations) and Mw of 0.4–0.5 g (Mw7.8), 

0.5–0.7 g (Mw7.2), and 0.20–0.31 g (Mw7.8), respectively. Up to 200 mm of lateral movement and up 

to 500 mm of settlement was observed at Port Manta. Liquefaction manifestation at Port Island 

included spreading-induced lateral movements of over 3 m, with large volumes of ejecta and 

liquefaction-induced settlement reaching 400–500 mm over large areas of the island. Similarly, the 

spreading-induced movements at CentrePort exceeded 1 m, with liquefaction-induced global 

settlement of reclamations of up to 500 mm and large volumes of gravelly ejecta with thicknesses of 

up to 150–200 mm. The liquefaction-induced damage in these three case histories of reclaimed G-S-S 

fills can be generally classified as major. 

Both the natural gravel deposits and reclaimed gravelly fill case histories consist of generally 

similar soil composition (Figure 2.16) and Vs characteristics (Figure 2.18b). Their penetration 

resistances are also generally similar (Figure 2.18a and Figure 2.18c), though native gravelly deposits 

show higher penetration resistance as compared to case histories of constructed gravelly fills. All case 

histories are characterized by a shallow water table (≤ 3 m depth) and shallow depth of the liquefiable 

deposits (mostly ≤ 8 m depth). When subjected to similar (moderate-to-high) levels of earthquake 

shaking, there is a stark contrast in the liquefaction performance of these two sets of case histories. 

Important factors that have been known to affect liquefaction resistance, and thus may have 

contributed to observed differences in liquefaction performances, are differences in material 

properties, such as angularity of soil particles which affect the packing of soils (Miura et al., 1997, 

Cho et al., 2004), depositional environment, and resulting density, soil fabric and structure (Ishihara, 

1996), and other state characteristics including effects of stress-strain history, ageing and particle 

bonding (Youd and Perkins, 1987, Schneider and Moss, 2011). 

2.4.2 CPT Liquefaction Case Histories of Hydraulically Reclaimed Fill 

Hydraulic fills are constructed by flowing a stream of water mixed with slurries of soil and 

are commonly found in embankment dams and land reclamations where material for dredging is 

readily available nearby. The fills are often deposited in a loose state and can be comprised of clean 

sands, which describe sandy soils with FC < 5%, or sands with any amount of FC as large as 100% 

(i.e., silts and clays). Therefore, it is important to first recognize that the influence of fines in the 

packing characteristics of sand-fines mixtures, and the associated plasticity of the fines on its 

liquefaction behaviour, as outlined in Section 2.2.3, provides important context in the liquefaction 

evaluation of hydraulic fills. With this in mind, key features of several case histories of liquefied 

hydraulic fills from the liquefaction database of a commonly adopted semi-empirical liquefaction 

assessment method (Boulanger and Idriss, 2014) are summarized in terms of soil gradation, critical 

layer characteristics, and depositional features (e.g., relative thicknesses, depths, and lateral continuity 

of the fill) to gain insights on factors that contribute to liquefaction occurrence and severity. Table 2.1 

summarizes the liquefaction case histories of reclaimed hydraulic fills, including nine CPTs in four 

locations (Port of Richmond, Port of Oakland, Alameda Bay Farm Island, and Treasure Island) under 

the seismic demand of the 1989 Loma Prieta earthquake (USA), and 5 CPTs in the city of Urayasu 

under the seismic demand of the 2011 Tohoku earthquake (Japan). 
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Table 2.1: CPT case histories of reclaimed hydraulic fill in the Boulanger and Idriss (2014) 

liquefaction database with estimates of PGA and liquefaction manifestation severity. 

Earthquake Mw* CPT Site PGA* Liq.* Reference** 

1989 Loma Prieta 6.9 

POR-2 0.18g Mi-Mo M94; K98 

POR-3 0.18g Mi-Mo M94; K98 

POR-4 0.18g Mi-Mo M94; K98 

POO7-1 0.28g Mo-Se M94; K98 

POO7-2 0.28g Mo-Se M94; K98 

POO7-3 0.28g Marginal M94; K98 

Alameda Bay Farm Island (SLR) 0.24g Mi-Mo M94; K98 

Alameda Bay Farm Island (Dike) 0.24g None M94; K98 

Treasure Island 0.16g Mi-Mo P94; YC05 

2011 Tohoku 9.1 

Hinode Minami ES (HND) 0.17g None I11; C13 

Takasu Chuou Park (TKK) 0.21g Mo I11; C13 

Takasu Kaihin Park (TKM) 0.22g Se I11; C13 

Akemi ES (AKM) 0.17g None I11; C13 

Hinode ES (JAL) 0.20g Se I11; C13 

Irifune ES (IRF) 0.25g Mo I11; C13 

* Mw = moment magnitude, PGA = estimate of horizontal peak ground acceleration, Liq. = liquefaction 

manifestation severity (Mi = minor; Mo = moderate; Se = severe). 

** References M94, K98, P94, YC05, I11 and C13 denotes Mitchell et al. (1994), Kayen et al. (1998), Pass 

(1994), Youd and Carter (2005), Ishihara et al. (2011), and Cox et al. (2013), respectively. 

 

With regard to the grain-size composition of the case histories with liquefied hydraulic fills, 

shown in Figure 2.19, the fills are fine sands with FC generally between 5% and 50%, which is in the 

range typical of a sand-controlled matrix or a transition zone (Figure 2.6). In the cases where 

FC > 30%, the fines are all reported to be either non-plastic or of low plasticity, thus exhibit sand-like 

behaviour. All the case history sites experienced low-to-moderate levels of accelerations (with peak 

ground accelerations of 0.16–0.28g) and had similar depth to water table (1.5–3 m depth), yet the 

liquefaction performances differed greatly, ranging from no liquefaction manifestation to severe 

liquefaction-induced damage. While the liquefied reclaimed hydraulic fills have similar gradation 

largely containing 50–95% fine sands with 5–50% non-plastic or low-plasticity fines, the fill 

composition (based on GSDs and plasticity alone) is unable to discern the different liquefaction 

performances observed. 
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Figure 2.19: Grain-size distribution curves of surface ejecta and boreholes samples from four sites 

which liquefied during the 1989 Loma Prieta earthquake (data from Mitchell et al. (1994)), three 

liquefied sites from Urayasu (data from Ishikawa and Yasuda (2020)), and surface ejecta samples 

from CentrePort which liquefied during the 2016 Kaikōura earthquake (data from Cubrinovski et al. 

(2017a)). 

 

In the context of empirical liquefaction procedures, CPT data from liquefaction case histories 

are conventionally reported as a median value of a measured penetration resistance within a critical 

layer of the fill (i.e., the most important contributor to the observed liquefaction-induced damage, or, 

in the case of no liquefaction damage observed, the layer with the highest potential to cause 

manifestation at the ground surface). The median values of the cone tip resistance (qc), soil behaviour 

type index (Ic), and clean-sand equivalent cone tip resistance (qc1Ncs) within critical layers of each CPT 

in the case history sites of Table 2.1 are plotted in Figure 2.20 as a function of depth (indicating the 

top and bottom depths of the critical layer). Majority of the critical layers are within the top 7 m with 

thicknesses between 1 m and 3.5 m, with two exceptions (TKM and AKM) that have deeper critical 

layers. The sites which exhibited no liquefaction manifestation (grey lines in Figure 2.20) generally 

had shallow (4–7 m depth), 1.5-m thick, denser (qc1Ncs > 110) sandy soils (Ic < 1.9) as critical layers, 

with the exception of AKM (critical layer qc1Ncs ≈ 93 at 7–14 m depth). The moderate liquefaction 

manifestation sites (yellow, orange, and red lines in Figure 2.20) have similar critical layer depths (3–

7 m) and a wide range of soil types (Ic from 1.7 to 2.5), all with qc1Ncs < 100. The severe liquefaction 

manifestation sites (dark red lines in Figure 2.20) have both the shallowest (from 2 m at JAL) and a 

deep (from 8.4 m at TKM) critical layer of sandy soil with a similar qc1Ncs range of < 100. Just like the 

gradation data, the critical layer characteristics are also unable to discern the different severity of 

liquefaction damage observed. 
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Figure 2.20: Average CPT (a) cone tip resistance (qc), (b) soil behaviour type index (Ic), and (c) clean-

sand equivalent cone tip resistance (qc1Ncs) over the depth of the critical layers, as defined by 

Boulanger and Idriss (2014), for the liquefied hydraulic fill case histories with labels indicating CPT 

ID. The colours indicate liquefaction manifestation severity (defined in the legend), as described by 

Kayen et al. (1998), Cox et al. (2013), and Boulanger and Idriss (2014). 

 

Finally, insights are gained based on the fill characteristics such as relative depths, 

thicknesses, lateral continuity, and CPT characteristics. All profiles of Table 2.1 are first categorized 

into three types which have distinctly different fill characteristics, each of which are shown in Figure 

2.21, Figure 2.22, and Figure 2.23. The following observations highlights common features in the 

liquefiable and non-liquefiable sites within each category: 

1. Profiles largely dominated by sand (Figure 2.21): These profiles consist of soils which 

are all liquefiable (mostly Ic ≈ 2.0), with varying thicknesses and depth of dense and loose 

sand and silty sand fill. Sites which had liquefaction manifestation contain loose sand and 

silty sand layers of low penetration resistance (qc1Ncs < 100) within the top 7 m 

(e.g., Figure 2.21a-c), whereas sites with no liquefaction manifestation have thicker 

deposits of dense (qc1Ncs > 200) sand and some layers of medium-to-dense (qc1Ncs > 150) 

sand and silty sand (e.g., Figure 2.21d-f). 

2. Interbedded profiles containing silts and sands (Figure 2.22): Profiles in this category 

have a greater proportion of the stratigraphy containing non-liquefiable soils. These non-

liquefiable layers are either in several thin seams (e.g., Figure 2.22a-c) or a few thick 

layers (e.g., Figure 2.22d-f) which breaks up the continuity of liquefiable low-to-medium 

dense silty sand layers (Ic ≈ 2.0) with qc1Ncs < 100. The Ic values of the non-liquefiable 

layers are mostly slightly above 2.6 (i.e., low plasticity), with occasional seams of highly 

plastic soils where Ic ≈ 3.0. All profiles in this category had liquefaction manifestation. 
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3. Profiles largely dominated by silts and clays (Figure 2.23): This category defines profiles 

which contain majority (> 50% cumulative thickness) non-liquefiable, highly plastic fill 

(mostly Ic ≈ 3.0), with small, thin layers of sands and silty sands. Profiles with a relatively 

thick (> 1 m thickness) and shallow (< 5 m depth) layer of loose (qc1Ncs < 100) sand or 

silty sand are key features of sites which manifested liquefaction in this category 

(e.g., Figure 2.23a-c). In contrast, deposits which contain a thick crust of non-liquefiable 

soil, with thick layers of sands and silty sands encountered at greater depth, is a key 

feature of sites which did not manifest liquefaction (e.g., Figure 2.23d-f). 

Overall, liquefaction case histories of hydraulic fills tend to contain similar gradation features 

(sands with 5–50% non-plastic or low plasticity fines). Liquefaction severity appears to depend 

somewhat on critical layer characteristics, and more on the thickness and plasticity of non-liquefiable 

crust layers, along with fill characteristics such as the relative depth and thickness of loose, liquefiable 

sand and silty sand layers. 

 

 

Figure 2.21: Representative CPT profiles (qc, Ic, qc1Ncs), with critical layers indicated as CL, from CPT 

case histories of liquefied hydraulic fill largely dominated by sand that exhibited (a-c) moderate-to-

severe liquefaction damage at Port of Oakland (POO7-2; Mitchell et al. (1994)) and (d-f) no 

liquefaction damage at Alameda Bay Farm Island (Dike; Mitchell et al. (1994)). 
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Figure 2.22: Representative CPT profiles (qc, Ic, qc1Ncs), with critical layers indicated as CL, from CPT 

case histories of liquefied hydraulic fill with interbedded profiles containing silts and sands that 

exhibited (a-c) minor-to-moderate liquefaction damage at Treasure Island (CPTU2; Pass (1994)) and 

(d-f) minor-to-moderate liquefaction damage at Port of Richmod (POR-2, POR-3 and POR-4; 

Mitchell et al. (1994)). 

 

 

Figure 2.23: Representative CPT profiles (qc, Ic, qc1Ncs), with critical layers indicated as CL, from CPT 

case histories of liquefied hydraulic fill largely dominated by fine-grained soils that exhibited (a-c) 

minor-to-moderate liquefaction damage at Alameda Bay Farm Island (SLR; Mitchell et al. (1994)) 

and (d-f) no liquefaction damage at Urayasu (AKM; Cox et al. (2013)). 
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2.5 Semi-Empirical Simplified Liquefaction Assessment Methods 

2.5.1 Overview of Semi-Empirical Liquefaction Assessment Procedures 

Since the devastating effects of the 1964 Niigita and Alaska earthquakes, several attempts 

have been made to develop methods to evaluate the potential of liquefaction hazards. To this end, the 

first major question these methods attempt to answer is “what is the potential for liquefaction 

triggering in soils susceptible to liquefaction?” Once this assessment is completed and if liquefaction 

triggering is predicted, the second question that these methods try to answer is “what will be the 

associated damage to land and infrastructure?” 

In answering the first question, it is first important to identify soil units in the deposit that are 

susceptible to liquefaction (e.g., a commonly adopted threshold for liquefaction susceptibility in the 

CPT-based assessment is Ic < 2.6). For soil units deemed liquefiable, the state-of-practice for the 

subsequent liquefaction triggering assessment adopts the concept of a simplified procedure, which 

was first introduced by Seed and Idriss (1970) by using methods based on field observations of sand 

deposits in previous earthquakes and using some in-situ measurement to discern sites which did and 

did not liquefy. These methods adopt a stress-based approach comparing the earthquake-induced 

cyclic stress ratio (CSR) to the cyclic resistance ratio (CRR) of the soil to estimate the factor of safety 

against liquefaction triggering (FSL = CRR/CSR). Liquefaction is estimated to trigger for depths where 

CSR > CRR (FSL < 1). The earthquake-induced CSR is approximated at any depth using: 

 

𝐶𝑆𝑅 = 0.65
𝑃𝐺𝐴

𝑔

𝜎𝑣0

𝜎′𝑣0
𝑟𝑑        (2.6) 

 

where vo and ’vo are the initial total and effective vertical stresses, and rd is the shear stress 

reduction factor. 

The CRR is estimated using an empirical correlation between CRR and an in-situ parameter, 

typically penetration resistance or Vs of the soil. This empirical correlation for CRR approximately 

separates case histories in which liquefaction was manifested at the ground surface from case histories 

where liquefaction evidence was not observed. Case histories are plotted on conventional triggering 

charts of CSR versus in-situ measurement by adjusting the data points for each case-history to a 

common reference condition of Mw7.5 and σ'vo = 1 atm. The resulting reference CRR for Mw7.5 and 

σ’vo = 1 atm derived empirically using a particular method is denoted herein as CRRB, while CRR 

refers to the resistance for specific values of Mw and σ’vo. The expression for FSL therefore becomes: 

 

𝐹𝑆𝐿 =
𝐶𝑅𝑅

𝐶𝑆𝑅
=

𝐶𝑅𝑅𝐵

𝐶𝑆𝑅
. 𝑀𝑆𝐹. 𝐾𝜎       (2.7) 

 

in which MSF denotes the magnitude scaling factor and K denotes the overburden pressure 

correction factor. In addition to the different empirical CRRB expressions, each triggering method also 

has different empirical expressions for rd, MSF, and K. An example triggering curve of Seed et al. 

(1985) is shown in Figure 2.24 in which CRRB versus SPT blow count is shown. The relationship is 

analogous to the CRR – DR curve of Figure 2.3. 
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Figure 2.24: SPT-based liquefaction case histories and clean-sand triggering curve of Seed et al. 

(1985) for Mw7.5 and ′vo = 1 atm. 

 

Early work in the simplified methods introduced the concept using SPT blow counts as 

proxies for the assessment of density, and hence, CRRB (Seed and Idriss, 1970, Seed, 1979, Seed et al., 

1983, Seed et al., 1985). Robertson et al. (1992) proposed similar correlations between liquefaction 

resistance and cone tip resistance from CPTs by utilizing the extensive SPT data worldwide and 

converting to equivalent CPT measurements via QNR correlations of Douglas and Olsen (1981), Seed 

et al. (1983), and Robertson et al. (1983). With the growing popularity of the CPT over the past 40 

years, there were enough case histories to develop a CPT-based assessment semi-empirically from a 

database independent to that of the SPT (Robertson and Wride, 1998a, Robertson and Wride, 1998b, 

Youd et al., 2001, Seed, 2003, Idriss and Boulanger, 2004, Moss et al., 2006, Idriss and Boulanger, 

2008, Robertson, 2009a, Boulanger and Idriss, 2014). Similarly, several methods based on other field 

test data have also been proposed, such as Vs measurements (Kayen et al., 2013), BPT (Ghafghazi et 

al., 2017), DPT (Rollins et al., 2021), and LPT (Lin et al., 2004). While this study does apply Vs-based 

and DPT-based methods, the focus of the literature review will be on the CPT-based assessment. 

Significant advances have also been made in quantifying potential consequences of 

liquefaction triggering in terms of damage indices (Iwasaki et al., 1981, Van Ballegooy et al., 2014, 

Hutabarat and Bray, 2022), vertical and lateral displacements (Bartlett and Youd, 1995, Zhang et al., 

2002, Zhang et al., 2004, Bray and Travasarou, 2007, Olson and Johnson, 2008), residual shear 

strength of liquefied soil (Idriss and Boulanger, 2015), and effects on structures (Bray and Macedo, 

2017). Details of these advances are not within the scope of this review. 
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2.5.2 CPT-Based Simplified Method 

Two commonly used CPT-based simplified liquefaction triggering procedures of Robertson 

and Wride (1998b), including the Robertson (2009a) update, and Boulanger and Idriss (2014), herein 

denoted as RW98 and BI14, respectively, are the primary focus of this research. These methods are 

chosen since they represent the two different approaches one can take in the material characterization 

in relation to the clean-sand-equivalent correction (i.e., one based on FC (BI14) and the other based 

on Ic (RW98)). 

In the RW98 and BI14 methods, the measured cone tip resistance (qc) is corrected to account 

for the effects of overburden stress to obtain qc1N, and then further corrected to account for the effects 

of material characteristics in relation to clean sand to get the clean-sand equivalent cone penetration 

resistance (qc1Ncs). The latter correction effectively implies a family of liquefaction triggering curves 

when CRRB is expressed in terms of qc1N, some of which are shown in Figure 2.25. Note that these 

curves are associated with different FC or Ic value as indicated by the inset table in Figure 2.25. The 

key difference between BI14 and RW98 methods is in the soil characterization, where BI14 

discriminates between different soils based on FC, while RW98 uses Ic to characterize soils and their 

liquefaction resistance. In both cases, there is a significant correction of qc1N in obtaining qc1Ncs, as 

depicted in Figure 2.25 with the large shift in the position of the liquefaction triggering curve with the 

value of FC or Ic. 

 

 

Figure 2.25: CPT-based liquefaction triggering curves from BI14 and RW98 for Mw7.5 and 

′vo = 1 atm. 

 

In the BI14 triggering procedure, the correction to clean-sand equivalent cone tip resistance is 

made through the following expression: 

 

𝑞𝑐1𝑁𝑐𝑠 = 𝑞𝑐1𝑁 + ∆𝑞𝑐1𝑁        (2.8) 
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Here, qc1N is a function of FC and qc1N. No correction is applied (i.e., qc1N = 0) for clean sands 

(FC ≤ 5%); however, qc1N increases with FC for FC > 5% and this correction significantly increases 

for FC values up to approximately 35%. These effects of the correction are depicted in Figure 2.25, 

where triggering curves for clean sand and sand with FC = 15%, 25%, 50% and 100% are shown with 

black lines. The triggering curves for sands with FC = 15% and FC = 25% are shifted significantly to 

the left relative to the clean sand (FC ≤ 5%) curve, and such large change in the position of the curve 

continues up to approximately FC = 35%. Once FC = 50% is exceeded, there is only a small 

additional effect of FC on the triggering curve, as indicated in Figure 2.25 with the relatively narrow 

range of triggering curves for FC = 50–100%. 

BI14 recommends measuring FC using laboratory index tests on borehole samples of target 

soils, and allows alternatively, in the absence of laboratory data, FC to be estimated using an 

empirical FC – Ic correlation. Note that the evaluation of FC when using a split-spoon sampler is 

challenging because of potential mixing of different layers within the sampler, however, it is still 

considered advantageous in comparison to an indirect evaluation of the fines content via an FC – Ic 

correlation. Figure 2.26 illustrates such an FC – Ic correlation based on data from the BI14 

liquefaction case history database (blue symbols) which were used to develop the generic correlation 

shown with the solid black line, and its associated ±1 standard deviation curves shown with dashed 

black lines. 

 

 

Figure 2.26: FC and Ic values of liquefaction case history sites in the BI14 database with a best-fit 

(global) and ±1 standard deviation FC – Ic correlations. 

 

Alternative to the generic correlation developed in BI14, one can define a site-specific FC – Ic 

relationship using the correlation factor (CFC) in: 

 

𝐹𝐶 = 80(𝐼𝑐 + 𝐶𝐹𝐶) − 137       (2.9) 

 

The FC – Ic correlation for the BI14 data yields CFC = 0 with ±1 standard deviation values of 

CFC = ±0.29. The FC – Ic correlation provides a basis to express the BI14 triggering curves in terms of 
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Ic, as illustrated in Figure 2.25, in which for the different FC values in the legend, corresponding Ic 

estimates are indicated for CFC = 0. 

RW98 proposes a correction from qc1N based on Ic to obtain a clean sand-equivalent cone tip 

resistance using the expression: 

 

𝑞𝑐1𝑁𝑐𝑠 = 𝐾𝑐 . 𝑞𝑐1𝑁        (2.10) 

 

where Kc is the CPT grain characteristic correction factor dependent on Ic. Kc is only applied to soils 

with Ic > 1.64 and increases from 1.0 to 3.3 as Ic changes from 1.64 to the value of 2.60, which is the 

commonly adopted Ic threshold for liquefaction susceptibility. As shown in Figure 2.25 with the 

RW98 family of curves shown with red lines, a relatively small correction is applied to the triggering 

curve even within the range typical for sand type behaviour (Ic = 1.64–1.80). The correction becomes 

significant for soils exhibiting larger Ic values of 2.05–2.25 (typical values for silty sand behaviour), 

and particularly as Ic approaches 2.60. The maximum clean sand-equivalent tip resistance correction 

in the RW98 method is up to 50% larger than the maximum correction applied in the BI14 method. 

2.5.3 Simplifications and Assumptions 

In the context of this study, the calculation and use of CRR in the CPT-based liquefaction 

evaluation procedures can be broken down into five principal steps: 

1. qc is measured in the deposit 

2. qc is corrected for effective overburden stress to estimate qc1N 

3. qc1N is corrected based on either FC or Ic to estimate qc1Ncs 

4. qc1Ncs is used to estimate CRRB, and then together with MSF, K, and CSR, used to 

calculate FSL 

5. FSL is used to quantify liquefaction-induced displacement, such as settlement. 

In the first step, high-quality CPTs need to be performed. This can be particularly challenging 

in gravelly soils due to the effects of large gravel/cobble particles or presence of impenetrable strata. 

However, CPT investigations in Christchurch and at CentrePort demonstrate that CPT data can be 

successfully collected in G-S-S mixtures for which the soil matrix is controlled by the finer silty sand 

fraction, with conventional CPT equipment and careful test preparation and execution (Bray et al., 

2014, Cubrinovski et al., 2018b). The measured CPT tip resistances are then corrected for effective 

overburden stress in the second step (RW98; BI14). 

In the third step, the measured penetration resistance for the reclaimed fill is corrected to 

clean-sand equivalent values (qc1Ncs) either using FC or Ic. The corrections used in the development of 

BI14 and RW98 methods (Equations (2.8) and (2.10)) were derived empirically based on data from 

liquefaction case histories that do not include reclaimed gravelly soils containing sand and silt. 

Furthermore, such a correction relates to issues on the effects of fines on penetration resistance, 

discussed in Section 2.3.3, when applied to reclaimed hydraulic fills. As these corrections are 

significant, it is therefore important to investigate both the size of their effects and their applicability 

to the liquefaction evaluation of reclaimed G-S-S and hydraulic fills. 

Following the evaluation of CRR, CSR, and then FSL in the fourth step, the relative density 

(DR) of the soil is obtained in the fifth step, conventionally using DR – qc1Ncs correlations, to estimate 

liquefaction-induced ground deformations (shear strains and volumetric strains), based on laboratory 
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test data for clean sand. For example, the well-known procedure for estimating liquefaction-induced 

settlement of Ishihara and Yoshimine (1992) directly uses DR with FSL to estimate volumetric strain 

based on results from laboratory tests on Fujii sand. The Zhang et al. (2002) procedure for CPT-based 

estimates of liquefaction-induced settlement is equivalent in this regard, as it is based on the same set 

of laboratory results of Ishihara and Yoshimine (1992). There are several potential issues in the 

application of the above procedure for settlement estimation of gravelly soils that require scrutiny, 

such as: (i) the post-liquefaction volumetric strains for gravelly soils could be different from those 

observed for clean sand; (ii) the conversion between DR and penetration resistance used in the 

evaluation of settlement should account for the grain-size composition of soils and their difference in 

relation to clean sand-based DR – qc1Ncs correlations; and (iii) the evaluation of index void ratios (emax 

and emin) required for DR has not yet been standardized for gravelly soils. The importance of the 

second point has also been emphasized in Cubrinovski et al. (2010b) and Cubrinovski et al. (2019a). 

Finally, simplified procedures consider each layer in isolation, separately from any other layer 

in the deposit. Factors of safety and associated strains for each layer are calculated independently for 

each layer (and depth) and then integrated (superimposed) with appropriate depth-dependent 

weighting functions to quantify the damage potential of liquefying layers. Potential effects of 

liquefaction, large strains, and excess pore water pressure development and redistribution in a given 

layer on the seismic demand and liquefaction response of other layers in the deposit are not 

considered. Several liquefaction case studies from the Christchurch earthquake sequence (2010-2011) 

have shown that cross-layer interactions through dynamic response of pore water pressures and 

associated water flow are important mechanisms in liquefying deposits that can not only contribute to 

but also govern the severity of liquefaction manifestation (Rhodes, 2017, Cubrinovski et al., 2019b, 

Ntritsos, 2021). Such interactions, or ‘system response effects’, are not accounted for in the simplified 

procedures. 

The empirical nature of the simplified procedures and issues encountered in the assessment 

identified above imply that the application of these methods requires careful consideration and 

interpretation. Additional challenges are encountered in the material characterization using either FC 

or Ic and state characterization using DR and qc1Ncs when applied to soils other than clean sands and 

especially for soils with complex composition such as those often encountered in G-S-S mixtures and 

hydraulic fills. The goal of this study is to investigate these issues using high-quality data from a well-

documented case history of liquefied reclaimed fills. Note that while issues on the liquefaction 

assessment of both G-S-S mixtures and hydraulic fills are of concern, this research places larger 

weight to G-S-S fills. 

2.6 Seismic Effective Stress Analysis for Liquefaction Assessment 

2.6.1 Overview of Seismic Effective Stress Analysis 

Concurrent to the progress made in simplified liquefaction evaluation procedures, substantial 

research effort has also been made in assessing soil liquefaction problems using dynamic seismic 

effective stress analysis (ESA). Seismic ESA involves the use of advanced numerical modelling tools 

to evaluate the nonlinear behaviour of saturated soils under earthquake motion at large strains. The 

mathematical theory describing the behaviour of saturated linear elastic porous media was first 

established by Biot (1941, 1956b, 1956a) using the propagation of waves in a two-phase (soil and 

fluid) medium. Zienkiewicz et al. (1980) extended this to nonlinear problems (i.e., large strain effects) 
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by presenting the constitutive equations in an incremental form, and Zienkiewicz (1982) further 

incorporated the effective stress concept (Terzaghi, 1951, Skempton, 1984). The final set of governing 

partial differential equations simulates complex dynamic response of soils under earthquake demand 

by modelling the rapid development of excess pore water pressures including water flow, soil 

liquefaction, and their resulting effects on the soil stiffness and strength and consequent ground 

deformations. Since there are no closed-form solutions, ESA utilizes finite element or finite difference 

computational schemes to numerically solve these equations (Zienkiewicz et al., 1990). 

In spite of the great potential for seismic ESA, the use of complex numerical tools to simulate 

complex phenomena during earthquake shaking requires rigour in its application and interpretation. 

Cubrinovski (2011) outlines the key areas of special care required when conducting seismic ESA 

using such sophisticated tools, as summarized in Figure 2.27. 

 

 

Figure 2.27: Main steps in conducting seismic effective stress analysis (Cubrinovski, 2011). 

 

In the first step, the numerical modelling framework must be well-established. This requires 

careful thought in selecting element types, model dimensions, mesh size, boundary conditions, and 

initial conditions. The first three requirements are part of following basic rules and practices for good 

numerical analysis. It is important to understand the problem geometry and choose a mesh size and 

element type which captures enough detail in the numerical model without substantially increasing 

computational time. The last two requirements are critical for the performance of the numerical 

analysis. The selection of appropriate boundary conditions is important to properly capture the correct 

deformational and failure modes and avoid interference of boundary effects or erroneous generation 

of numerical by-products in the soil response. The initial stress conditions are essential to determine 

gravity-induced stresses in the soil and their effects on the mechanical response and liquefaction 

resistance during earthquake shaking. 

The second step is the determination of parameters for the soil constitutive model. Since the 

early developments of ESA, constitutive modelling has been recognized as the keystone of successful 

quantitative dynamic analysis, and the accuracy of seismic ESA in simulating soil behaviour during 

earthquakes relies heavily on the good performance of the constitutive model (Zienkiewicz et al., 

1990). Therefore, the selection of a constitutive model with a good capability for the problem 

considered and reasonably well-defined set of parameters through calibration is a vital step in 

conducting seismic ESA. The selected constitutive model should be able to accurately represent the 

problem at hand and capture the essential aspects of soil behaviour to get reliable results. In the case 

of modelling soil liquefaction, this is demanding as one needs to effectively capture the spatial and 

temporal changes of the in-situ state of stress and its consequential effects on the stress-strain 

behaviour of soils. It is also critically important to understand the limitations of the model in relation 

to various aspects of the liquefaction phenomena considered. 

Much research has been devoted to developing such models (Bardet, 1986, Pastor and 

Zienkiewicz, 1986, Wang et al., 1990, Jefferies, 1993, Popescu and Prevost, 1993, Kramer and 
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Arduino, 1999, Li, 2002, Dafalias and Manzari, 2004, Yang and Elgamal, 2008, Beaty and Byrne, 

2011). The parameters required for ESA vary depending on each constitutive model and are 

commonly determined using laboratory tests or calibrated through element test simulations. This 

research utilizes two constitutive models developed for liquefaction problems; PM4Sand v3.1 

(Boulanger and Ziotopoulou, 2017) and the Stress-Density Model (Cubrinovski, 1993, Cubrinovski 

and Ishihara, 1998a, Cubrinovski and Ishihara, 1998b), both of which have been successfully applied 

to many liquefaction case studies (Cubrinovski et al., 1996, Fujii et al., 1998, Ishihara and 

Cubrinovski, 2005, Cubrinovski et al., 2008, Ziotopoulou et al., 2012, Armstrong and Boulanger, 

2015, Montgomery and Boulanger, 2017, Hutabarat and Bray, 2021a). The key features of these 

models are briefly described later in this section. 

The third and final step for seismic ESA requires an input ground motion to represent the base 

excitation for the soil column. The input motion needs to be defined for a selected reference layer (at a 

specific depth) either based on recorded ground motions or seismic hazard assessment for the site and 

area of interest. Earthquake records at the exact depth and location of interest is seldom available, so 

one must be careful in selecting input ground motions which are appropriate for the objectives of the 

analysis (Ntritsos and Cubrinovski, 2021, Ntritsos et al., 2021). Once the details outlined in Figure 

2.27 have been carefully considered, the post-processing and interpretation of results can be the most 

demanding step for the user since it requires an in depth understanding of liquefaction phenomena and 

soil behaviour in addition to the ESA framework and details of the constitutive model used. 

2.6.2 PM4Sand 

PM4Sand is a critical state compatible, bounding surface plasticity model, modified from 

Dafalias and Manzari (2004), which can simulate the contractive–dilative response of soils under 

drained and undrained monotonic and cyclic irregular loading conditions. Boulanger and Ziotopoulou 

(2017) describes the model formulation and development in which three primary and 16 secondary 

model parameters are required as input. The primary parameters are the (i) relative density (DR), 

which, alongside the confining stress, describes the initial state of the soil relative to the critical state 

line (see Section 2.2.2), (ii) shear modulus coefficient (Go), which is calibrated to the desired small-

strain shear stiffness, and (iii) the contraction rate parameter (hpo), which is used to calibrate the cyclic 

strength (LRC) of the soil. The secondary parameters are assigned default values by the developers of 

the model based on generalized calibration to laboratory data on sands and can be individually 

adjusted. 

2.6.3 PM4Silt 

By modifying the PM4Sand model to improve its ability to approximate the monotonic and 

cyclic undrained strength and the equivalent damping behaviours of clays and plastic silts (as opposed 

to those for purely non-plastic silts or sands), Boulanger and Ziotopoulou (2018) developed the 

PM4Silt model. This model can simulate the strain-softening behaviour of silts and clays without 

reaching complete liquefaction (i.e., ru = 0 and complete loss of strength) that is observed for sands. 

While the Go and hpo primary input parameters work in the same way as the parent model (PM4Sand), 

PM4Silt does not define DR and the critical state line independently. Instead, the undrained shear 

strength is used as an input parameter and, along with inputs of the critical state friction angle and 

initial void ratio, is used to define the critical state line. Similar to PM4Sand, all secondary input 
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parameters are assigned default values based on a generalized calibration of silts and clays and can be 

adjusted when calibrating the model using soil-specific laboratory test data. 

2.6.4 Stress-Density Model 

The Stress-Density Model is an elasto-plastic constitutive model with the following key 

assumptions: (i) continuous yielding of soils (i.e., plastic deformation always occurs), (ii) combined 

isotropic and kinematic hardening plasticity, (iii) hypoplasticity (a flow rule in which the plastic strain 

increment direction is dependent on both stress state and stress increment direction), (iv) modified 

hyperbolic stress-strain relationship, and (v) an energy-based stress-dilatancy relationship. This 

translates into a capability of the model to accurately simulate highly nonlinear stress-strain behaviour 

of soils both under monotonic loading (from small strains to large strains or steady state of 

deformation) and irregular cyclic loading. 

A key feature of the model is that it utilizes the state concept interpretation for modelling the 

effects of density and confining stress by describing the soil state via the state index parameter (Is), as 

proposed by Verdugo (1992) and Ishihara (1993). Importantly, the Stress-Density Model utilizes Is as 

a current variable rather than an initial parameter. In other words, the stiffness and strength of the soil 

are dependent on the current density and normal stress at each loading step, therefore the behaviour of 

a given sand at any density and confining stress can be consistently represented using the same set of 

material parameters. This feature permits modelling a wide range of stress-strain behaviour from 

strain-softening for loose sand to strain hardening and cyclic mobility for dense sand along with 

complex post-liquefaction behaviour and effects of void redistribution. 

A summary of the four main groups of model parameters is shown in Table 2.2 along with the 

approximately twelve to fifteen laboratory tests, including undrained and drained monotonic and 

cyclic tests, required to rigorously determine the Stress-Density Model parameters for a given soil, 

based on laboratory data. Alternatively, the model can also be calibrated to semi-empirical 

liquefaction triggering relationships developed for sands, as demonstrated by Cubrinovski et al. 

(2019b) and Ntritsos and Cubrinovski (2020). This latter approach is adopted in the present research. 

 

Table 2.2: Input material parameters required for the Stress-Density Model. UR denotes the upper 

reference and QSS denotes the quasi-steady state. 

Parameter Category Material Parameter Symbol Lab Test Required 

Elastic 

Shear constant A 

N/A Poisson’s ratio  

Exponent n 

State index, Is 
UR-line (eU , pU) 

Monotonic, undrained 
QSS-line (eQ , pQ) 

Stress-strain curve 

Peak stress ratio coefficients a1 , b1 

Monotonic undrained, 

p-constant 

Max. shear modulus coefficients a2 , b2 

Min. shear modulus coefficients a3 , b3 

Degradation constant f 

Stress-dilatancy 

Dilatancy coefficient 0 
Monotonic, undrained 

Critical state stress ratio M 

Dilatancy strain Sc Cyclic, undrained 



Chapter 2. Background and Literature Review 

 

42 

2.7 Summary 

This chapter provides background on soil liquefaction and outlines some key issues that one 

might encounter in performing and interpreting in-situ tests for non-standard soils that are not well-

represented in the case history database and challenges in their liquefaction assessment. The key 

insights from the literature review are: 

1. Critical state soil mechanics provides a robust and rigorous framework to describe the 

effects of density and confining stress on soil behaviour, including its ability to illustrate 

the vastly different effects of liquefaction for loose versus dense clean sands when 

sheared in undrained cyclic loading (i.e., earthquake shaking). 

2. Non-standard soils (i.e., soils other than clean sands, such as gravelly soil and hydraulic 

fill) can have either similar or different liquefaction response to clean sands depending on 

the effects of different particle size on the packing characteristics, and therefore on the 

deformational response of the soil mixture. The proportion of the different soil fractions, 

the nature of the soil fractions (e.g., plasticity of fines), and their role in the soil matrix 

are of importance. 

3. Significant insights on the liquefaction response of reclaimed fills are gained by 

examining historical case studies. With regards to the two types of reclaimed soils of 

interest, the following key observations are made: 

• Liquefaction case histories of gravelly fills have an important similarity in that they 

typically contain 30–80% fine-to-medium gravels and 20–70% finer silty sand 

fractions (i.e., G-S-S mixtures). Compared to naturally deposited gravels, reclaimed 

gravelly deposits that liquefied in past earthquakes have relatively low penetration 

resistance, which reflects the effects of a low-energy depositional environment and 

lack of ageing effects due to their relatively recent construction. Severe liquefaction 

damage has been observed in several port reclamations with gravelly fills. 

• Reclaimed hydraulic fills that manifested liquefaction in past earthquakes are 

comprised of 50–95% fine sands with 5–50% non-plastic or low-plasticity fines. The 

depth, thickness, and proportion of loose sand and silty sand layers relative to non-

liquefiable layers are key fill characteristics that discerns different severities of 

liquefaction manifestation. 

4. The evaluation of relative density using in-situ data is a key component in liquefaction 

assessment. While the conversion from in-situ penetration resistance to relative density is 

relatively straightforward for clean sands, though with some uncertainty, significant 

issues are encountered in its application for sands with fines or gravelly soils. Grain-size 

effects on the correlation between relative density and penetration resistance, and on 

converting between CPT and SPT data, are important considerations. 

5. There are two approaches in the current state-of-practice for liquefaction assessment, both 

of which require careful consideration and interpretation when applied to non-standard 

soils: 

• Semi-empirical simplified methods: The empirical nature of the simplified procedures 

introduces significant challenges with the material characterization (e.g., a large 

correction is applied to penetration resistance based on FC or Ic) and state 

characterization (e.g., the use of sand-based relationships to evaluate the 

consequences of liquefaction) of reclaimed soils. 
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• Dynamic effective stress analysis: Effective stress analyses provide further details 

beyond the capability of simplified methods such as the timing, onset, and evolution 

of liquefaction, including dynamic interaction between different layers. However, 

such analyses require careful consideration in the definition of the numerical model, 

selection and calibration of an appropriate constitutive model, and performing the 

dynamic analyses using sophisticated tools. No formal procedures have yet been 

established on conducting such complex analyses for non-standard soils such as 

reclaimed fills. 
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3.1 Introduction 

The 2016 Mw7.8 Kaikōura earthquake caused widespread liquefaction of reclaimed fills at the 

port of Wellington, New Zealand (CentrePort), which is of significant interest for geotechnical 

engineers from a New Zealand and international perspective. Triggering and consequences of 

liquefaction are commonly evaluated in engineering practice using methods based on case histories 

predominantly on naturally deposited clean sand and non-plastic silty sand deposits. There are few 

case histories involving reclaimed land composed of the wide range of soils present at CentrePort, 

which include gravelly fills constructed by end-dumping and fine-grained hydraulic fills with varying 

fines content and plasticity. The gravelly fills provide an opportunity to investigate various aspects of 

liquefaction evaluation of gravel-sand-silt mixtures including the applicability of state-of-the-practice 

simplified and advanced assessment procedures. The hydraulic fills are also of significant interest as 

they relate to a range of issues around the effects of fines and their plasticity on the liquefaction 

resistance. Thus, there is wealth of scientific and practical engineering information available for study 

of the CentrePort fills for further scrutiny on the accuracy of existing simplified methods when 

applied to the gravelly and fine-grained reclamations of CentrePort. As CentrePort is the primary case 

study of the present research, this chapter provides key background information including 

observations on the liquefaction performance of the reclamations in recent earthquakes. 

3.2 Geological Setting of Wellington City 

Wellington, the capital city of New Zealand, is located in the lower North Island of New 

Zealand (see inset of Figure 3.1). Geological investigations of Wellington have been subject of 

detailed scrutiny in several previous research efforts (Dellow and Perrin, 1991, Palmer, 1995, 

Murashev and Palmer, 1998, Begg and Johnston, 2000, Semmens, 2010, Kaiser et al., 2019) and only 

the key findings relevant for this study are summarized here. 

Late Triassic to early Jurassic quartzo-feldspathic sandstone mudstone sequences of the 

Rakaia Terrane form the indurated sedimentary basement rock in Wellington, which are referred to as 

the greywacke bedrock (Semmens, 2010). Pleistocene and Holocene deposits lie on top of the 

greywacke bedrock, which are up to two hundred metres deep (Figure 3.1). Over the last 300,000 

years, Wellington has been subjected to several cycles of cold (glacial) and warm (interglacial) 

periods, each lasting approximately 60,000 years. Glacial deposits below the snow lay on the ground 
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for extended periods, so when temperatures and rainfall increased during interglacial periods, 

sediment load from frost shattered rock increased and led to rapid deposition of alluvial plains. These 

geological processes result in layering of the weathered Wellington alluvium deposits, which consist 

of dense sub-rounded silty sandy gravels with interbedded stiff silts. The shallowest layer from the 

Holocene deposit is the marine sediment typically 1–4 m thick over the area of CentrePort comprised 

of sand, clay, and silty clay, all with shell fragments. The marine sediment layer depth dips at a 

gradient of approximately 5% to the south and east. 

While the Wellington alluvium is below the mean sea level in the Wellington waterfront, it is 

near the ground surface further inland. In the central area of Wellington, naturally deposited surficial 

soils consist of several types of sedimentary rocks (e.g., loess, alluvium, and colluvium). The 

greywacke rock underlying these naturally deposited soils gradually becomes shallower as one 

approaches the Wellington Fault until there is a sharp cliff where it outcrops in the hills surrounding 

central Wellington causing a fault-angle depression on the southeast side, 250 m north and west of 

CentrePort. Two major basin structures characterize Wellington. Figure 3.1 identifies the location of 

the Te Aro and Thorndon basins in the southern and northern areas of central Wellington, respectively, 

along with contours of the depth to greywacke bedrock and location of the major faults around 

Wellington city (Kaiser et al., 2019). CentrePort reclamations sit on top of the Thorndon basin, which 

is bounded on its western side by the Wellington Fault resulting in a valley structure due to the 80° 

dip of the fault. 

 

 

Figure 3.1: Aerial view of central Wellington, present coastline, and the CentrePort area with contours 

of the depth to greywacke bedrock, major faults (red and dashed black lines), locations of strong 

motion stations, locations of deep boreholes, and locations of two major basin structures (base map 

from Kaiser et al. (2019)). The inset shows the location of Wellington city in New Zealand. Note that 

detailed splays of the Wellington fault are not shown in the map. 
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3.3 Reclamation Works at the Port of Wellington (CentrePort) 

3.3.1 Reclamation History 

Due to the need for additional flat land in the Central Business District to cater for the 

expanding building infrastructure and increasing cargo demand, more than 150 hectares of land were 

constructed during the 19th and 20th centuries using several million cubic metres of fill material 

(Hutchison, 1973). The reclaimed land spans approximately 5 km from Oriental Bay, through the 

Wellington waterfront, to CentrePort, built from approximately 30 separate construction efforts 

(Dellow and Perrin, 1991). Figure 3.2 details the areas that were developed over the past 170 years 

after the European settlement in the 1850’s (Murashev and Palmer, 1998). The original coastline from 

the 1850’s is approximately 200 m to 500 m inland from the current revetment line delineating a belt 

of reclaimed land along the waterfront that increases in width towards the north and reaches its largest 

extent at CentrePort, which makes up approximately 0.5 km2 of land area. The reclaimed land of the 

Wellington waterfront comprises soils of different age, method of construction, and thickness. 

 

 

Figure 3.2: Reclamation history of the Wellington waterfront (Murashev and Palmer, 1998). 

 

CentrePort can be divided into the several areas of different reclamations as shown in Figure 

3.3. Fills were initially constructed from the mid 1880’s to 1916 (green, red and brown shadings in 

Figure 3.3), followed by the hydraulic fills constructed from 1924 to 1932 (purple shading in Figure 

3.3), and finally the southernmost area (Thorndon reclamation) reclaimed in the final phase of 

construction between 1965 and 1976 (blue shading in Figure 3.3). The Thorndon reclamation was 

initially constructed from 1965 to 1972, and then extended further west and south (Thorndon 

Extension) in 1975 and 1976. 
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Figure 3.3: Aerial view of CentrePort showing strong motion stations (SMS), key buried structures, 

and reclamation areas with years of construction and materials used (G-S-S denotes gravel-sand-silt 

fill). Location of key areas, buildings, and photos shown taken after the 2013 and 2016 earthquakes in 

subsequent figures are also shown. 

 

The Thorndon reclamation is separated from the rest of the reclaimed land by a buried 

concrete seawall, a remnant bulkhead, of 3–5 m in base width and 10–15 m in height at CentrePort 

(Palmer, 1988, Ltd., 2006, Tonkin & Taylor Ltd., 2012a, Tonkin & Taylor Ltd., 2012b). The concrete 

seawall also forms the eastern edge of the hydraulic fill reclamations along Aotea Quay (Palmer, 

1995). The unconfined edges of the Thorndon reclamation were protected using filter rock material 

with an outer layer of rock riprap on the seaward batter in a 3H:2V slope. The filter rocks are non-

organic, well-graded fill with at least 85% of the particles (by weight) between 25 mm and 150 mm in 

size. The rocks used for riprapping are as small as 22 kg, and some areas are comprised of rocks 

where over 50% of them weigh over 450 kg (Hutchison, 1973). 

3.3.2 Methods of Construction 

Two methods of construction were used for the CentrePort reclamations. Majority of the 

reclamations were constructed by end-tipping largely gravelly soils sourced from quarries within a 

few kilometres from the port where the greywacke basement rocks outcrop, using truck and barge 

operations. Figure 3.4a shows a photograph depicting workers unloading spoils from railway trucks 

working with a ballast plough on part of the gravelly reclamation around CentrePort. The 1924-1932 

reclamation (purple shading in Figure 3.3) was constructed using uncompacted hydraulic placement 

of dredged materials (sandy and silty soil) from the nearby seabed in the vicinity of the reclamation 

works. A hand-enhanced version of a photograph printed in the local newspaper is shown in Figure 

3.4b depicting the latter stages of the hydraulic fill reclamation works involving dredges pouring silt 

from the nearby seabed.  
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Figure 3.4: Hand-enhanced photographs of reclamation works at CentrePort: (a) gravelly reclamation 

(Godber, 1875-1949), and (b) hydraulic fill (Evening Post, 1931). 

3.3.3 Fill Material 

For the gravelly fill, the following criteria were set regarding materials which can be used for 

construction (Hutchison, 1973): non-organic, well-graded, have a maximum particle size of 150 mm, 

and soils passing the 0.036 mm sieve are to be non-plastic or of low plasticity (with liquid limit < 25 

and plasticity index < 5). As the reclamation efforts were performed in urgency and with no rigorous 

procedures or quality control, it was common for materials to be dumped without properly checking if 

the abovementioned specifications were met. Hence, several pockets of random fill material, such as 

bricks and pieces of wood, are present in the reclamations. Nevertheless, previous investigations 

indicate that the gravelly fill material is generally very consistent across the Thorndon reclamation 

and does not vary much with depth, as shown in the grain-size distribution (GSD) curves of the 

Thorndon gravelly fill in Figure 3.5. Note that while the fill material in both the older and Thorndon 

reclamation regions have historically been classified as gravelly soil because it generally contains 

> 50% gravel-sized particles by weight, the fill also contains approximately 20% to 50% sand and silt 

fractions and are therefore referred to as well-graded G-S-S mixtures. Note that sandy fill material 

was also readily available from a non-quarry site located further away (10 km from CentrePort), 

which was used as reclamation fill material in an isolated part of the Thorndon reclamation 

(Hutchison, 1973). 
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The hydraulic fills were constructed using various soils ranging from clays and silts to sands 

and gravels. While there is some variation in the soil types found in the hydraulic fills, in general, the 

fill material consists of silt and sand mixtures. GSD curves of silty sand typically found in the Log 

Yard are depicted as blue lines in Figure 3.5. Further details on the soil characterization of both the 

gravelly and hydraulic fill material is presented in Chapter 4. 

 

 

Figure 3.5: Grain-size distribution curves of the type of fill material used to construct the Thorndon 

gravel-sand-silt reclamations (in black) and the hydraulic fills (in blue). 

3.3.4 Deposit Characteristics 

The G-S-S fills in the Thorndon reclamation are generally 7–22 m thick, with some areas 

containing sandy fill (that sits below the gravelly fill) of variable thickness up to 10 m. A typical CPT 

profile from the Thorndon gravelly reclamation is shown in Figure 3.6a, depicting thick G-S-S 

mixtures up to 14.5 m depth, overlying the native marine sediments and Wellington alluvium. The fill 

material constructed between 1904 and 1916 (i.e., yellow shading in Figure 3.3), with a typical CPT 

profile shown in Figure 3.6b, are generally not as thick, comprising only 2–11 m thick reclamation fill 

(8.8 m in the case of Figure 3.6b). The hydraulic fills are generally 5–10 m thick, but due to the 

segmented construction process over several years, the various types of hydraulic fill soil units have 

little vertical and lateral continuity and therefore can be found at various depths and thicknesses 

throughout the hydraulic fills. In general, however, sandier fill deposits are more common in the Log 

Yard (southern end of the hydraulic fills; location depicted in Figure 3.3), with deposits dominated by 

more fine-grained fill along Aotea Quay (location depicted in Figure 3.3), which also contains some 

areas of gravel-sand-silt fills. A typical profile of the hydraulic fills in the Log Yard is shown in 

Figure 3.6c, depicting sand-silt fills up to 8.7 m depth. 

Note that the urgency in carrying out all the reclamation works meant that no compaction 

effort was carried out at the port except for roller-compacting the top 2–3 m of the fill. All fill 

materials sit atop a 1–4 m layer of marine sediments, which overlies the Wellington alluvium. The 

groundwater levels at CentrePort are approximately 3 m below the ground surface, coinciding with 

the approximate depth to the bottom of the compacted gravelly crust. Piezometer data at the port 

indicate the water level varies by up to ±1 m as the tide level changes. 
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Figure 3.6: CPT traces of qc and Ic for three representative CentrePort profiles from the (a) 1965-1976 

Thorndon gravelly reclamation, (b) 1904-1916 old-gravelly reclamation, and (c) 1924-1932 hydraulic 

fill. G-S-S denotes gravel-sand-silt mixture, MS denotes marine sediments, and WA denotes 

Wellington alluvium. 

 

The ground surface elevation throughout the port, mapped using aerial surveys by CARDNO 

(2017), varies by up to 1.6 m with gentle slopes of less than 1%. The elevation is the lowest along the 

southern perimeter of the Thorndon Extension and the northwest perimeter of the older G-S-S 

reclamation. While there are a few pockets of distinct changes in ground elevation due to buried 

foundations and structures, the ground surface elevation increases gradually by as much as 1 m from 

its southern end (over 400 m distance) or its northwest perimeter (over about 200 m distance) to the 

buried seawall. The elevation of the Log Yard is largely level with the seawall. The surface elevation 

increases gradually northwards along Aotea Quay, increasing by as much as 0.6 m at its northern end 

(over 700 m distance). Details on the site characterization of the gravelly and hydraulic fill material is 

presented in Chapter 4. 

3.4 Ground Motion Characteristics of Recent Earthquakes 

Wellington is located at the southern end of the Hikurangi subduction zone (150 km west of 

the Hikurangi Trench) and in the vicinity of several active faults that pose a significant seismic hazard 

(Semmens, 2010). As a result, several historic earthquakes have caused some level of ground damage 

due to strong shaking in Wellington (Griffin et al., 2020). For example, the 1855 Wairarapa 

earthquake (~Mw8.2) reportedly caused some mud to be issued from fissures on the ground at the site 

of the oldest reclamation land (reclamation A in Figure 3.2), which was the only region with 

reclaimed land at the time (Grapes and Downes, 1997). The tremors caused by the 1942 Masterton 

earthquake (~Mw7.2), during which majority of the reclaimed land was already constructed, also 

caused some ground damage to the reclamation areas, including subsidence near the seawall and sand 

boils at the northern end of the hydraulic fill reclamation on Aotea Quay (Dellow and Perrin, 1991). 

While documented observations from these two earthquakes contain clear descriptions of observed 

surface manifestations of liquefaction, ground damage reported in other historic earthquakes may be 

due to liquefaction, though cannot be stated with certainty. 
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Unlike the aforementioned historical earthquakes with limited details of the observed 

liquefaction damage and absence of recorded ground motion data, three recent and well-documented 

earthquakes with sources south of Wellington are considered in this study: the 21 July 2013 Mw6.6 

Cook Strait, 16 August 2013 Mw6.6 Lake Grassmere, and the 14 November 2016 Mw7.8 Kaikōura 

earthquakes. The approximate location of the source zones for these earthquakes are indicated in 

Figure 3.7. Also shown is the seismic activity for the 2013 earthquakes. Due to the complex rupture 

patterns with over 22 faults (which initiated at the southern end of the source zone and progressed 

northeast) involving a large source area (200 km of surface-fault rupture) compared to the scale of the 

figure (Hamling et al., 2017) , the seismic activity of the Kaikōura earthquake is omitted. The 

estimated source-to-site distance (RRUP) is 44 km for the Cook Strait earthquake (Tonkin & Taylor 

Ltd., 2014), 65 km for the Lake Grassmere earthquake (Tonkin & Taylor Ltd., 2014), and 60 km for 

the Kaikōura earthquake (Cubrinovski et al., 2018b). 

 

 

Figure 3.7: Map of approximate surface fault rupture planes of the 2016 Kaikōura, 2013 Cook Strait, 

and 2013 Lake Grassmere earthquakes with respective source-to-site distances (RRUP) denoted as RK, 

RCS and RLG. The inset indicates the source zone and direction of rupture propagation for the 2016 

Kaikōura earthquake. The seismic activity for the 2013 earthquakes is also superimposed (source: 

GNS ScienceTM). 

Ground motions were recorded at several strong motion stations (SMS) at the port and in the 

vicinity of the port including records at a rock site (POTS), natural soil deposits (WEMS and TFSS), 

reclaimed sites atop shallow native deposits (VUWS), and reclaimed sites atop deeper natural deposits 

(CPLB, PIPS, TEPS and FKPS), all within 3 km from each other (SMS locations depicted in Figure 

3.1). Since the set of recorded motions includes a reference rock-outcrop site and sites on native and 

reclaimed soil deposits of different thicknesses, they provide the opportunity to examine in detail the 

effects of local site amplification. Figure 3.8, Figure 3.9, and Figure 3.10 plots the recorded ground 
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motions (north-south direction) and 5%-damped acceleration response spectra (geometric mean of 

north-south and east-west motion) for a reference SMS site on reclaimed land (CPLB), native soil 

deposits (TFSS), and a nominal rock site (POTS) for the Kaikōura, Cook Strait, and Lake Grassmere 

earthquakes, respectively. 

Note that among the two SMS in the reclaimed land at CentrePort (locations shown in Figure 

3.1 and Figure 3.3), CPLB is located in the older G-S-S reclamation and PIPS is in an area of 

hydraulic fills. While Figure 3.8, Figure 3.9, and Figure 3.10 show records for CPLB as the reference 

reclaimed soil site, Table 3.1 summarizes key ground motion parameters for the three earthquakes for 

both the CPLB and PIPS records, with parameters for the reference SMS on native soil (TFSS) and 

rock (POTS) shown for comparison. 

The recorded ground motions exhibited significant variation in amplitudes and frequency 

content due to site response and basin-edge effects as depicted in the figures (Bradley et al., 2017, 

Bradley et al., 2018, Cubrinovski and Dhakal, 2021). The spectra for the Kaikōura earthquake (Figure 

3.8d) show a significant amplification of accelerations in native soils (by a factor of two), and further 

amplification in the reclamations (by a factor of three to seven), across all periods, compared to the 

nominal rock site. The recorded motion at CPLB for the Kaikōura earthquake (Figure 3.8a) in 

particular contains higher amplitudes of ground shaking over approximately six cycles, which 

coincides with oscillation periods between 1 and 2 s, which is the period range for which the 

amplification is more pronounced for the reclaimed deposits throughout the Wellington waterfront 

reclamations (Cubrinovski et al., 2018b). 

As indicated in Table 3.1, the Cook Strait and Lake Grassmere earthquakes were of the same 

magnitude and similar source-to-site distances, resulting in generally similar duration of shaking at 

the port. However, the Cook Strait earthquake generated greater seismic demand than the Lake 

Grassmere earthquake, for all intensity measures. This is illustrated in the acceleration time histories 

of TFSS and CPLB (Figure 3.9a-b), which show slightly lower PGAs but substantially shorter 

duration with a smaller number of significant cycles compared with the Kaikōura earthquake (Figure 

3.8a-b). The Lake Grassmere Earthquake has even smaller amplitudes of shaking (Figure 3.10a-b). 

 

 

Figure 3.8: (a-c) Acceleration time histories (north-south direction) and (d) 5%-damped spectral 

accelerations (geometric mean of the two orthogonal directions) for horizontal ground motions 

recorded at nearby nominal rock site (POTS), native deposit (TFSS) and reclaimed soil site (CPLB) in 

central Wellington during the 2016 Kaikōura earthquake. 
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Figure 3.9: (a-c) Acceleration time histories (north-south direction) and (d) 5%-damped spectral 

accelerations (geometric mean of the two orthogonal directions) for horizontal ground motions 

recorded at nearby nominal rock site (POTS), native deposit (TFSS) and reclaimed soil site (CPLB) in 

central Wellington during the 2013 Cook Strait earthquake. 

 

 

Figure 3.10: (a-c) Acceleration time histories (north-south direction) and (d) 5%-damped spectral 

accelerations (geometric mean of the two orthogonal directions) for horizontal ground motions 

recorded at nearby nominal rock site (POTS), native deposit (TFSS) and reclaimed soil site (CPLB) in 

central Wellington during the 2013 Lake Grassmere earthquake. 
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Table 3.1: Geometric mean intensity measures of the recorded horizontal ground motions at four 

strong motion stations for three recent earthquakes. 

Earthquake Mw* SMS* RRUP* PGA* Sa(1s)* Ia* D5-95* CAV* 

2016 Kaikōura 7.8 

CPLB: 60 km 0.25 g 0.43 g 1.71 m/s 25.3 s 19.0 m/s 

PIPS: 61 km 0.24 g 0.66 g 1.76 m/s 28.4 s 20.6 m/s 

TFSS: 60 km 0.17 g 0.31 g 0.89 m/s 28.6 s 14.8 m/s 

POTS: 61 km 0.07 g 0.11 g 0.12 m/s 28.2 s 5.3 m/s 

2013 Cook Strait 6.6 

CPLB: 44 km 0.22 g 0.43 g 0.55 m/s 11.3 s 7.1 m/s 

PIPS: 45 km No records at PIPS for the 2013 Cook Strait earthquake 

TFSS: 44 km 0.13 g 0.26 g 0.27 m/s 12.8 s 5.5 m/s 

POTS: 45 km 0.07 g 0.08 g 0.05 m/s 11.0 s 2.2 m/s 

2013 Lake Grassmere 6.6 

CPLB: 65 km 0.15 g 0.25 g 0.28 m/s 11.6 s 5.4 m/s 

PIPS: 66 km 0.11 g 0.22 g 0.26 m/s 16.1 s 5.8 m/s 

TFSS: 65 km 0.11 g 0.18 g 0.17 m/s 13.6 s 4.6 m/s 

POTS: 66 km 0.04 g 0.05 g 0.02 m/s 13.6 s 1.4 m/s 

* Mw = moment magnitude, SMS = strong motion station, RRUP = source-to-site distance, PGA = peak ground 

acceleration, Sa(1s) = spectral acceleration at 1 s period, Ia = Arias intensity, D5-95 = significant duration, and 

CAV = cumulative absolute velocity. 
 

Overall, the Lake Grassmere earthquake represents an event of lower magnitude and shaking 

intensity, the Kaikōura earthquake represents an event of a higher magnitude and moderate levels of 

ground shaking, while the Cook Strait earthquake represents an event between these two earthquakes. 

Comparisons of the acceleration response spectra from all three earthquakes (Figure 3.8d, Figure 3.9d, 

and Figure 3.10d) show that spectral accelerations are generally similar for periods shorter than about 

0.5 s, and the Kaikōura earthquake produced the largest spectral accelerations for periods longer than 

1.0 s. However, significant amplification of accelerations in both the native and reclaimed soil sites 

are observed for all three earthquakes, compared to the nominal rock site. The same trends in 

amplification from rock to native soil and reclaimed soil are observed for all three earthquakes. 

The seismic demand for any given earthquake may vary over different reclamation zones in 

the port. Though CPLB and PIPS are not located exactly at the southern end of the Thorndon 

reclamation where the most severe liquefaction-induced damage occurred, they are located on 

reclaimed land in the close vicinity, and hence incorporate generally similar site-response effects for 

the reclaimed deposits and basin-edge effects (Bradley et al., 2018), as illustrated in Figure 3.8, Figure 

3.9, and Figure 3.10. Hence, similar ground motion characteristics were observed at both stations for a 

given event, i.e., for the Kaikōura and Lake Grassmere earthquakes. Moreover, it is considered that 

the recorded peak ground acceleration (PGA) at the SMS were not affected significantly by 

liquefaction triggering. Therefore, the records at CPLB and PIPS are considered representative of the 

seismic demand experienced by the reclaimed land at CentrePort during these earthquakes. 

3.5 Liquefaction-Induced Damage during the 2013 Earthquakes 

Field inspections following the 2013 earthquakes reported negligible damage caused by the 

Lake Grassmere earthquake in July (Tonkin & Taylor Ltd., 2014). Most of the port also had minor 

damage due to the Cook Strait earthquake in August 2013, with notable exception being the localized 

but severe damage along the South Road (location depicted in Figure 3.3) where the southernmost 

edge of the Thorndon reclamation partially collapsed (Figure 3.11a). Minor-to-moderate damage was 

observed including large cracks throughout the Thorndon Extension (Figure 3.11b), and 
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approximately 250 mm of lateral movement of the King’s wharf deck. Other minor damage caused by 

the Cook Strait earthquake included up to 90 mm of vertical ground settlements, with differential 

settlement of up to 50 mm at one building, bulging of pavements due to ground subsidence around 

buried old piles, and traces of soil liquefaction inside Shed 37 (Figure 3.11c). After the 2013 

earthquakes, temporary repair works were performed along the southern edge of the fill to mitigate 

further erosion. This included reshaping of the southern slope along the Thorndon Extension to a 

gentler slope of 2H:1V and using a riprapped rock protection layer, however, there was no ground 

improvement of the reclamation. 

 

 

Figure 3.11: Liquefaction-induced damage observed at CentrePort following the 2013 Cook Strait 

earthquake (Tonkin & Taylor Ltd., 2014): (a) partial collapse of South Road (22/07/2013), (b) cracks 

at the Thorndon Extension (16/08/2013), and (c) localized sand ejecta trace observed alongside 

subsidence and cracking of pavement inside Shed 37 (18/08/2013). Location of photo shown in Figure 

3.3. 

3.6 Liquefaction-Induced Damage during the 2016 Kaikōura Earthquake 

The November 2016 Kaikōura earthquake triggered widespread liquefaction at CentrePort 

which instigated an immediate reconnaissance effort from a QuakeCoRE-Geotechnical Extreme 

Events Reconnaissance (GEER) team three days after the event, with a focus on documenting and 

collecting perishable data when most of the liquefaction evidence remained on the ground surface. 

Two subsequent surveys were performed over the next two weeks from 20 November to 2 December 

for more detailed investigations. These three reconnaissance efforts are documented in great detail in 

Cubrinovski et al. (2017b) and Cubrinovski et al. (2017a), including immediate post-event walk-

through inspections, collection and index testing of soil ejecta, measurements of ground movements, 

documentation of observed wharf and building damage, drone flyover images, and ground-based light 

detection and ranging (LiDAR) scanning. Only a brief summary of key outcomes from these efforts 

are summarized here with example photographs and schematic diagrams. 

3.6.1 Liquefaction Manifestation Characteristics 

Surficial evidence of liquefaction manifested in three major forms: (i) soil ejecta on the 

pavement surface of the port; (ii) ground cracks, fissures, and cavities; and (iii) permanent ground 
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displacements (both horizontal and vertical). A summary of the observed liquefaction manifestation at 

CentrePort due to the Kaikōura earthquake is shown in Figure 3.12, which superimposes a 

liquefaction ejecta map with observed ground cracks, vectors of measured lateral movements, and 

contours of measured settlements. The outlines of the areas of ejecta manifestation are primarily based 

on drone footage taken throughout the port the day of the Kaikōura earthquake and corroborated with 

walkover surveys. The three types of ejecta manifestation observed and presented in Figure 3.12 are 

gravelly ejecta, sandy-silty ejecta, and water with sand-silt ejecta trace. Mapping of cracks, fissures 

and cavities are based on a walkover survey where the lengths and widths of all cracks were measured 

by hand using a tape-measure and reported in Figure 3.12 in three different crack size categories (5–

15 mm, 15–75 mm, and > 75 mm). Estimates of vertical and horizontal ground movement are made 

using LiDAR scanning at approximately 250 locations throughout CentrePort. In Figure 3.12, the 

vectors show direction of major lateral spreading, with labels indicating the magnitude of measured 

horizontal movement, while point estimates of measured vertical movement were interpolated 

throughout the port using the natural neighbour interpolation method (Sibson, 1981) to produce 

contours of measured settlements. 

 

 

Figure 3.12: Liquefaction manifestations (i.e., ejecta, cracks, settlement, and lateral movement) from 

the 2016 Kaikōura earthquake for (a) the south part of CentrePort, and (b) along Aotea Quay (Ltd., 

2017). The lengths of lateral displacement vectors are not to scale. 
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At CentrePort, the most damage caused by liquefaction occurred in the Thorndon reclamation. 

Figure 3.12 and the aerial photograph shown in Figure 3.13a illustrates that majority of the area, 

particularly in the Thorndon Extension, had ejecta manifest in the form of large volumes of gravelly 

soil. The ejecta manifestation was non-uniform both in their spatial distribution and thickness, though 

the ejecta thickness reached up to 150–200 mm in the worst affected areas (e.g., Figure 3.13b). One 

area on the southeastern side of the Thorndon reclamation had clean sand ejecta (indicated in Figure 

3.13a) that were distinctly different in soil composition compared to the ejecta at the rest of the 

Thorndon reclamation. Figure 3.13a also illustrates a small region where moderate levels of damage 

were observed in the form of cracks, fissures, and cavities associated with large movements, but an 

absence of thick ejecta manifestation that are characteristic of the rest of the Thorndon reclamation. 

The three reclamation edges also experienced severe lateral spreading, including partial collapse of 

the fill in the southern perimeter (Figure 3.13d). 

 

 

Figure 3.13: Photographs of liquefaction-induced damage observed at the Thorndon reclamation 

following the 2016 Kaikōura earthquake (Cubrinovski et al., 2017a): (a) aerial view, facing 

southeastwards, of the Thorndon reclamation (photo date: 14/11/2016), (b) thick gravelly ejecta 

manifestation (photo date: 21/11/2016), (c) sandy ejecta manifestation (photo date: 21/11/2016), and 

(d) aerial view, facing northwards, of the severe lateral spreading in the Thorndon Extension (photo 

date: 14/11/2016). Location of photos shown in Figure 3.3. 
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Global deformation involved 1 m horizontal movement of the fill slopes (edges) in the three 

outward (seaward) directions (east, south, and west) towards the unconfined reclamation edges. The 

lateral spreading was more pronounced along the reclamation edges with characteristic lateral 

spreading-induced cracking and ground distress progressing up to 200 m in-land which ran 

perpendicular to the direction of spreading (i.e., parallel to the reclamation edge). This was 

accompanied with a slumping mode of deformation causing up to 500 mm of global (mass) settlement. 

Figure 3.14e schematically illustrates this global movement of the fills using an east-west cross 

section. 

 

 

Figure 3.14: Schematic illustration of global deformation pattern and permanent ground 

displacements for an east-west cross section of the Thorndon reclamation (Cubrinovski et al., 2018a). 

 

The reclaimed land constructed using hydraulic fills comprise of the Log Yard and Aotea 

Quay (locations depicted in Figure 3.3), which had vastly different liquefaction performances, as 

illustrated in Figure 3.12. The eastern half of the Log Yard exhibited thick sand and silt ejecta which 

covered majority of the ground surface immediately after the earthquake, as shown in the aerial 

photograph of Figure 3.15a. This was accompanied by ground cracking and settlement as large as 

200 mm. The western half of the Log Yard also showed some ground distress including cracks 

parallel to the revetment line, but soil ejecta was not observed, and settlements were slightly smaller 

(0–100 mm). While no ejecta manifestation was observed throughout Aotea Quay, a dense network of 

ground cracking was observed (e.g., Figure 3.15b), including general widening of crocodile cracks 

and large cracks forming around footprint of building foundations. Global ground movements along 

Aotea Quay were generally < 50 mm. 
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Figure 3.15: Photographs of liquefaction-induced damage observed in areas of hydraulic fills within 

CentrePort following the 2016 Kaikōura earthquake: (a) aerial view of the Log Yard (photo date: 

14/11/2016), and (b) large cracks manifesting on the concrete surface at Aotea Quay (photo date: 

22/11/2016). Location of photos shown in Figure 3.3. 

 

In the 1904-1916 reclamation zone, generally less evidence of liquefaction was observed. 

Some ground cracking was observed and spread sporadically, though it was concentrated more in the 

southeastern half of the reclamation zone (e.g., Figure 3.16b). Settlements were also mostly < 200 mm, 

and less than 100 mm by the northern end of the reclamation zone. The exception to this is a small 

area where gravelly and sandy ejecta (Figure 3.16a) was observed immediately north of the buried 

seawall with ground cracks generally < 75 mm in width and settlements exceeding 200 mm. 
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Figure 3.16: Photographs of liquefaction-induced damage observed in the 1904-1916 old gravelly 

reclamation following the 2016 Kaikōura earthquake: (a) isolated region of gravelly ejecta (photo date: 

21/11/2016), and (b) cracks manifesting on the concrete surface (photo date: 22/11/2016). Location of 

photos shown in Figure 3.3. 

3.6.2 Damage to Structures 

The seaward movement of the fills due to lateral spreading generated large lateral thrust to 

two piled wharves at CentrePort (locations shown in Figure 3.3) during the Kaikōura earthquake, 

which subsequently caused major damage. The larger Thorndon Container Wharf, which was 

completed in 1971, is supported on pre-stressed reinforced concrete piles which sheared just below 

the wharf deck. Below the older King’s Wharf, which was completed in 1906, timber piles were split, 

causing failure in the pile-deck connections (Figure 3.17b). Failure of both wharves resulted in 

permanent lateral displacement and permanent tilt of a few degrees towards the sea (Figure 3.17c). 

The tilt of the wharf structures left large cavities and differential settlement at its interface with the 

reclamation fills (Figure 3.17a). 
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Figure 3.17: Photographs of liquefaction-induced damage to wharf structures observed following the 

2016 Kaikōura earthquake (Cubrinovski et al., 2017a): (a) large settlement of reclamations relative to 

the pile-supported Thorndon wharf (photo date: 21/11/2016), (b) splitting of timber piles supporting 

the King’s wharf (photo date: 21/11/2016), and (c) westward tilt of King’s Wharf piles (photo date: 

17/11/2016). Location of photos shown in Figure 3.3. 

 

Liquefaction and lateral spreading of the fills also affected several buildings at CentrePort. 

Characteristic damage for buildings on deep foundations is shown in Figure 3.18a where relative to 

pile-supported buildings, the surrounding fill settled 50–400 mm, creating large vertical offsets 

between the deformed ground surface (pavement) of the fill and the building. In contrast, buildings on 

shallow foundations generally settled with the surrounding fill. One building in the Thorndon 

reclamation (Coldstore; location shown in Figure 3.3) was seriously damaged due to lateral stretch of 

its foundations caused by spreading, as schematically illustrated in Figure 3.18b. Lateral spreading 

cracked the reinforced concrete foundation, pulled apart and tilted adjacent columns, and separated 

the ground floor slab at construction joints. The foundations laterally stretched approximately 200 mm 

over a column span of approximately 8.8 m (corresponding a lateral strain of about 2.3%), with the 

surrounding fill measuring lateral ground movements exceeding 1 m. 
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Figure 3.18: Liquefaction-induced damage to building observed at CentrePort following the 2016 

Kaikōura earthquake (Cubrinovski et al., 2017a): (a) uniform settlement of gravelly fill relative to 

pile-supported building (photo date: 21/11/2016; location of photo shown in Figure 3.3), and (b) 

schematic of deformation pattern of the Coldstore building steel frame. 

3.6.3 Liquefaction Damage Map 

Liquefaction manifestation in the field is related to complex effects of temporal and spatial 

development of liquefaction, dissipation of excess pore water pressures through water flow, and 

development of cracks, fissures and cavities in the ground that create easy pathways for water and soil 

ejecta to reach the ground surface. Hence, non-uniformity in the spatial distribution of liquefaction 

manifestation (e.g., soil ejecta, ground cracks and ground displacements) is expected, and was indeed 

observed. In addition, the absence of liquefaction manifestation at the ground surface does not 

eliminate the possibility of liquefaction being triggered at some depth, but not manifesting at the 

ground surface. With these caveats in mind, an attempt is made here to systematically and rigorously 

classify the liquefaction manifestation patterns observed throughout CentrePort and integrate them to 

produce liquefaction damage severity maps. The three types of surficial evidence of liquefaction 

presented in Figure 3.12 are integrated and collectively considered to produce the liquefaction 

manifestation severity map for the port that is presented in Figure 3.19. 



Chapter 3. Port of Wellington Case Study 

 

63 

 

 

Figure 3.19: Liquefaction manifestation severity map of CentrePort for the 2016 Kaikōura earthquake. 

The inset summarizes the employed damage criteria associated with different severity levels. 

 

Areas significantly affected by lateral spreading are separated from areas where “free-field” 

type manifestations were observed. The “Severe Lateral Spreading” category is defined for regions 

affected by lateral ground displacements > 300 mm and large ground cracks, which were observed 

along the three unconfined edges of the Thorndon reclamation. The remaining “free-field” areas of the 

port are placed into one of four liquefaction manifestation categories: “None,” “Minor,” “Moderate,” 

and “Severe.” As classification of liquefaction manifestation severity and delineation of associated 

areas is somewhat subjective, the reasoning used in the classification is described below. 

Major cracks and large ground displacements due to lateral spreading were observed within 

approximately 40 m of the unconfined eastern, southern, and western edges of the Thorndon 

reclamation (e.g., Figure 3.13d), and therefore these edge zones were classified as “Severe Lateral 

Spreading.” The rest of the Thorndon reclamation had either areas of thick ejecta, pervasive ground 

cracking, or large settlement, which led to its classification as “Severe” liquefaction manifestation 

(e.g., Figure 3.13b-c), except for a small area in the eastern part of the reclamation which is classified 

as “Moderate.” There was a clear contrast in the manifestation characteristics of this small, isolated 

area as compared to the rest of the Thorndon reclamation, with no ejecta, only a few small cracks and 

minor settlement (Figure 3.13a).  

In the hydraulic fills, the eastern side of the Log Yard had thick sandy ejecta, more severe 

cracking, and larger settlement, and hence is classified as “Severe” liquefaction manifestation (Figure 

3.15a). The western side of the Log Yard and most of Aotea Quay had no ejecta, moderate levels of 

ground cracking, and settlement < 100 mm, so these areas are classified as “Moderate” liquefaction 

manifestation (e.g., Figure 3.15b). A small central part of Aotea Quay had noticeably fewer and 

smaller ground cracks than the remainder of the Aotea hydraulic fills, and hence is classified as 

“Minor” liquefaction manifestation. 

In the older G-S-S reclamation (1904-1916 reclamation zone), a small section immediately 

north of the old buried sea wall that exhibited thick ejecta, moderate levels of cracking, and > 100 mm 

settlement is classified as “Severe” liquefaction manifestation (Figure 3.16a). The remaining areas in 

this older reclamation are classified as either “Moderate” or “Minor” due to less surficial evidence of 

liquefaction (e.g., Figure 3.16b). A strip along the north end of this reclamation zone also extending 



Chapter 3. Port of Wellington Case Study 

 

64 

into the northwest part of the Log Yard is classified as “None” due to absence of evidence of 

liquefaction at the ground surface. 

Figure 3.19 shows the derived liquefaction manifestation severity map for the port including 

an inset with a summary of the employed damage criteria associated with different severity levels of 

liquefaction manifestation. As there is subjectivity in defining liquefaction manifestation severity 

using multiple criteria (ejecta manifestation, ground movement, and ground cracking), there are 

several exceptions to the general criteria adopted in the inset of Figure 3.19 (e.g., description of the 

liquefaction-induced manifestation for these exceptions are briefly summarized in parentheses). For 

example, despite most of the Thorndon gravelly reclamation being considered to have “Severe” 

liquefaction manifestation, there is clearly a contrast in the performance of the southern half of the 

reclamation zone as compared to the northern half. An alternative interpretation could also show some 

parts of the northern half of the Thorndon gravelly reclamation as “Moderate” liquefaction 

manifestation severity. Nevertheless, the present research uses the liquefaction severity map of Figure 

3.19 to qualitatively describe the severity of liquefaction-induced damage at several areas of the port 

during the Kaikōura earthquake and facilitates comparison of liquefaction evaluation outcomes to 

observations. 

3.7 Summary 

Over 150 hectares of the land in central Wellington near the existing revetment line, spanning 

over 5 km, was constructed over the past 150–200 years in over 30 different construction efforts using 

large volumes of soil. The port of Wellington (CentrePort) makes up approximately 0.5 km2 of this 

reclaimed land and has three distinct reclamation areas: the 1882–1916 reclamations, the 1924–1932 

reclamation, and the 1965–1976 reclamation. The most recent reclamation (i.e., the Thorndon 

reclamation) is separated from the older reclaimed area by a buried concrete seawall. Most of the 

reclaimed land, including the 1882–1916 and 1965–1976 reclamations, was constructed by end-

tipping largely gravelly soils sourced from nearby quarries using truck and barge operations. The 

1924–1932 reclamations were constructed using uncompacted hydraulic placement of dredged 

materials (sandy and silty soil) from the nearby seabed in the vicinity of the reclamation works. All 

reclaimed fills were constructed without compaction efforts, with the exception of the top 3 m which 

sits above the water table. 

Three significant earthquakes with similar source-to-site distances (44–65 km) but different 

intensities of ground motions that affected CentrePort in 2013 and 2016 are of primary focus in the 

present study. Ground motions were recorded at several strong motion stations in the immediate 

vicinity (within 3 km) of the port during the 2013 Mw6.6 Lake Grassmere, 2013 Mw6.6 Cook Strait, 

and 2016 Mw7.8 Kaikōura earthquakes. The Lake Grassmere earthquake represents the event with the 

lowest seismic demand at CentrePort (PGA of 0.11–0.15g). It has the same magnitude and similar 

source-to-site distance as the Cook Strait earthquake, resulting in generally similar duration of 

shaking at CentrePort, though the Cook Strait earthquake generated greater amplitudes of shaking 

(PGA of ~0.22g). The Kaikōura earthquake represents the event of highest seismic demand with 

moderate levels of ground shaking amplitude at CentrePort (PGA of ~0.25g). For all three events, the 

recorded ground motions at strong motion stations exhibited significant variation in amplitudes and 

frequency content due to site response and basin-edge effects. In general, a significant amplification 

of accelerations was observed in native soils (by a factor of two), and further amplification in the 
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reclamations (by a factor of three to seven), across all periods, compared to the nearby nominal rock 

site. The amplification was most pronounced for reclaimed deposits in the period range of 1–2 s. 

The two earthquakes in 2013 largely caused none-to-minor levels of damage throughout the 

port, with the exception of localized severe damage along the unconfined southern edge of the port. In 

contrast, the Kaikōura earthquake triggered widespread liquefaction in the Thorndon G-S-S 

reclamations causing over 1 m of permanent lateral displacements due to spreading, over half a meter 

of settlement of the fill, and areas covered with thick gravelly ejecta. The two wharves along the 

perimeter of the reclamation were damaged beyond repair, and several buildings on shallow and deep 

foundations suffered substantial damage including severe spreading-induced damage to a building on 

shallow foundations. In the old gravelly reclamation, one localised zone exhibited severe damage with 

gravelly ejecta and significant ground movement. However, the rest of the old gravelly reclamations 

had none-to-moderate levels of damage. Most of the hydraulic fill had minor-to-moderate damage 

with some ground movement and cracking, with the exception of the eastern half of the Log Yard that 

had sand ejecta and exhibited larger ground movements. The liquefaction-induced land damage was 

documented in great detail with ejecta and settlement patterns carefully analysed to develop 

liquefaction damage maps throughout the port to quantify the damage observed in the CentrePort 

reclamations for the 2016 Kaikōura earthquake. 

Overall, CentrePort contains a wealth of scientific and practical engineering information 

which provides a unique opportunity to investigate various aspects of liquefaction evaluation of 

reclaimed gravelly and hydraulic fills. It is an extremely well-documented case history including 

recorded ground motions for several earthquakes within the port with detailed liquefaction 

observations, making it appropriate for an in-depth study of liquefaction problems. However, since 

the reclaimed land at CentrePort comprises soils of different age, method of construction, and 

thickness, and with poorly documented construction efforts, complex construction processes, and 

large volumes of work involved in the construction, it is also challenging to rigorously characterize 

and perform subsequent liquefaction assessment for this case study. In the following chapters, these 

challenges are tackled by rigorously characterizing the fills of CentrePort before performing and 

scrutinizing results of liquefaction evaluation using a comprehensive set of test data. 
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4.1 Introduction 

While the ultimate goal of this research is to study liquefaction assessment methodologies for 

reclaimed fills, several challenges exist in their liquefaction evaluation which must first be addressed 

(Cubrinovski and Dhakal, 2021). Historic reclamations of port facilities throughout the world, 

including CentrePort, were large construction efforts involving large volumes of soils deposited over 

several decades. Therefore, their design and construction processes are poorly documented from a 

modern engineering perspective, and significant spatial variability in the soil composition and fill 

characteristics is commonly encountered. For example, while the Thorndon reclamation at CentrePort 

is predominantly composed of a G-S-S mixture, it also includes a relatively large area where sand fill 

was constructed within the G-S-S fill, with different characteristics and hence likely with different 

liquefaction resistance from the surrounding fill (Cubrinovski et al., 2018b). Similarly, several areas 

with different predominant soil units have been identified in the hydraulic fills along Aotea Quay 

(Dhakal et al., 2020a). As such spatial variability cannot be readily identified from design documents 

and construction records, it is important to first characterize the fills using comprehensive field and 

laboratory investigations before performing liquefaction assessment, which is the goal of the present 

chapter. 

4.2 Details and Objectives of Site Investigation 

4.2.1 Pre-Earthquake Geotechnical Data 

Geotechnical investigations have been conducted at CentrePort in the few decades prior to the 

2013 and 2016 earthquakes as a part of design and construction of several buildings. These site 

investigation efforts include drilling borehole logs (with occasional index testing of soil samples) and 

performing SPTs, CPTs, and Vs measurements. Most of these investigations focus on areas north of 

the buried (refer to Figure 3.3 for reclamation zones), such as Tonkin and Taylor Ltd. (2006, 2012a), 

who performed SPTs and CPTs in the 1893-1901 and 1904-1916 old gravelly reclamation zones. 

However, as the objectives of these projects were detailed investigations for construction of buildings, 

the tests were only performed over the footprint of the building and used to characterize the fills in 
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these small (5000–10,000 m2) areas, compared to the area of the entire old gravelly reclamation zones 

(70,000–100,000 m2). Similarly, projects within the Thorndon gravelly reclamation have focused on 

either the King’s Wharf (Tonkin & Taylor Ltd., 2008), or the Thorndon Container Wharf (Tonkin & 

Taylor Ltd., 2012b), with no tests performed throughout the rest of the Thorndon reclamation zone. 

Pre-earthquake tests evidently do not provide sufficient data for rigorous characterization of the 

reclaimed fills for the entirety of CentrePort. 

Even among the tests performed, there are issues in its use for site characterization. Firstly, 

CPTs have only been successfully performed in the reclamation north of the seawall. Trial CPTs were 

undertaken within the Thorndon gravelly reclamation by Tonkin & Taylor Ltd. (2012b) to determine 

its suitability, however the probes could only be penetrated up to 4 m depth before hitting refusal due 

to excessive probe deflections. Hence, no pre-earthquake CPT data within the Thorndon reclamation 

had been collected prior to the present study. Secondly, while SPT data are provided in the soil 

exploratory borings conducted at CentrePort prior to the earthquakes, including the Thorndon 

reclamation, the procedures employed are not always described sufficiently to ascertain if the 

recorded SPT blow counts are based on standardized procedures (e.g., if reported blow counts 

correspond to 60% free-fall energy). Some of the SPTs were also explicitly performed by non-

standard methods using a solid cone instead of a split-spoon sampler. Finally, some downhole shear-

wave tests and a series of surface wave seismic surveys have also been undertaken in the Thorndon 

reclamation with the aim to delineate the near surface shear wave velocities of the top 20 m. However, 

the reported Vs profiles had no consideration of uncertainty in the inversion process and hence it is 

difficult to ascertain their reliability and overall uncertainty. 

With the abovementioned caveats in the data quality in mind, the non-standard SPTs resulted 

in 5 to 15 blows/300 mm in both the old gravelly and Thorndon reclamation, and Vs measurements of 

these uncompacted fills were reported to be, on average, approximately 220 m/s (in the range of 200–

400 m/s; occasionally below 200 m/s). Overall, however, the limited tests concentrated in specific 

areas of the port and lack of proper standardization of these tests is insufficient for a complete 

characterization of the port. Therefore, in what follows, geotechnical characterization of CentrePort is 

conducted using a comprehensive site investigation dataset collected following the 2016 Kaikōura 

earthquake. 

4.2.2 Post-Earthquake Site Investigations 

Since 2017, 33 boreholes, several types of Vs measurements, 8 DPTs, and over 100 CPTs 

have been performed at CentrePort by several different research groups (Cubrinovski et al., 2018b, 

Vantassel et al., 2018, Dhakal et al., 2020c, Roy et al., 2022). The site investigation efforts that are a 

part of this study are drilling and logging of boreholes, index testing of borehole soil samples, and the 

CPTs. These data, supplemented by the pre-earthquake subsurface data of Ltd. (2006) and Tonkin & 

Taylor Ltd. (2012b), are used to comprehensively characterize the CentrePort fills and underlying 

native soils by identifying characteristic soil profiles, developing cross-sections depicting the 

geometry and bathymetry of the reclamation, and characterizing the predominant fill units (i.e., CPT 

measurements and index test properties). While the CPT is chosen as the primary basis for 

characterization because it provides the best basis for liquefaction assessment in conjunction with the 

additional laboratory data of borehole samples, additional information and findings from DPTs and Vs 

measurements are presented at the end of this chapter to supplement the CPT-based characterization. 

Figure 4.1 identifies the locations of the collected ejecta samples, drilled boreholes, CPTs, DPTs, and 
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Vs measurements, all performed after the 2016 Kaikōura earthquake, and is referred to in this chapter 

when describing location of different tests. 

 

 

Figure 4.1: Aerial view of CentrePort showing reclamation zones (G-S-S denotes gravel-sand-silt fill 

material) with locations of 121 CPTs, 4 seismic CPTs (sCPTs), 8 DPTs, centres of 6 surface wave 

seismic arrays, 37 boreholes, and locations of 30 ejecta samples collected after the 2016 Kaikōura 

earthquake. Some CPTs and boreholes referred to in the chapter are labelled. Transects for five cross 

sections are also shown. 

4.3 Laboratory Characterization of Reclaimed Soils 

Several boreholes were advanced in 2018 and 2019 as a part of the present study including 24 

in the Thorndon reclamation, two in the old G-S-S reclamation, two in the Log Yard, and four along 

Aotea Quay. One borehole was also pushed through the King’s Wharf deck west of the Thorndon 

reclamation directly into the seabed but was not used for characterization of the reclamation fills. 

Drilling was conducted using an auto trip hammer with Dames and Moore continuous samples 

collected for subsequent laboratory testing programs involving index, density, and strength tests of 

reconstituted specimens, though this study only reports the results of the index testing efforts. These 

early site investigation campaigns largely focused on the Thorndon G-S-S reclamation, with limited 

samples collected in the hydraulic fills. Recognising this, an additional site investigation campaign 

was launched in 2021 to collect high-quality undisturbed samples of hydraulic fills from four 

boreholes, and an additional borehole with continuous sampling at Aotea Quay for further index soil 

testing. Laboratory strength testing of the undisturbed samples are ongoing and not within the scope 

of the present thesis. The locations of the 33 boreholes throughout CentrePort with disturbed samples, 

and four boreholes in the hydraulic fill for undisturbed sampling, are shown in Figure 4.1 as yellow 

and blue pins, respectively. 

Borehole logs in the Thorndon reclamation zone characterize two types of fill material. The 

first and most common fill type is the G-S-S fill, of which photographs from two borehole cores from 

different parts of the Thorndon reclamation is shown in Figure 4.2. As shown in the photographs, 
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most of the top 10–22 m of the boreholes in the Thorndon reclamation is consistent and logged as 

loosely packed well-graded sandy gravel with trace of silt and clay. However, there are occasional 

small pockets of larger, cobble-sized particles, such as the material shown at approximately 6–7 m 

depth in Figure 4.2a. Such pockets make drilling and testing challenging, as larger amounts of energy 

must be delivered for the probe to penetrate through the larger cobble-sized particles. Overall, 

however, the fill from ~4.5 m to ~6 m depth in Figure 4.2a and the entire core box of Figure 4.2b 

characterize the fill type typically found in Thorndon. 

 

 

Figure 4.2: Borehole core box photographs of the Thorndon reclamation G-S-S fill encountered in (a) 

BH Trial 4 and (b) BH15 (borehole locations depicted in Figure 4.1). The numbered labels indicate 

approximate depth in metres. 

 

The second type of fill in the Thorndon reclamation is the sandy fill, encountered in only one 

borehole cored in the eastern part of the reclamation zone. Figure 4.3b shows a photograph of the 

cored sandy fill, which, based on visual inspection, is described as loosely packed sand with grey and 

white shell fragments. This soil type is distinctly different from the G-S-S fill, a photograph of which 

is shown in Figure 4.3a for comparison. While the material from 9.75 m to 15 m depth in Figure 4.3b 

is all characterized as sandy soil, and logged as sandy fill, visual inspection indicates that the 

shallower soil (< 10.5 m depth) is finer than the deeper (> 13.5 m depth) sand fill. 
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Figure 4.3: Borehole core box photographs comparing the two major fill types encountered in the 

Thorndon reclamation: (a) G-S-S fill in BH Trial 1 and (b) sandy fill in BH12 (borehole locations 

depicted in Figure 4.1). The numbered labels indicate approximate depth in metres. 

 

Grain-size distribution (GSD) curves of the Thorndon reclamation were determined using 

three different sets of soil samples from the reclamation: (i) five borehole samples of the G-S-S fill 

collected around the Thorndon Container Wharf and the Thorndon Extension before the earthquakes 

in 2012 (Tonkin & Taylor Ltd., 2012b); (ii) 19 borehole samples of the G-S-S and sandy fills 

collected after the earthquakes in 2018 and 2019 at several locations and depths (Rhodes et al., 2019); 

and (iii) 19 ejecta samples of the G-S-S and sandy fills collected three days after the Kaikōura 

earthquake at several locations (Cubrinovski et al., 2017a). The GSD curves for the three groups of 

samples are shown in Figure 4.4a for the two soil types in the Thorndon reclamation. 

There is generally good agreement between the three sets of GSD curves of the Thorndon G-

S-S soil samples (pre-Kaikōura earthquake, ejecta, and post-Kaikōura earthquake), indicating that the 

soil composition used during construction of the Thorndon G-S-S reclamation is fairly consistent both 

laterally and throughout depth. The agreement between the GSD curves of the ejecta samples and 

borehole samples for the G-S-S fill indicates that the ejected soil collected after the 2016 event is 

indeed representative of the reclamation fill material that liquefied. For the sandy fill, the shallower 

(9–14 m depth) borehole samples (dark green solid lines in Figure 4.4a) are in general agreement with 

the GSD curves of the ejecta samples (dark green dashed lines in Figure 4.4a) collected after the 2016 

earthquake, indicating the shallower sandy fill liquefied and ejected onto the surface. The two deeper 

(15–17 m depth) sandy fill samples (light green solid lines in Figure 4.4a) have coarse sand and fine 

gravel particles, confirming the borehole visual inspection that the deeper sandy fill has slightly 

coarser soil composition than the shallower sandy fill. 
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Figure 4.4: Grain-size distribution curves of soil samples collected from boreholes in 2012 (Tonkin & 

Taylor Ltd., 2012b), ejecta collected a few days after the 2016 Kaikōura earthquake (Cubrinovski et 

al., 2017a), and soil samples collected from boreholes in 2018 and 2019 (Rhodes et al., 2019) for the 

(a) Thorndon G-S-S and sand reclamations and (b) hydraulic fills. 

 

With regard to the fill composition, the ejecta and borehole samples for the G-S-S mixture 

show gravel content (GC, i.e., > 2.00 mm particle size) typically between 60% and 80%, with the 

remaining 20% to 40% of the mixture consisting of silt and sand fractions. The fines content (FC; i.e., 

< 0.075 mm particle size) is as low as 1%, but typically in the range between 5% and 20%. However, 

it is important to recognize that the mechanical response of soil composed of different particle sizes 

are affected by both the proportion and role of different fractions (particle sizes) in the soil matrix 

(Cubrinovski and Ishihara, 2002). Hence, even though the fill largely consists of gravel-sized particles 

by weight, the amount of sand and non-plastic silt is sufficiently large for these finer fractions to 

govern the deformational behaviour and mechanical response of the G-S-S mixture during earthquake 

shaking (Cubrinovski, 2019). This soil-matrix based interpretation of the mixture is also consistent 

with characteristic qc and Ic values obtained from CPTs (presented in the subsequent subsection), 

which also reflect such dominant effects of the sand-silt fractions on the penetration resistance of the 

fill. 

Borehole logs in the hydraulic fills primarily characterize three types of fill material. The first 

is highly plastic brownish grey soft silty clay (referred to as the silt-clay fill), shown in a photograph 

of a borehole core in Figure 4.5a. The silt-clay fill is the most common fill type encountered along 

Aotea Quay. The second fill type, which is most commonly encountered in the eastern part of the Log 

Yard, is loosely packed green, grey silty sand with minor clay (referred to as the sand-silt fill). A 

photograph of cored sand-silt fill is shown in Figure 4.5b from 8.3 m to 9.0 m depth (below 9 m is 

then the silt-clay fill). Visual inspection clearly differentiates between these two fill types, as evident 

in the photo with slightly different colouring. The third fill type encountered in the borehole logs is 

loosely packed blue grey well-graded sands with gravels. This hydraulic fill with coarse sand and fine 

gravel was only found in one borehole drilled along Aotea Quay, as shown in Figure 4.5c. Visually, 

this fill type appears more like the G-S-S fill from the Thorndon reclamation than the other two 

hydraulic fill, though with less gravel-sized particles than the Thorndon G-S-S fill. 
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Figure 4.5: Borehole core box photographs from the three major fill types encountered in the 

hydraulic fill reclamations: (a) silt-clay fill in BH09, (b) sand-silt fill at 8.0–9.0 m depth and silt-clay 

fill from 9.0 m depth onwards in BH07, and (c) hydraulic fill with coarse sand and fine gravel in 

BH10 (borehole locations depicted in Figure 4.1). The numbered labels indicate approximate depth in 

metres. 

 

Gradation of soils from the hydraulic fill reclamation zones (Log Yard and Aotea Quay) are 

shown in Figure 4.4b. GSDs of five sandy ejecta samples collected a few days after the Kaikōura 

earthquake in the eastern part of the Log Yard are shown as red lines in Figure 4.4b (Cubrinovski et 

al., 2017a). This is supplemented with GSDs of several different soil units collected from boreholes 

drilled in 2018 and 2019. The three primary soil units are shown in different colours in Figure 4.4b 

including 13 samples of silt-clay (green lines), three samples of sand-silt (yellow lines), and seven 

samples of gravelly soil units within the hydraulic fill (black lines). The sand-silt borehole samples 

show grain-size distribution that are largely consistent with the sandy ejecta samples, though the sand-

silt borehole samples have larger FC of 15–35% as compared to FC for the sandy ejecta samples of 

5–15%. Nevertheless, this implies the sand-silt soil unit identified in the characterization manifested 

as liquefied ejecta in the eastern part of the Log Yard, and that the ejecta observed are representative 

of the composition of the hydraulic fill reclamation at the investigated sites. The coarser hydraulic fill 

material encountered in the one borehole along Aotea Quay show slightly finer range of grain-size 

composition compared to the Thorndon G-S-S fills, characterized by a slightly larger FC range of 5–

25% (compared to 1–20% of the Thorndon G-S-S fill), a significantly lower GC range of 15–55% 

(compared to 60–80% of the Thorndon G-S-S fill), and noticeably more shell content. 

The silt-clay soil units in the hydraulic fill, which exhibit very large FC of 70–100%, were 

targeted for subsequent index tests to determine Atterberg limits using methods specified in Standards 

Association of New Zealand (1986). Results from 15 Atterberg tests on the silt-clay hydraulic fills 

collected at various depths throughout both the Log Yard and Aotea Quay are summarized in 
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Casagrande (1948) charts (Figure 4.6) which plots the plasticity index (PI) against the liquid limit 

(LL). All results indicate the silt-clay soil units are consistent and very plastic (LL > 50% and mostly 

PI > 20) and classified as either elastic silt or fat clay (i.e., MH or CH). Eight Atterberg tests were 

also conducted for marine sediment samples collected from eight boreholes in the Thorndon and old 

gravelly reclamation. The results are shown in Figure 4.6 as square symbols. Five tests resulted in PI 

values ranging from 6 to 11, one with PI of 17, one with PI of 20, and another with PI of 25. Overall, 

the PI range of the marine sediments collected from the Thorndon and old gravelly reclamation zones 

is below the PI range measured in the silt-clay hydraulic fills. 

 

 

Figure 4.6: Results of Atterberg limit tests on 2018/19 borehole samples of the silt-clay hydraulic fill 

and marine sediments on the Casagrande (1948) plasticity chart. CL denotes lean clay, ML denotes 

silt, CH denotes fat clay, and MH denotes elastic silt. 

 

It is important to point out that transitional layers were also often encountered in the 

characterization, where the sand-silt and silt-clay soil units were often thinly interbedded with only a 

few centimetres of thickness. Such an example is in the photograph of a cored undisturbed soil 

specimen in Figure 4.7. The image clearly shows that the top half of the specimen is dominated by 

sand-silt, however there are thin lenses of silt-clays breaking up the fill. The bottom half is then 

dominated by silt-clay soils, with some lenses of sand-silt. These types of interbedded soils are 

difficult to characterize, as several attempts at performing index tests resulted in varying FC (20–84%) 

and PI (0–25%) values. 
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Figure 4.7: Image of cored hydraulic fill sample collected at Borehole AQS1A at approximately 7.5 m 

depth showing thinly interbedded seams of sand-silt and silt-clay soil units (height of the sample in 

photograph is approximately 0.1 m). 

 

The fills in the old gravelly reclamation are more variable than the Thorndon reclamation and 

hydraulic fills, as shown by the photographs of the core boxes in Figure 4.8. Most of the material up 

to 8.8 m depth (Figure 4.8a) contains gravel with traces of sand and some cobble-sized and a few 

boulder-sized particles, with several layers of sand with silt (e.g., 4.1–4.4 m and 5.5–5.9 m depths). 

The material below 8.8 m (Figure 4.8b) is sandier than the shallower soils, though gravel-sized 

particles are still encountered. The sandy gravel soil from 8.8 m to 10.7 m depth changes to silts and 

clays with traces of sand from 10.7 m onwards, which is likely the marine sediment as it matches the 

description of the marine sediments encountered in the rest of CentrePort. However, due to the overall 

vertically more variable composition of soils in the older fills, it is difficult to ascertain the exact 

depth at which the reclamation fills transition to underlying native marine sediments and Wellington 

alluvium. For example, an equally valid interpretation is that the thin layers of fine soil at 

approximately 6 m depth is the marine sediment, with soils below this depth representing different 

layers of the Wellington alluvium. No index testing has been performed in the material from the old 

gravelly reclamation. 
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Figure 4.8: Borehole core box photographs from the BH05 (borehole location depicted in Figure 4.1) 

in the old gravelly reclamation: (a) 3.7–8.8 m depth and (b) 8.8–12.6 m depth. The numbered labels 

indicate approximate depth. 

4.4 CPT-Based Characterization of the Reclaimed Land 

4.4.1 Testing Details 

121 CPTs were performed over three separate investigation campaigns in the period of 2017 

to 2019, among which 75 were advanced in the Thorndon G-S-S reclamation, 24 in the hydraulic fills, 

and 17 in the older G-S-S reclamation zones. The remaining five CPTs are in regions beyond the 

scope of this study, so a total of 116 CPTs are considered for the site characterization of the port as 

shown in Figure 4.1 as red circles. Note that, based on the findings from this research, a fourth testing 

program was launched in 2020 that focused on capturing higher resolution CPT data in the hydraulic 

fills along Aotea Quay. Since analysis of the CPTs collected in 2020 are subject of ongoing scrutiny, 

the CPT-based characterization and liquefaction assessment presented in this thesis are based on 

findings from the initial 116 CPTs performed, though some additional commentary based on 

preliminary findings from the latest CPT investigation campaign are presented in later chapters. 

Difficulties can be encountered when pushing CPTs in gravelly soils due to the large size of 

gravel particles relative to probe as evidenced by the failure of previous efforts in performing CPTs in 

gravelly soil (Tonkin & Taylor Ltd., 2012b). However, these difficulties were largely overcome in the 

testing campaign of this study due to the following features of the testing program (Cubrinovski et al., 

2018b): 
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• The CPTs were performed with robust A.P. van den Berg I-cones on a 218 Geomil 

Panther 100 rig with a sufficiently large push force of 106 kN to allow for maximum 

penetration. 

• Majority of the CPTs in the G-S-S fill were performed using 15 cm2 cones because of its 

robustness compared to the 10 cm2 cones. 

• Predrilling to a depth of approximately 3 m was performed using a casing with an inside 

diameter of 55 mm and an outside diameter of 70 mm. This method of predrilling was 

able to penetrate through asphalt pavement, concrete, and dense compacted gravelly fill 

crust using an open-ended barrel while also providing lateral support to the CPT rods, 

thus substantially increasing total penetration depth. 

• Early refusal of the test was sometimes met due to excessive inclination of the rods (i.e., 

> 15°). In cases where early refusal was encountered at depths less than approximately 

10 m, CPT casing was either extended beyond the refusal depth and cone testing was then 

continued (Bray et al., 2014), or another CPT was advanced a few metres away with a 

deeper pre-drill. Performing CPTs in two attempts were required at 17 locations. 

A set of zero-load readings are taken at the cone tip, friction sleeve, and pore water pressure 

transducer before and after each CPT sounding. These readings are often used as an indicator of any 

potential issues which may have been encountered during the test (e.g., damage to strain gauges). As 

per ASTM D5778-12 (2012), if the change in initial and final baseline values exceed 3 MPa, 30 kPa 

and 60 kPa for the cone tip, sleeve, and pressure transducer, respectively, the data should be 

considered as unreliable. The shifts in the cone tip and friction sleeve readings were less than 1.5 MPa 

and 11.5 kPa, respectively, for all CPTs and were therefore considered reliable. However, the pore 

pressure transducer readings were offset by over 60 kPa in 6 tests, and 17 other tests had offsets 

within 30 kPa of the threshold and were therefore flagged as potentially unreliable. Despite careful 

testing procedures such as using stainless steel and plastic filters, and de-airing the cones for a 

minimum of 1 hour in vacuum submerged in silicone oil after each test, these large offsets in the pore 

pressure transducers remained. These large offsets were also observed in some profiles in the 

hydraulic fills with high Ic values (for which the u2 correction is most sensitive), implying that the 

pore water pressure transducers could have been damaged during prior testing in gravelly soils. As 

such, the pore water pressure (u2) readings have perceived unreliability throughout CentrePort, so this 

study reports CPT data cone tip resistance directly as qc instead of the conventional approach of 

correcting for end-area effects (qt). The difference between qc and qt is likely negligible in the gravelly 

soils, though potentially significant in the silts and clays. 

4.4.2 CPT Characteristics of CentrePort Fills 

The CPTs provide basis for a detailed characterization of the fills including clear distinction 

between different fill zones and soil-behaviour types within a given zone, as well as interfaces with 

the underlying marine sediment and Wellington alluvium formation. Figure 4.9, Figure 4.10, and 

Figure 4.11 portray five cross sections along transects indicated in Figure 4.1, including traces of 

nearby CPTs used in the development of the cross sections (Dhakal et al., 2020a). Note that the 

vertical scale of the cross sections is exaggerated to emphasize important details, which distorts the 

geometry. Three cross sections are in the Thorndon reclamation zone (Figure 4.9a-c), one (S2-N2) 

runs from the south end of the port in the Thorndon reclamation, past the old buried concrete seawall, 
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and along Aotea Quay (Figure 4.10), and the SW-NE section runs through the older 1904-1916 G-S-S 

reclamation and extends into the hydraulic fill of the Log Yard (Figure 4.11). The simplified profiles 

show the thickness of principal soil units in the reclamations, the underlying marine sediments, and 

the Wellington alluvium. The slope geometry and bathymetry are based on Ltd. (2006) and Tonkin & 

Taylor Ltd. (2012b). The thickness of soil units between CPTs is interpolated based on boreholes and 

interpretation of all available data. Characteristic ranges of the cone tip resistance (qc) and soil 

behaviour type index (Ic) are summarized in Table 4.1 for the principal soil units, which include G-S-

S and sandy fill in the Thorndon reclamation, silt-clay, sand-silt, and fine sand with coarse gravel in 

the hydraulic fills, and G-S-S fill and gravelly sand in the older gravelly reclamation. 

The Thorndon G-S-S fill in Figure 4.9 and Figure 4.10 is characterized by relatively low tip 

resistance of qc = 6.5–8.0 MPa and Ic values of 2.1–2.2 (25th and 75th percentile values). The 

uncompacted fill layer begins at about 3 m depth (coinciding with the approximate water table depth). 

The thickness of the Thorndon fill increases from about 10 m immediately south of the old buried 

seawall to approximately 22 m along the southern edge of the reclamation. The relatively high values 

of Ic for soil containing large amount of gravels imply that these fills comprising G-S-S mixtures 

display soil behaviour type typical for silty sand. The low penetration resistance and intermediate Ic 

values of the CPTs is hypothesized to reflect a dominant influence of the finer fractions (sand and silt) 

in the soil matrix of the G-S-S fill (Figure 2.6). This in turn implies that the finer sand-silt fractions 

will have a governing role in the seismic response of the fill, despite the fact that the gravel-size 

particles are dominant by weight in the G-S-S mixture (Cubrinovski, 2019). The presence of loose-to-

medium dense sand (i.e., qc above 10 MPa) below the G-S-S reclamation is a characteristic feature in 

the eastern part of the Thorndon reclamation. The depth to the top of the sandy zone in the 

reclamation is variable, as illustrated in the cross sections of Figure 4.9, ranging from about 7 m to 

20 m, with the non-uniform thickness of the sandy zone extending up to 10 m. 

In the hydraulic fills (Figure 4.10 and Figure 4.11), the roller compacted fill material above 

the water table is 1.5 m to 2.5 m thick. The CPT data in the hydraulically placed fill below the 

compacted top layer show relatively low penetration resistances up to depths of 5 m to 10 m. Two 

distinct fine-grained soil types in the hydraulic fills can be identified in most of the CPTs: sand-silt 

soil with qc values of 3.7 – 4.9 MPa and Ic around 2.0 – 2.1; and silt-clay soil with qc values below 

2.0 MPa and Ic values above 3.0. The sand-silt fill is dominant in the Log Yard (hydraulic fill in 

Figure 4.10). The silt-clay soils are often found as intermittent layers (ranging from few tens of 

centimetres to several metres thick) with limited lateral continuity. Soil samples from one borehole 

(BH10) along Aotea Quay indicated relatively thick layers of coarse sand and fine gravel in the 

hydraulic fills, and data from several nearby CPTs showed up to 5 m thick layers of consistently large 

qc (≈ 5 MPa) and low Ic (≈ 2.0) values reflecting the presence of the coarser material. This fill zone 

along Aotea Quay containing coarse sand and fine gravels is roughly indicated in the S2-N2 cross 

section in Figure 4.10. While the coarser fills in this isolated region could be easily characterized 

differently based on index test data, the CPT characteristics of the G-S-S mixtures are very similar to 

the sand-silt fill. Therefore, it is possible that other regions of the hydraulic fills at CentrePort also 

contain the coarser hydraulic fill with sands and gravels but have been characterized as sand-silt fill. 
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Figure 4.9: Thorndon reclamation cross sections depicting key soil units (vertical scale exaggerated 

10 times) with cone tip resistance (qc) traces; borehole location indicated by red X; transect locations 

are indicated in the inset: (a) W1-E1, (b) W2-E2 and (c) S1-N1. 
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Figure 4.10: Thorndon reclamation and hydraulic fill cross section (S2-N2) depicting key soil units 

(vertical scale exaggerated 10 times) with cone tip resistance (qc) traces; borehole location indicated 

by red X; transect locations are indicated in the inset. 

 

 

Figure 4.11: Old gravel-sand-silt reclamation and hydraulic fill cross section (SW-NE) depicting key 

soil units (vertical scale exaggerated 10 times) with cone tip resistance (qc) traces; borehole location 

indicated by red X; transect locations are indicated in the inset. 

 

The 1904-1916 reclamations north of the buried sea wall (Figure 4.11) contain 1–7 m of old 

G-S-S fill atop a less than 1-m thick layer with low qc (< 2 MPa) and high Ic (> 2.8), which in turn sits 

above a gravelly sand layer. In this area, the thickness of the fill is largest at the southwest end and 

decreases towards the Log Yard, at the northeast end of the section. The Ic range for the gravelly sand 

layer (1.7–2.0) is lower than that of the Thorndon reclamation, but is closer to the Wellington 

alluvium gravels, and is associated with substantially higher cone tip resistance of about 20 MPa. 

There are two possible interpretations of the soil unit geometry presented in the SW-NE cross-section 
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in Figure 4.11, one where the marine sediments extend deeper southwest of the Log Yard and hence 

the layer above it is gravelly sand reclamation fill, or another where the marine sediments are 

shallower and extend at roughly the same depth away from the Log Yard and therefore all the soil 

units below are Wellington alluvium. 

 

Table 4.1: Characteristic qc and Ic values (25th – 50th – 75th percentile) for soil units in different 

reclamation zones 

 Soil (behaviour) 

type 

qc (MPa) Ic Thickness Remarks 

G-S-S* Thorndon 

Reclamation 

(1965-1967) 

G-S-S* fill (0–10 m) 4.3–5.8–7.7 
2.09–2.14–2.24 

7 m to 22 m Either continuous 

G-S-S fill or G-S-S 

over sand fill 

G-S-S* fill (> 10 m) 6.0–7.7–9.9  

Sandy fill 13.3–14.9–16.8 1.54–1.63–1.74 0 m to 10 m 

Hydraulic Fill 

(1924-1932) 

Silt-Clay fill 1.6–1.7–2.0 2.98–3.06–3.12 < 10 cm to 5 m First two units 

found in 

intermittent layers, 

with gravel only 

confirmed in an 

isolated region of 

Aotea Quay 

Sand-Silt fill 3.7–4.5–4.9 1.98–2.06–2.08 < 10 cm to 6 m 

Hydraulic fill with 

coarse sand and fine 

gravel 

≈ 5.0 ≈ 2.0  

Older G-S-S* 

reclamation** 

(1904-1916) 

Old G-S-S* fill 5.2–5.6–10.0 1.74–1.90–1.97 1 m to 7 m Layers of gravel-

sand-silt fill sitting 

atop gravelly sand 

Gravelly sand (fill or 

alluvium) 

16.6–18.4–22.5 1.61–1.68–1.76 1 m to 6 m 

Marine sediment Sand, silt, and clay 1.2–2.0–2.7 2.80–2.97–3.10 1 m to 4 m Holocene beach 

material below fill 

Wellington 

alluvium 

Gravel 21.5–23.6–26.8 1.74–1.82–1.90 Approx. 1 m Interbedded gravel 

and silt layers Silt 4.6 – 5.3 – 6.3 2.50–2.64–2.74 Approx. 1 m 

* G-S-S denotes gravel-sand-silt mixtures. 

** No lab data on soil composition are available in the old gravelly reclamation so descriptions for this 

reclamation zone are based solely on CPT data and borehole logs. 

4.4.3 Representative CPT Profiles 

Each reclamation zone at CentrePort has distinguishing subsurface characteristics as depicted 

with the four representative soil profiles in Figure 4.12. Profiles of qc and Ic from the CPT data are 

shown alongside interpreted simplified soil profiles consistent with an adjacent borehole log including 

a summary of index test results of collected borehole samples. The uncompacted reclaimed soil units 

in all profiles are below approximately 2–3 m of compacted gravelly crust and above a thin 

(approximately 1–4 m thickness) layer of marine sediments overlying Wellington alluvium. 
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Figure 4.12: CPT tip resistance (qc), soil behaviour type index (Ic) and interpreted simplified profiles 

for: (a) Thorndon end-dumped gravel-sand-silt fill, (b) Thorndon gravel-sand-silt fills atop sandy 

reclamation, (c) dredged hydraulic fill, and (d) gravel-sand-silt fill from the pre-1916 reclamation. 

Gravel content (GC), sand content (SC), fines content (FC), and Atterberg limits (liquid limit, LL, 

plastic limit, PL, and plasticity index, PI) from nearby borehole samples are shown. G-S-S denotes 

gravel-sand-silt fill. 
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Figure 4.12a shows a typical soil profile for the Thorndon G-S-S fill from 3 m to 13.5 m 

depth (CPT058; BH14). The thick G-S-S fill shows characteristic values of qc (6 – 8 MPa) and Ic 

(1.9 – 2.3) throughout depth despite its complex soil composition. Examining this CPT profile closely, 

there are several spikes in qc that are associated with lower Ic values (for example at depths of 5.2 m 

and 6.6 m). The isolated spikes are not reflective of the overall response of the soil. Instead, the spikes 

reflect a sudden increase in soil resistance due to interaction of the cone tip with gravel-sized particles. 

Though the percentage of gravel is high, most of it is fine-to-medium size gravel, with 70–95% of the 

mixture having weathered and angular particles of less than 19 mm. Hence, the characteristic CPT 

values mentioned above are generally controlled by the finer fractions of the G-S-S mixture, while 

coarser gravel particles have only a minor influence, as manifested in the observed occasional spikes 

in qc. Note that the gravel characteristics of the fill are distinctly different from those associated with 

coarser and round particles typical for alluvial gravels. 

Representative soil profile for the Thorndon reclamation zone where a thinner layer of G-S-S 

fill sits atop reclaimed clean sand is shown in Figure 4.12b (CPTA2-06; BH12). In some cases, such 

as CPTA2-06, the sand layer begins at a relatively shallow depth of 8 m with G-S-S fill above it, at 3–

7 m depth. Much deeper (as large as 19 m depth) and thinner sandy fill layers are encountered at other 

CPTs in this reclamation zone. A silt layer (~1 m thick) is commonly found between the G-S-S fill 

and underlying sandy fill (e.g., the layer from 7 m to 8 m depth in CPTA2-06). CPT characteristics of 

the sand layer tend to vary, with some loose-to-medium dense sand (i.e., qc slightly above 10 MPa) 

evident in Figure 4.12b from 8 m depth onwards, while other profiles have medium-to-dense sands 

with qc > 20 MPa. Thus, the cone tip resistance of the sandy fill is considerably higher than the 

respective qc values of the G-S-S fill. Some of the CPT profiles containing the sandy fill layer are in 

areas where sandy ejecta was observed following the Kaikōura earthquake, whereas most of the CPTs 

are in areas of observed gravelly ejecta (Dhakal et al., 2020a). The combined effects of the thickness, 

depth (location within the deposit), and liquefaction resistance of the G-S-S layer and the sandy layer 

are important considerations in the scrutiny of the observed liquefaction manifestation patterns. 

Figure 4.12c shows a representative soil profile for the hydraulic fill at the Log Yard 

(CPT007; BH07). A thick layer of hydraulic fill extends to a depth of 9 m, overlying 2.5 m thick 

marine sediments of very low tip resistance (qc < 1 MPa). Apart from the area with coarser sand and 

fine gravel, the hydraulic fill consists primarily of two types of soils previously identified during the 

CPT-based characterization: liquefiable sand-silt zones, and softer silt-clay zones. The representative 

profile shown in Figure 4.12c consists of a thick silt-clay layer from approximately 4 m to 8 m depth, 

with thin sand-silt layers evident at 5.1–5.4 m and 8.2–9.0 m depths. The Ic value for the silt-clay fill 

is above 3.0 or well above the commonly adopted liquefaction susceptibility threshold of 2.6. The two 

abovementioned soil types are often encountered in intermittent layers with little horizontal continuity 

across the hydraulic fill. As the hydraulic fill material was sourced from the original seabed, the silt-

clay fill layer exhibits similar CPT characteristics as the underlying marine sediment, with very low 

cone tip resistance qc and high Ic values. For this reason, the determination of the interface between 

the silt-clay fills and marine sediment is difficult and somewhat subjective. For example, the 

boundary between the fills and marine sediments for CPT007 in Figure 4.12c may be interpreted to be 

at a depth of 10.2 m instead of 9.1 m, though the evidence from BH07 suggests the marine sediments 

begin at 9.1 m, at this location. 

A typical profile from pre-1916 G-S-S reclamation is shown in Figure 4.12d (CPT032; BH05). 

Below the top ~2 m layer of compacted gravel is a 2 m layer of sand and gravel. Unlike the G-S-S 

reclamations found at Thorndon, shallow non-liquefiable (Ic > 2.6) layers are often encountered (e.g., 

from 4 m to 5.5 m depth for CPT032) in the older G-S-S fills. These soft layers in the top 10 m may 
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either be shallow marine sediments or layers of silty fill. From 7 m depth is a layer of gravelly sand, 

which may be Wellington alluvium or a 4-m thick layer of reclaimed fill with higher qc values 

(> 10 MPa) as compared to the G-S-S fill at Thorndon. This vertically more variable composition of 

soils in the older fills likely reflects the smaller volume of works performed and more segmented 

construction operations employed in the early stages of the reclamation works. 

4.5 Dynamic Cone Penetration Testing at CentrePort 

DPTs were performed in 2019 and reported in Roy et al. (2022) at six locations in the 

Thorndon reclamation and two in the old G-S-S reclamation (test locations depicted in Figure 4.1 as 

purple squares). The tests employed a penetrometer consisting of a 74 mm diameter cone tip driven by 

a 63.5 kg hammer with a free fall height of 0.76 m using a 60 mm drill rod. The DPT provides a 

nearly continuous record of the blow count, N, which represents the number of hammer blows to drive 

the penetrometer through a 30 cm interval. To provide increased resolution, raw blow counts are 

typically reported at every 10 cm and multiplied by three to get the equivalent N for 30 cm of 

penetration. Since the test regime at CentrePort produced less energy than that supplied by the 

standard DPT developed in China (typically with a larger 120 kg hammer and a free fall height of 

1 m), the blow counts are subsequently corrected using a hammer energy ratio, thus correcting N to 

N120. The blow count over 30 cm of penetration is then corrected for overburden stress and reported as 

N’120, (Rollins et al., 2021). 

DPT results for three representative profiles within CentrePort are shown in Figure 4.13 as 

N'120 trace. Figure 4.13a shows a typical soil profile for the Thorndon reclamation zone with thick G-

S-S fill (DPT023). The G-S-S fill from 3 m to 12.5 m depth shows characteristic values of N’120 in the 

range of 4 to 7, and consistently below 10 throughout depth. Like the CPT, the DPT exhibits low 

penetration resistances in the G-S-S mixture, typical of sands and silts, which are much lower than 

those typical for coarser and rounder alluvial gravelly fill. Figure 4.13a also illustrates the key 

advantage of the DPT, compared to the CPT, in that the DPT is less affected by the presence of larger 

gravel particles in the Thorndon fills. This manifests in two ways. Firstly, while all DPTs were 

successfully performed in the first attempt, the CPTs occasionally hit refusal, which required further 

drilling through impenetrable strata before testing continued and can result in small layers of missing 

CPT data. Secondly, the DPT yields relatively smooth profiles of N’120, while the CPT profiles 

exhibits occasional spikes in penetration resistance. The larger diameter of the DPT cone along with 

the greater energy delivered to the rod contribute to the test being less influenced by gravel-sized 

particles and result in more stable resistances relative to the CPT. The penetration resistance profiles 

are generally smoother in the DPT since the large probe size in the DPT means the penetration 

resistance reflects the average stress over a larger zone of influence of soil ahead of the probe and is 

less influenced by small changes in the particle sizes, and the DPT delivers substantial excessive 

energy above the minimum force required to penetrate the probe. It is important to note that since the 

CentrePort G-S-S reclamations contain significant portions (> 30%) of sand and silt content, with 

most of the gravel particles being fine-to-medium (< 19 mm) sized, and CPTs in these fills being 

performed using larger 15 cm2 cones, only isolated spikes (of secondary importance) are observed in 

the CPT reading and occasional refusal in testing (< 10% occurrence in the Thorndon reclamation). 

Overall, similar penetration characteristics are obtained for the DPTs and CPTs when performed in 

the reclaimed G-S-S fills. 
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Figure 4.13: DPT blow count corrected for overburden stress (N’120) profiles for: (a) Thorndon end-

dumped gravel-sand-silt fill (DPT023), (b) Thorndon gravel-sand-silt fills atop sandy reclamation 

(DPT023), and (c) gravel-sand-silt fill from the pre-1916 reclamation (DPT040). 

 

A representative soil profile in the Thorndon reclamation zone where a layer of clean sand sits 

below the G-S-S fill is shown in Figure 4.13b (DPT040). The presence of the sand layer is at 

approximately 11.6 m to at least the bottom of the test (15 m depth), which is corroborated with 

interpretation from nearby CPTs and boreholes. Unlike in the CPT, the DPT characteristics of the 

sand layer tend to be similar to the G-S-S fill with N’120 only increasing slightly from ~6 to ~8. The 

highlights a key advantage in the CPT compared to the DPT in that the CPT is better capable of 

distinguishing between sandy and gravelly fill as the cone penetration is more sensitive to changes in 

the soil composition and density state because of its relatively smaller cone size compared to the DPT. 

For example, there is a distinguishable difference between the average qc and Ic values of the 

Thorndon G-S-S fills (7.0 MPa and 2.14, respectively; Table 4.1) and the Thorndon sandy fills 

(14.9 MPa and 1.63, respectively; Table 4.1). On the other hand, the N’120 only slightly increases from 

~6 to ~8 in Figure 4.13b. The ability of the CPT to pick up subtle changes in soil composition and 

density is even greater for softer soils. For example, there is a considerable difference in the 

characteristic penetration resistance between the Thorndon G-S-S fills and the marine sediments in 

Table 4.1, where qc reduces drastically from ~7 MPa to ~2 MPa. On the other hand, the N’120 from the 

DPT only slightly reduce from ~6 (top 12 m of Figure 4.13a) to ~4 (12 m to 13.8 m depth in Figure 

4.13a). 

A typical profile from pre-1916 G-S-S reclamation is shown in Figure 4.13c (DPT032). From 

2.3 m to 3.4 m depth is a layer of sand and gravel with blow counts of approximately 15, which are 
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much larger than those measured in the Thorndon G-S-S reclamations. Shallow layers of soft soil with 

very low blow counts (2–4) are often encountered (e.g., from 4.2 m to 5.4 m depth for DPT032) 

which may either be shallow marine sediments or layers of silty fill, below which is then a layer of 

gravelly sand, which may either be Wellington alluvium or reclaimed fill with blow counts above 10. 

The DPT appears to capture better the vertically more variable composition of soils in the older fills, 

as compared to the capturing the difference between the G-S-S and sandy fills of the Thorndon 

reclamation. 

4.6 Shear-Wave Velocity Profiles of CentrePort Reclamations 

Vs of the CentrePort fills have been measured in three recent independent testing efforts. 

Firstly, multichannel analysis of surface-waves (MASW) and passive-wavefield 2D microtremor 

array measurements (MAM) were performed in 2017 and reported in Vantassel et al. (2018) using six 

arrays throughout CentrePort to characterize the shallow and deep velocity profiles, respectively. 

Three measurement locations are in the Thorndon reclamation, one in the old G-S-S reclamation by 

CPLB, one in the Log Yard, and one at Aotea Quay by PIPS. Secondly, direct-push cross-hole 

(DPCH) Vs data were measured at 0.5–1 m depth interval in 2019 between two borehole pairs in the 

Thorndon reclamation, and one pair of boreholes in the old G-S-S reclamation (next to CPLB). 

Thirdly, Vs measurements based on four seismic CPTs were also taken in 2021. One of the seismic 

CPTs is located in the Thorndon reclamation, one in the old G-S-S reclamation (next to CPLB), and 

two located along Aotea Quay (including one next to PIPS). Figure 4.1 maps the approximate centre 

of surface-wave arrays, locations of the borehole pairs in which DPCHs were performed, and 

locations of the seismic CPTs as green arrows, yellow pins, and green circles, respectively. Note that 

the measurements and interpretation of the surface-wave data (MASW and MAM) are not a part of 

this study and hence not considered in this chapter, though the results are used to help characterize the 

deeper native deposit layers (Chapter 8). The DPCH and seismic CPTs were performed as a part of 

this study and therefore considered in this chapter. 

Three representative Vs profiles of the reclaimed fills at CentrePort are shown in Figure 4.14. 

The DPCH method provides the most accurate and highest resolution of Vs data in the top 30 m (i.e., 

for the fill) compared to surface-wave test methods and seismic CPTs. Therefore, representative Vs 

profiles data from DPCH tests performed in the Thorndon (BH01 and BH02) and old G-S-S 

reclamation (BH05 and BH06) are shown in Figure 4.14a and Figure 4.14b, respectively. Both 

profiles in Figure 4.14a and Figure 4.14b show the largest measured Vs of 280–350 m/s in the top 3–

4 m in the compacted gravelly crust layer. For the Thorndon G-S-S fill (Figure 4.14a), the Vs readings 

are consistent and mostly in the range of 220–250 m/s from 4 m to 19 m depth. From 19 m to 24 m is 

then another layer of larger Vs of 300–350 m/s, which sits atop a layer with Vs of around 240 m/s, both 

representing different layers of the Wellington alluvium. The thinner marine sediment layer in the 

deposit cannot be identified in the Vs profile. The profile in the old G-S-S fill (Figure 4.14b) also 

shows similar characteristics, though the measured Vs tends to be overall slightly lower (180–240 m/s). 

In the absence of DPCH data, a representative Vs profile of the hydraulic fills measured using a 

seismic CPT is shown in Figure 4.14c (sCPT074). The Vs of the softer hydraulic fills from 2 m to 

11 m depth are in the range of 100–150 m/s, which are distinctly smaller than those measured in the 

gravelly profiles. Evidence from nearby boreholes and CPTs suggest the layer with 100–150 m/s 

characterizes the silt-clay hydraulic fill. Measured Vs from 11 m depth are in the range of 200–

250 m/s, which reflect the deeper alluvium below the reclamations. 
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Figure 4.14: Shear-wave velocity (Vs) profiles for: (a) Thorndon end-dumped gravel-sand-silt fill 

(DPCH at BH01 & BH03), (b) gravel-sand-silt fill from the pre-1916 reclamation (DPCH at BH05 & 

BH06), and (c) dredged hydraulic fill (sCPT074). 

4.7 Summary 

The complex soil composition (i.e., wide range of particle sizes including gravel, sand, and 

fine-grained soils), fabric (structure), and potentially variable density state of the reclamations pose 

challenges with regard to obtaining quality subsurface geotechnical data, and the large spatial 

variability in the soil composition warrants detailed site characterization of CentrePort reclamations 

before performing liquefaction assessment. Recognising these challenges, comprehensive field 

investigations have been performed to obtain high-quality subsurface data to characterize the fills. 

This study utilizes borehole logs, index testing of borehole soil samples, and comprehensive series of 

CPTs performed to characterize the CentrePort fills and underlying native soils by identifying 

characteristic soil profiles, developing cross-sections depicting the subsurface geometry, and 

characterizing the predominant fill units. Additional information and findings from DPTs and Vs 

measurements are also used to supplement the CPT-based characterization. 

The Thorndon G-S-S fills are 10 m thick in the northern end of the Thorndon reclamation 

(south of the buried seawall) and gradually increases in thickness to 22 m in the southern end. The G-

S-S fill is composed of 60–80% fine-to-medium gravels and 20–40% finer sand-silt fractions, and this 

composition is consistent throughout the Thorndon reclamation. The proportion of sand and non-

plastic silt is sufficiently large for these finer fractions to govern the deformational behaviour and 

mechanical response of the G-S-S mixture, based on the interpretation of the soil composition. The 
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CPT data of the G-S-S fills are consistent with relatively low qc (6–8 MPa) and intermediate values of 

Ic (1.9–2.3) that are characteristic of sand-silt mixtures rather than gravels, thus confirming the 

interpretation that the finer sand-silt matrix of the G-S-S fills have dominant influence. The gravel 

particles have secondary effects on the CPT, manifesting as occasional spikes of increased qc and 

reduced Ic due to interaction of the cone with gravel-sized particles. Like the CPT, the DPT also 

exhibited low resistances in the G-S-S fill (blow counts in the range of 4–7) that are characteristic of 

sand-based fills and much lower than those typical for coarser and rounder alluvial gravelly fill. An 

advantage of performing the DPT in G-S-S fills relative to the CPT is that, due to the larger size of the 

cone, no spikes in penetration resistance are observed. However, other than this secondary effect, the 

CPT and DPT show consistent penetration characteristics. Vs measurements in the Thorndon G-S-S 

fill are mostly in the range of 220–250 m/s, which is larger than those typical for sand-based fills. 

This suggests the gravel-size particles have more influence on the Vs measurements, while the 30% or 

more amount of sands and silts in the well-graded G-S-S fill have a dominant influence on the CPT 

and DPT penetration resistance. 

Sandy fill is encountered below the G-S-S fill in an isolated region in the eastern part of the 

Thorndon reclamation with variable thickness up to 10 m, and variable depth to the top of the fill 

ranging from 7 m to 22 m. The shallower sandy fill (< 15 m depth) is composed of uniformly graded 

fine sand (< 1 mm particle size) with < 5% fines and no gravel content, while the deeper (> 15 m 

depth) sandy fill is composed of coarse sand with ~30% gravel content. Ejecta samples collected after 

the 2016 Kaikōura earthquake indicate the shallow sand fill liquefied and manifested as ejecta. The 

CPT data for the sandy fill is distinctly different from the G-S-S fill, with qc slightly above 10 MPa 

and Ic values of approximately 1.7 in the shallower sandy fill, and qc > 20 MPa and Ic ≈ 1.5 in the 

deeper sandy fill. The large difference between CPT values (qc and Ic) of the G-S-S fill, shallow sand 

fill, and deep sand fill illustrate the sensitivity of the CPT to small changes in the soil composition 

between the different soil units. The DPT exhibited blow counts in the range of 6–8 throughout the 

sandy fill, which is only a slight increase compared to the G-S-S fill (4–7), illustrating that the DPT is 

less sensitive to changes in the soil units encountered during testing, particularly for soils composed 

of sands and fines. No Vs measurements are taken in the sandy fill. 

The soils in the 1904-1916 gravelly reclamation are vertically more variable than the 

Thorndon reclamation with shallower depths and thinner liquefiable reclaimed soils. While no index 

testing is performed, visual inspection of cored samples indicates the top 1–7 m of fill material is 

composed of gravel with traces of sand and silts, with some cobble-sized and a few boulder-sized 

particles. However, there are several thin layers (~1 m thickness) of sand with silt which breaks up the 

G-S-S fills. The G-S-S fill have low qc (5–10 MPa) and intermediate values of Ic (1.7–2.0), which is 

similar to the Thorndon G-S-S fill. However, unlike the thick and uniform Thorndon G-S-S fills, the 

overall vertically more variable composition of soils in the older fills make it difficult to ascertain the 

depth of the bottom of the reclamation fills and top of the native marine sediments. Two separate 

interpretations are presented, one with a shallower depth to marine sediment (6–8 m depth), and 

another with a deeper depth to marine sediment (9–14 m depth). The DPT blow counts in the old G-S-

S are approximately 15, which are much larger than those measured in the Thorndon G-S-S 

reclamations. The thin layers of sands and silts which break up the G-S-S fill have significantly lower 

blow counts of 2–4, indicating that the DPT also captures reasonably well the vertically more variable 

composition of soils in the older fills, as compared to the capturing the difference between the G-S-S 

and sandy fills of the Thorndon reclamation. Unlike the CPT and DPT which both result in larger 

penetration resistances for the old G-S-S fill compared to the Thorndon G-S-S fill, Vs measurements 
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in the old G-S-S fill (180–240 m/s) are slightly below the values for the Thorndon G-S-S fill (220–

250 m/s). 

The hydraulic fill, which varies in thickness from 5 m to 10 m, is characterized by three 

distinct soil units that are found in different locations. The first is the sand-silt hydraulic fill, 

composed of fine sand (< 0.2 mm particle size) with 5–35% fines, which liquefied during the 2016 

Kaikōura earthquake and manifested as soil ejecta. It is the most common fill type encountered during 

borehole drilling at the Log Yard, though it is also observed along Aotea Quay. CPTs exhibit qc and Ic 

values of ~4.5 MPa and 2.1, respectively, for the sand-silt fills. The second is the silt-clay hydraulic 

fill, composed of 70–100% highly plastic (mostly PI > 20) fines, characterized by low qc (< 2 MPa) 

and high Ic (> 3.0) values. The silt-clay fill is the most common fill type encountered during borehole 

drilling along Aotea Quay, though it is also observed at the Log Yard. In general, these two soil units 

are often found in intermittent layers throughout the hydraulic fill reclamations. As the hydraulic fill 

material exhibits similar low qc and high Ic characteristics as the underlying marine sediment, the 

determination of the interface between the silt-clay fill and marine sediment can be difficult, 

particularly without additional interpretation from nearby borehole logs. One area of the hydraulic fill 

had evidence of coarse sand and fine gravel, characterized by FC and GC in the range of 5–25% and 

15–55%, respectively. CPT characteristics of the G-S-S hydraulic fill mixtures (qc ≈ 5 MPa and 

Ic ≈ 2.0) are very similar to the sand-silt fill, therefore making it difficult to differentiate between the 

two fill types without the interpretation from borehole logs. Vs measured in the silt-clay hydraulic fills 

are in the range of 100–150 m/s. Like the CPT, Vs measurements are distinctly smaller than those 

measured in the gravelly soil units. No DPTs have been performed in the hydraulic fill. 
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5.1 Introduction 

The state-of-practice for assessing liquefaction uses semi-empirical simplified methods to 

evaluate triggering and consequences of liquefaction. As these methods are developed using field case 

histories predominantly on naturally deposited clean sand and non-plastic silty sand deposits, its 

applicability and performance for reclaimed gravel-sand-silt mixtures and hydraulic fills are uncertain. 

Therefore, this chapter uses the comprehensive set of CPT data at CentrePort to evaluate susceptibility, 

triggering, and consequences of liquefaction using a CPT-based simplified assessment procedure for 

free-field level ground conditions. 

This chapter first summarizes important analytical considerations in preparing, performing, 

and interpreting results from the CPT-based liquefaction assessment. These considerations include a 

description of the adopted analytical method, estimation of the ground-water table at the time of the 

three earthquakes considered, consideration of uncertainty in the seismic demand (i.e., PGA), and a 

classification of liquefaction sites for interpreting results for representative profiles. Triggering results 

are then shown for representative CPT profiles and using conventional triggering charts for critical 

soil layers. These results provide insights on the performance of the triggering assessment for all 

reclaimed soil units at CentrePort. Following this, consequences of liquefaction (settlement and 

damage indices) are compared to the observations summarized in Sections 3.5–3.6 to scrutinize the 

performance of the methods for all reclamation zones at CentrePort and identify important issues and 

limitations in the assessment. General areas of good and poor performance of the simplified 

liquefaction evaluation method can then be flagged for each reclamation zone and reclaimed soil units, 

which are subject of further scrutiny in subsequent chapters, including using other simplified methods 

for comparison with the method used in this chapter. Finally, results of simplified triggering 

assessment using a DPT-based (Rollins et al., 2021) and Vs-based (Kayen et al., 2013) method checks 

for consistencies in the results, as compared to the CPT-based triggering outcomes, and briefly 

summarizes key advantages and limitations in each method as compared to the CPT. 

CHAPTER 5. SIMPLIFIED LIQUEFACTION ASSESSMENT 

OF CENTREPORT RECLAMATIONS 



Chapter 5. Simplified Liquefaction Assessment of CentrePort Reclamations 

 

90 

5.2 Analysis Considerations 

5.2.1 Analytical Procedure 

The unit weight of the fill is assumed to be 19 kN/m3 and the soil behaviour type index 

criterion of Ic < 2.6 is used to identify soil susceptible to liquefaction. Liquefaction triggering is 

evaluated using the Boulanger and Idriss (2014) CPT-based procedure, which compares the 

earthquake-induced cyclic stress ratio (CSR) to the cyclic resistance ratio (CRR) of the soil to estimate 

the factor of safety against liquefaction triggering (FSL). The probability of liquefaction triggering of 

PL = 50% is used for the back-analysis of this case history instead of the conservatively biased 

deterministic value of PL = 16%, which is conventionally used in forward analysis and design. 

Comparison of triggering results with other empirical methods are presented in subsequent chapters. 

Consequences of liquefaction are assessed using the Zhang et al. (2002) CPT-based procedure to 

estimate post-liquefaction reconsolidation settlement, and LPI and LSN calculations developed by 

Iwasaki et al. (1981) and Van Ballegooy et al. (2014), respectively. 

In the Boulanger and Idriss (2014) CPT-based procedure, FC is a potentially critical input 

parameter as it may significantly influence the CRR estimate for the soil. Grain-size distribution 

curves of borehole soil samples of the G-S-S reclamation and ejecta samples from the same area 

(collected before and after the earthquakes) show a relatively narrow range of fines content (FC) of 1–

20% (Figure 4.4a). Even though it is highlighted in subsequent chapters that liquefaction triggering is 

sensitive to FC in this range of values, liquefaction assessment is first conducted in this chapter by 

adopting a representative value of FC = 15% for the G-S-S mixtures. As for the hydraulic fills, the 

CPTs characterized three predominant soil behaviour types: sand-silt with Ic around 2.0–2.1, silt-clay 

with Ic > 2.6, and a small area comprising of G-S-S mixtures with Ic around 2.0. These soil behaviour 

types are often found in layers ranging from a few centimetres to several metres thick and are 

sometimes found mixed together, which creates inherent subjectivity and difficulty in identifying and 

defining an appropriate FC value for each soil layer in the profiles. Instead, the Boulanger and Idriss 

(2014) FC – Ic correlation with CFC = 0 is applied to the hydraulic fills. The effects and resulting 

sensitivity in the liquefaction assessment due to varying CFC, or using a user-defined FC value, for 

both the G-S-S and hydraulic fills are the subject of detailed scrutiny in subsequent chapters. 

The in-situ data used to perform liquefaction assessment were all collected after the 2016 

Kaikōura earthquake. While a major drawback of using post-earthquake in-situ data is that the fills 

may potentially be affected by previous shaking (e.g., disturbance and loosening/densification), lack 

of pre-event data, and in particular penetration resistance, is a common deficiency for most 

liquefaction case histories. At CentrePort, there was no significant manifestation of liquefaction after 

the 2013 earthquakes (except for the localized failure of the southern slope at Thorndon Extension), 

indicating the effects of the 2013 earthquakes on the state of the fills was likely negligible. SPTs 

performed before the earthquakes at CentrePort (albeit non-standard) indicated low penetration 

resistance of the fills, which is consistent with the low penetration resistance observed in the DPTs 

and CPTs advanced after the Kaikōura earthquake. Therefore, the results from the site investigations 

are expected to give reliable estimates of the pre-earthquake state of the fills for liquefaction analysis 

despite being performed after the earthquake, which is also consistent with findings from CPT studies 

such as Lees et al. (2015) and Russell and Van Ballegooy (2015). 
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5.2.2 Back-Analysis of Groundwater Level 

Estimates of the groundwater level at the time of conducting the CPTs are based on tape 

measurements of the water level taken after pre-drill and before conducting the CPT. As piezometric 

data at the port show water levels vary as the tide level changes (up to ±1 m), it is expected that the 

ground-water table throughout CentrePort is also likely to fluctuate and therefore be different during 

earthquake shaking than at the time of the CPT. According to the report of Tonkin & Taylor Ltd. 

(2012b), the variation in the groundwater level near the edge of the port closely follows the tidal 

fluctuation. However, the groundwater level further inland of the port is difficult to characterize 

accurately due to complexities caused by the presence of buried structures (e.g., the concrete seawall), 

changes in soil permeability for different soil types, a time-lag in the variation of the inland 

groundwater level behind the tidal oscillation of the sea level, and temporary changes in groundwater 

levels due to rainfall. Several geotechnical projects in the port have reported difficulties in 

characterizing the complex fluctuating groundwater patterns (Tonkin & Taylor Ltd., 2009). 

While there is insufficient information to account rigorously for these dynamic variations in 

the groundwater table, some effects are accounted for by taking tidal data from a nearby piezometer 

and back-analysing them to get better estimates of the water level at the locations of the CPTs, at the 

time of the earthquakes, as illustrated by the schematic in Figure 5.1. The tidal data is reported as a 

depth below mean sea level (MSL), which is converted to a groundwater table at a given CPT location 

using measured elevation data from CARDNO (2017), which is unique for each CPT location. While 

this is straightforward for the two 2013 earthquake events, the tidal data at the time of the Kaikōura 

earthquake (12:03 am) is missing, as shown in Figure 5.2a. Therefore, an additional time series 

calculation is performed to interpolate the likely tidal level at the time of the earthquake. Firstly, the 

baseline (i.e., average) tidal level for the month of November is estimated to be 300 mm below the 

MSL. The residual of the measured water table at 12:03 am on each day of the month is then plotted 

in Figure 5.2b, which is interpolated to obtain the expected residual from the baseline estimate on the 

day of the earthquake (14 November), accounting for monthly fluctuation patterns, which came to 

180 mm below MSL. Therefore, the tidal level is estimated to be 480 mm below MSL during the 

Kaikōura earthquake (indicated by the black cross in Figure 5.2a). Coincidentally, similar tidal levels 

of approximately 500 mm are measured for the Cook Strait and Lake Grassmere earthquakes. 

Therefore, the water table depths at the time of the three earthquakes were 3.0–3.5 m (25th and 75th 

percentiles) at CentrePort, which are typically 0.2–0.8 m greater than the depths established at the 

time of the CPT. 

 

 

Figure 5.1: Schematic illustration of the method adopted to estimate the ground water table depth at 

CPT locations in CentrePort based on back-analysis of tidal level from a nearby piezometer (reported 

as depths relative to the mean sea level, MSL) and ground surface elevation data from CARDNO 

(2017). 
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Figure 5.2: (a) Measured piezometric data of tidal water level depth (reported as depth below the 

mean sea level, MSL), shown in red, with the estimated water level during the 2016 Kaikōura 

earthquake (12:03am, 14 November) indicated by the black cross, and (b) residuals of the water level 

at 12:03am for every day of November. 

5.2.3 Spatially Distributed Uncertainty of PGA 

The seismic demand in the simplified assessment is represented by the earthquake magnitude 

and the PGA. While the earthquake magnitude is well-known for all three events, surface records of 

earthquake-induced strong ground motions at SMS sites are a result of complex ruptures on a fault, 

wave propagation through the Earth's stiff crust, and further modified due to geometric site effects and 

the nonlinear response of softer surficial soil, whose characteristics may vary spatially over short 

distances. Thus, recorded ground motions tend to exhibit significant spatial variability, and there is 

great uncertainty associated with the actual ground motions, even when close to a SMS site (Bommer 

and Stafford, 2012). It is important to quantify this uncertainty in PGA when performing simplified 

liquefaction assessment. 

One method of quantifying this variability is to use event-specific (i.e., intra-event or within-

event) spatial correlations developed from studies on previous earthquakes, which, in conjunction 

with observations at SMS sites and a ground motion prediction equation (GMPE), provides spatially 

correlated estimates of ground motion intensity measures (IMs). In such methods, an underpinning 

GMPE is used to compute the median and associated lognormal standard deviation (comprising 

within-event and between-event components) of an IM of interest. This gives an unconditional spatial 

distribution of the ground motion IM across sites of interest. The within-event component for a given 
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location is then correlated spatially to its neighbouring sites due to the similarities path effects to 

nearby locations. This gives a conditional distribution, where the IM at a specific location is a 

lognormal random variable which is defined by a conditional median and standard deviation. The 

conditional and unconditional distributions (median and standard deviations) are different at all 

locations, except for sites located far away from any strong motion station. 

This study follows the same spatial correlation procedure adopted for the 2010-2011 

Canterbury Earthquakes by Bradley (2014), which uses the Bradley (2013) New Zealand-specific 

GMPE to estimate the unconditional distribution of PGA, and the Goda and Hong (2008) spatial 

correlation model to obtain the conditional distribution of PGA. Firstly, among the ~160 SMS sites 

with recorded ground motions for the three earthquakes of interest, only the 11 SMS sites located on 

naturally deposited or reclaimed soils in and around the Wellington CBD (all less than 4 km from 

CentrePort) are used. Note that records from the POTS SMS site is excluded since it is located on a 

different geological setting to the 11 SMS sites considered (Figure 3.1). Since the CentrePort 

reclamation and the 11 SMS sites considered have Vs30 in the range of 200–300 m/s, soil site class ‘D’ 

(NZS1170) is assumed in the Bradley (2013) GMPE. Figure 5.3 plots the PGA against the source-to-

site distance (RRUP) for all SMS sites in black, with the 11 SMS sites considered for the analysis 

shown in red, and plotted against the Bradley (2013) GMPE, for the Kaikōura earthquake event. 

 

 

Figure 5.3: Comparison of the Bradley (2013) GMPE (assuming site class “D”) with PGA 

observations from the 11 SMS sites considered in the analysis (shown in red) for the Kaikōura 

earthquake. 

 

The resulting conditional distributions of median and standard deviation PGA values for the 

Kaikōura earthquake are examined and results scrutinized individually. With regards to the estimates 

of median PGA, the reference (i.e., unconditional) values are approximately 0.16g at CentrePort, 

which is slightly larger (0.1–0.15g) than the rest of central Wellington. The Bradley (2013) GMPE 

accounts for stratigraphic one-dimensional amplification, in a general sense, via lower Vs30 values at 
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CentrePort as compared to the rest of the Wellington CBD, which causes this slight increase in 

median PGA. In addition to the simplified consideration of stratigraphic amplification, it is important 

to recognize that the unconditional estimates miss other causes of amplification in ground motion 

intensity that can be significant at Wellington, such as basin-edge effects (McGann et al., 2021), 

suggesting that the PGA is underestimated by the reference unconditional median. These median PGA 

values are then adjusted slightly based on spatial correlation with observed PGA values at SMS sites, 

resulting in the blue contours mapped in Figure 5.4. The results show low PGA values northwest of 

CentrePort (e.g., near WEMS), which increase towards TFSS, CPLB, and PIPS, both due to the 

increase in the unconditional estimate (due to reducing Vs30 values) and due to the larger PGA values 

recorded at the SMS sites. The median PGA estimates peak near CPLB and PIPS before then reducing 

to 0.17–0.18g further south of the SMS sites (i.e., inside CentrePort and towards the Thorndon 

reclamation) due to the lower unconditional median PGA values of ~0.16g. 

 

 

Figure 5.4: Conditional median values of PGA predicted in and around CentrePort for the 2016 

Kaikōura earthquake; red lines show alternative interpretation of the distribution of median PGA 

estimates. 

 

A key observation from Figure 5.4 is that the adopted method estimates PGA values relatively 

close to the unconditional estimates and thus appears to be less affected by the large variations in PGA 

over small distances for the recorded motions at SMS sites. Interpretation of the results from this 

method suggests PGA values at the two SMS sites in CentrePort (CPLB and PIPS) are isolated effects 

and should therefore be treated as outliers in Figure 5.4. This study considers an alternative 

interpretation that CPLB and PIPS are in fact representative of the ground motion intensity in the 

reclaimed land of CentrePort, and that the reference unconditional PGA estimates are not indicative of 

the shaking intensity at CentrePort. This is supported by recorded ground motions in several 

earthquake case histories exhibiting significant amplification due to site response and basin-edge 

effects, including the three earthquakes considered in the study (Figure 3.8 – Figure 3.10). Therefore, 

while the trend of increasing PGA from the northwest side of Figure 5.4 (near WEMS) to CPLB and 
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PIPS is reasonable, the reduced PGA values further south are not reflective of the shaking intensity 

experienced in the southern end of the port (e.g., Thorndon reclamation), which is more likely to have 

similar or larger PGA values than that recorded at CPLB and PIPS. A schematic of this alternative 

interpretation is shown in Figure 5.4 using red lines, with labels in the contours of one possible 

interpretation of the median PGA values. This type of trend is also supported by the generally 

increasing severity of earthquake-induced damage observed further south of the port, particularly for 

the 2013 Cook Strait and 2016 Kaikōura earthquakes (see Section 3.5–3.6). Note that the red contours 

are also more aligned with the Wellington basin geometry presented in Figure 3.1. 

Evidently there are limitations in using either interpretation presented in Figure 5.4. The blue 

contours are too reliant on the unconditional estimates of PGA and treat CPLB and PIPS as outliers, 

which is not consistent with the interpretation of the ground motion intensity of this study. On the 

other hand, the median PGA values of the contours shown in red are not known since the trend is 

extrapolated south of where all SMS sites are located. Therefore, the recorded motions at CPLB and 

PIPS are chosen as representative of the seismic demand. Due to the absence of ground motion 

records at PIPS for the Cook Strait earthquake, and similar strong motion characteristics between the 

two SMS records for the other two earthquakes, the analyses presented herein used available CPLB 

records as the best-estimate seismic demand (i.e., PGA) for liquefaction analysis, for all three 

earthquakes considered. 

With regards to the estimates of standard deviation of PGA, the reference (i.e., unconditional) 

values are approximately 0.42 throughout central Wellington, including CentrePort. The standard 

deviations are then adjusted based on spatial correlation with observed PGA values at SMS sites, 

resulting in the blue contours mapped in Figure 5.5. These contours of the conditional standard 

deviation provide an indication of the uncertainty in the conditional median PGA estimates, whereby 

the uncertainty is smaller near SMS sites and larger (i.e., less accurate) as the distance from SMS sites 

increases. Results show low standard deviations of approximately 0.25 at the northern and southern 

edges of CentrePort, and these values approaches zero near SMS sites WEMS, TFSS, CPLB, and 

PIPS. While it is evident that the Thorndon reclamation is the area with the largest uncertainty 

(average conditional standard deviation of the entire area is ~0.22) as compared to the old gravelly 

reclamation (mostly ranging from 0.10 to 0.15) and Aotea Quay (mostly ranging from 0.10 to 0.22), a 

spatial average of 0.22 is adopted in this study to represent a conservative estimate of the uncertainty 

in PGA throughout CentrePort. A similar value for the lognormal standard deviation is also obtained 

for the other two earthquakes, as summarized in Appendix A. 

The resulting PGA ranges therefore considered for the simplified liquefaction assessment (±1 

standard deviation for each earthquake event) at CentrePort are 0.20–0.31 g, 0.18–0.27 g, and 0.12–

0.19 g, with best-estimate PGA values of 0.25 g, 0.22 g, and 0.15 g for the Kaikōura, Cook Strait, and 

Lake Grassmere earthquakes, respectively. Note that the respective earthquake magnitudes are Mw7.8, 

Mw6.6, and Mw6.6. 
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Figure 5.5: Conditional standard deviation values of PGA predicted in and around CentrePort for the 

2016 Kaikōura earthquake. 

5.2.4 CPT-Based Classification of Liquefaction Sites 

In Section 3.6.3, liquefaction manifestation severity maps were derived for the Kaikōura 

earthquake to facilitate comparison of liquefaction evaluation outcomes to observations. The map, 

shown again in Figure 5.6, highlights an area approximately 30 m inland from the southern, western, 

and eastern edges of the Thorndon reclamation considered to be significantly affected by severe 

lateral spreading during the Kaikōura earthquake based on the observed damage primary associated 

with lateral spreading effects (e.g., large ground cracks and > 300 mm lateral displacements) as 

compared to “free-field” type manifestations observed at the rest of the port. This area, shaded purple 

in Figure 5.6, is categorised as a “Severe Lateral Spread” zone. Since the Boulanger and Idriss (2014) 

CPT-based liquefaction triggering procedure is applicable to level ground conditions, the 19 CPTs 

within this “Severe Lateral Spread” zone are removed from subsequent liquefaction assessment 

presented in this chapter, so that the case histories considered are appropriate for the free-field 

conditions. Earthquake-induced lateral spreading and deformations near the unconfined edges of the 

Thorndon reclamation are subject of scrutiny in future advanced numerical modelling and considered 

to be beyond the scope of the thesis. Note that the reclamations at the Log Yard and along Aotea 

Quay are also close to the reclamation edge, however, this area was still considered in the analysis as 

the liquefaction manifestation characteristics were typical of “free-field” type damage with less lateral 

displacements and smaller lateral spread induced cracks. In addition, some CPT profiles were 

terminated due to a shallow gravel layer, or the pre-drill depth was too deep and possibly missed 

shallow liquefiable layers. Such CPT profiles are therefore not used in the analyses. Thus, a total of 

71 CPT profiles are available for liquefaction evaluation throughout the depth of the deposits. 
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Figure 5.6: Liquefaction manifestation severity map of CentrePort for the 2016 Kaikōura earthquake 

with labels indicating regions of different liquefaction sites (Table 5.1). 

 

Many of the CPTs are located in the same reclamation zone and within close proximity to 

several other CPTs, often consisting of similar fill characteristics including depths, thicknesses, and 

CPT data in key soil units. For the sake of brevity and to present results for all profile types, the 71 

CPTs are classified into 15 groups (sub-areas) that are defined according to the age and soil type of 

the reclamation, soil profile characteristics, and characteristics of the CPT data. These 15 groups, 

summarized in Table 5.1, are used to show results for representative profiles across areas represented 

by these zones, with results for all 71 CPTs presented in Appendix B instead of the main body of the 

thesis for brevity. The liquefaction manifestation severity map in Figure 5.6 is superimposed with 

labels of the 15 liquefaction sites to indicate which areas of CentrePort each zone liquefaction site 

represents. 

The 31 CPTs within the Thorndon reclamation are divided into two types of soil profiles: 

CPTs that contain only G-S-S fill (TR sites) and CPTs that contain sandy fill below the G-S-S fill 

(TR-S sites). The 24 CPTs in areas containing hydraulic fills along Aotea Quay and Log Yard had 

distinctly different seismic response during the Kaikōura earthquake as reflected in the liquefaction 

manifestation map (Figure 5.6). The CPTs tested in the hydraulic fill are therefore divided into LY 

sites if located in the Log Yard, and AQ sites if located in Aotea Quay. The 15 CPTs in the older G-S-

S reclamation north of the buried seawall are classified as OGR sites, with further subdivisions based 

on the age of the fill and liquefaction manifestation observed after the 2016 Kaikōura earthquake. 

CPTs within each of these categories are further grouped based on the soil profile and CPT 

characteristics. 

In the TR sites, thick G-S-S fill with consistent Ic values of 2.0–2.3 throughout depth are 

defined as TR1 type, while G-S-S fill with relatively thick layers of higher Ic values (2.3–2.5) are 

defined as TR3 deposits. The Thorndon G-S-S fill are generally uniform with a relatively narrow 

range of qc and Ic values, so identifying subtle differences between adjacent sub-groups (TR1 and TR3) 

is somewhat subjective. Some CPT profiles have characteristics that are between TR1 and TR3, as 

they contain layers with both higher and lower Ic values, and hence are classified as intermediate TR2 

deposits. The TR-S sites are organized into two groups based on the thickness and depth of the top of 

the sandy fill within the profile. Profiles with 7–10 m thick sandy fill and shallower depth to the top of 

the sandy fill (7–9 m) are classified as TR-S1, while the remaining profiles are categorized as TR-S2. 
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CPT018 is an exception (i.e., a separate class TR-S3), as it is the only profile that contains an 

additional 3–4 m (i.e., total 7–8 m) of non-liquefiable crust at the ground surface. 

Similar to the CPTs in the TR sites, the older G-S-S reclamation north of the buried seawall 

(OGR) typically has shallow liquefiable fill starting at 3–5 m depth. However, the thicknesses of the 

liquefiable layers are typically < 4 m, as compared to 7–22 m thick fill in TR sites with 5–10 m thick 

continuous liquefiable layers. CPTs in the OGR site are subdivided into several sub-groups. CPTs are 

first classified into two categories: OGR-L for CPTs (primarily along the southern end of the 

reclamation zone) where profiles largely contain 3–5 m thick layers of liquefiable soil with low tip 

resistance (qc1Ncs < 100), and OGR-NL for CPTs (primarily along the northern end of the reclamation 

zone) where profiles have less than < 2 m thick layers of liquefiable soil with low tip resistance 

(qc1Ncs < 100). CPT051 is placed in a separate site category of OGR-D as effects of ground 

improvement are observed, with higher tip resistance of qc ≈ 20 MPa. CPTs tested in the older 

reclamation zones constructed in 1893-1901 and in 1882 are placed in separate categories OGR1893 

and OGR1882, respectively, due to their different ages and possibly different construction materials 

or methods used. 

The LY sites are separated into LY1 for profiles containing a shallow 3–4 m thick liquefiable 

layer with Ic values in the range 2.0–2.3, and LY2 for profiles dominated by non-liquefiable layers of 

soils with Ic ≈ 3.0. Note that CPT008 is classified as a LY1 type, though it contains several smaller 

(1–2 m thick) layers of liquefiable soils interbedded with layers of Ic ≈ 3.0, and hence appears to 

transition between LY1 and LY2 types. The AQ sites are separated into AQ1 for profiles with a 

shallow 3–5 m thick liquefiable layer with Ic ≈ 2.0, and AQ2 for profiles dominated by thicker non-

liquefiable layers of soils with Ic ≈ 3.0. By and large, LY1 and AQ1, and LY2 and AQ2 share 

generally similar CPT characteristics, however there was a contrast in their liquefaction performance 

during the Kaikōura earthquake, particularly between LY1 and AQ1 (Figure 5.6). It is worth noting 

that there is limited data near the three AQ1 profiles (CPTD1-05, CPT002 and CPT001) identified in 

the S2-N2 cross section in Figure 4.10a which contain coarse sand and fine gravel, and additional 

field and lab data has since been collected to better characterize this region. It is also worth noting that 

seven CPTs in the boundary zone between the Log Yard and Aotea Quay (C1-03, C1-04, and 006-0 to 

006-4) appear to transition between AQ1 and AQ2 types. 
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Table 5.1: Description of the 15 zones in CentrePort 

Reclamation Zone Zone ID Soil/deposit characteristics No. of 

CPTs 

1965-1976 G-S-S* 

fill; loose, approx. 

10–12 m thick (below 

water table) 

TR1 
G-S-S* fill with Ic = 2.0–2.3 for most of the fill 

(Severe liquefaction with gravelly ejecta observed in Kaikōura EQ) 
5 

TR2 
G-S-S* fill with Ic = 2.0–2.3 and some layers with Ic > 2.3 

(Severe liquefaction with gravelly ejecta observed in Kaikōura EQ) 
10 

TR3 

G-S-S* fill with relatively large layers with Ic > 2.3 

(Severe liquefaction with largely gravelly ejecta observed in 

Kaikōura EQ) 

2 

1965-1976 G-S-S* 

fill overlying a layer 

of sandy fill 

TR-S1 

G-S-S* fill overlying thick (7–10 m) and shallow (7–9 m depth) 

sandy fill. 

(Severe liquefaction with sandy ejecta observed in Kaikōura EQ) 

3 

TR-S2 

G-S-S* fill overlying thin (3–5 m thick) and deep (predominantly 

> 11 m) sandy fill. 

(Severe liquefaction with gravelly ejecta observed in Kaikōura EQ) 

10 

TR-S3 

G-S-S* fill below a thicker (7–8 m) layer of non-liquefiable crust (3–

4 m more than other TR-S sites). 

(Moderate liquefaction with no ejecta, minor cracking, and minor 

settlement observed in Kaikōura EQ) 

1 

1924-1932 hydraulic 

fill; loose, approx. 5–

10 m thick (below 

1.5–2.5 m crust) 

LY1 

Log Yard fill containing 3–4 m thick liquefiable layers of soils with 

Ic = 2.0–2.3, at shallow depths of 3–4 m. 

(Severe liquefaction with some sandy ejecta observed in Kaikōura 

EQ) 

4 

LY2 

Log Yard fill composed of non-liquefiable soils with Ic ≈ 3.0 

containing shallow but thin liquefiable layers (0.5 m to 1.0 m thick). 

(Generally moderate liquefaction with no ejecta, cracking, and 

minor settlement observed in Kaikōura EQ) 

4 

AQ1 

Aotea Quay fill containing 3–5 m thick liquefiable layers of soils 

with Ic ≈ 2.0, at depths of 3–6 m. 

(Minor-to-moderate liquefaction with no ejecta, cracking, and minor 

settlement observed in Kaikōura EQ) 

4 

AQ2 

Aotea Quay fill composed of non-liquefiable soils with Ic ≈ 3.0 

containing shallow but thin liquefiable layers (0.5 m to 1.0 m thick). 

(Minor-to-moderate liquefaction with no ejecta, cracking, and minor 

settlement observed in Kaikōura EQ) 

12 

1904-1916 G-S-S* 

fill; loose, approx. 5–

7 m thick (below 

water table) 

OGR-L 

Old gravel reclamation containing 3–5 m thick layers of soil with 

qc1Ncs < 100 in the top 10 m. 

(Liquefaction manifestation observed in Kaikōura EQ) 

7 

OGR-NL 

Old gravel reclamation containing < 2 m thick layers of soil with 

qc1Ncs < 100 in the top 10 m. 

(No liquefaction manifestation observed in Kaikōura EQ) 

5 

OGR-D Old gravel reclamation with ground improvement. 1 

1893-1901 G-S-S* OGR1893 1893-1901 reclamation zone 2 

1882 G-S-S* OGR1882 1882 reclamation zone 1 

* G-S-S denotes gravel-sand-silt mixtures. 

  



Chapter 5. Simplified Liquefaction Assessment of CentrePort Reclamations 

 

100 

5.3 Liquefaction Triggering of Representative CPT Profiles for the 

Kaikōura Earthquake 

In this section, typical results of the triggering analysis are shown for representative profiles 

from different reclamation zones under the seismic demand of the 2016 Kaikōura earthquake. Figure 

5.7 shows two profiles from regions with G-S-S reclamation fill atop the marine sediments and 

alluvium. Figure 5.7a-c represents one of the few areas in the Thorndon reclamation where G-S-S fills 

are atop sandy reclamation in site TR-S1, below which is marine sediment and Wellington alluvium 

(CPTA2-06). Since this CPT contains both the G-S-S and sandy reclamation, it is used to illustrate 

typical results of the liquefaction assessment for both soil units. Figure 5.7d-f represent an OGR-NL 

site with fills containing mixtures of sands and silts, with small fraction of gravels, deposited atop 

native marine sediment during the period of 1904 to 1916 (CPT036). 

Profiles of qc and Ic, followed by the computed CRR, corrected using magnitude scaling factor 

(MSF) based on the Kaikōura earthquake moment magnitude, and CSR profiles are shown for the TR-

S1 site in Figure 5.7a-c. The results of the simplified liquefaction evaluation procedure indicate the 

50th percentile CRR of the reclamation is below the seismic demand of the 2016 Kaikōura earthquake 

(i.e., its CSR) throughout the depth of the G-S-S and sandy fill. Hence, the Boulanger and Idriss (2014) 

CPT-based simplified procedure indicates that liquefaction should have been triggered at this CPT for 

both the sandy and gravelly fill under the seismic demand of the Kaikōura earthquake. Due to the 

critical influence of the sand-sized and silt-sized particles forming the matrix of the Thorndon G-S-S 

reclamation, the low qc and intermediate Ic values characteristic of silt- and sand- based fills result in 

the CPT-based analysis characterizing the observed seismic performance of the end-dumped G-S-S 

fills of the Thorndon reclamation with their sand-silt matrix. Hence, the liquefaction analysis is 

producing results consistent with the observed severe liquefaction-induced damage in the Thorndon 

reclamation. 

There is a relatively thin 1 m layer of silty fill typically found sitting between the G-S-S fill 

and sandy reclamation. This layer has high Ic values above 2.6 and is therefore non-liquefiable. The 

sandy reclamation below the G-S-S reclamation is well-characterized by the measured qc values 

between 10 MPa (lower density fill) and 20 MPa (higher density fill), which also lead to CRR values 

that are generally below the CSR for the 2016 Kaikōura earthquake indicating that the sandy zone 

within the reclamation should have liquefied. The resulting FSL of the shallower sandy fill (with lower 

penetration resistance) is similar to the G-S-S mixtures (mostly 0.6–0.7) as compared to the deeper 

sandy fill with larger penetration resistances and FSL values often exceeding 1.0 (i.e., no liquefaction 

triggered). 

Equivalent profiles of qc, Ic, CRR (MSF corrected based on the Kaikōura earthquake) and CSR 

for an OGR-NL reclamation zone are shown in Figure 5.7d-f. Below the gravelly crust is a 2 m layer 

of silty sand where CRR values are below the CSR for the Kaikōura earthquake. This layer sits on top 

of a 1 m layer of non-liquefiable silt with Ic close to 3.0. From 6 m to 9 m depth is then another layer 

of dense gravels, which is either a reclaimed soil unit or shallow alluvial soil, with CRR values well 

above the CSR. The thickness of soil estimated to liquefy by the Boulanger and Idriss (2014) CPT-

based analysis is much less than the Thorndon reclamation profile (i.e., 6–18 m as compared to 1–

4 m), indicating less severe liquefaction in this older reclamation. This is generally consistent with 

observed small cracking and damage to buildings on deep foundation with lack of thick liquefaction 

ejecta trace observed in OGR sites. 



Chapter 5. Simplified Liquefaction Assessment of CentrePort Reclamations 

 

101 

 

Figure 5.7: CPT cone tip resistance (qc), soil behaviour type index (Ic), cyclic resistance ratio (CRR), 

and cyclic stress ratio (CSR) profiles calculated with the Boulanger and Idriss (2014) procedure under 

the seismic demand of the 2016 Kaikōura earthquake for a TR-S1 zone, CPTA2-06 (a, b, c) and an 

OGR-NL zone, CPT036 (d, e, f). G-S-S denotes gravel-sand-silt mixture, MS denotes marine 

sediments, and WA denotes Wellington alluvium. 

 

 

Figure 5.8: CPT cone tip resistance (qc), soil behaviour type index (Ic), cyclic resistance ratio (CRR), 

and cyclic stress ratio (CSR) profiles calculated with the Boulanger and Idriss (2014) procedure under 

the seismic demand of the 2016 Kaikōura earthquake for an LY1 zone, CPT008 (a, b, c) and an AQ2 

zone, CPT005 (d, e, f). MS denotes marine sediments and WA denotes Wellington alluvium. 
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Two representative profiles for the hydraulic fill are shown in Figure 5.8. Figure 5.8a-c 

represents a LY1 site at the Log Yard, where sandy ejecta was observed, containing hydraulic fills up 

to 8.5 m depth deposited between 1924 and 1932 (CPT008). Figure 5.8d-f also contain hydraulic fills 

deposited during the same period, but this AQ2 site is located along Aotea Quay where no 

liquefaction ejecta trace was observed on the ground surface (CPT005). Both profiles contain sandy 

hydraulic fills (layers with qc around 4 MPa and Ic values of approximately 2.0) that are characterized 

by CRR values below the CSR estimates for the Kaikōura earthquake. There is variability in the 

amount of fines contained in the sand within the hydraulic fills, which in turn affects their estimated 

liquefaction resistance. The LY1 site (Figure 5.8a-c) contains thicker cumulative liquefiable sandy 

layers, indicating more severe liquefaction triggering at this site. This is consistent with the large 

volumes of sandy ejecta observed at the Log Yard. The hydraulic fills in the AQ2 site (Figure 5.8d-f) 

have a greater percentage of non-liquefiable silts and clays with Ic > 2.6. Therefore, majority of the fill 

deposits in this profile are non-liquefiable, which is in agreement with the lack of ejecta manifestation 

observed on the ground surface following the Kaikōura earthquake. 

5.4 Selection of the Critical Layer 

5.4.1 Methodology 

Current semi-empirical liquefaction triggering procedures were developed based on field case 

histories of liquefaction manifestation, where penetration resistance (e.g., qc1N in the case of CPT-

based procedures) and CSR pairs were related for each case history site. The CSR – qc1N data are 

estimated for a critical layer in the profile which is considered the most likely to liquefy and cause 

surface manifestation. In the context of the simplified liquefaction triggering procedures, the critical 

layer is considered the most important contributor to the observed liquefaction-induced damage, and 

hence, it is the layer with the highest potential to cause manifestation at the ground surface. 

However, Cubrinovski et al. (2019b) demonstrated, with several case histories from 

Christchurch (New Zealand), that dynamic response interactions and cross-layer interactions within 

the deposit (termed “system response effects”) may significantly affect and even radically alter 

liquefaction manifestation at the ground surface. They emphasized that the consideration of the 

critical layer in isolation is insufficient and inadequate for evaluation of the dynamic response of a 

deposit and consequent liquefaction manifestation. While recognizing the potential importance of 

system response effects, critical layers in the CPT profiles examined in this study are first defined as 

conventionally done in the simplified liquefaction triggering procedures, so that the CentrePort 

reclamation data for three earthquakes can be plotted on and interrogated using conventional 

liquefaction triggering charts. 

This study considers the critical layer as a layer of soil considered to have liquefied at the 

outset of liquefaction and likely contributed to the observed surface manifestations, or the layer which 

is considered to be the most likely for liquefaction to be triggered in cases when surface 

manifestations were not observed. The selection of the critical layer includes some degree of 

subjectivity, and this is reflected in previous studies (e.g., Green et al. 2014). In this study, relatively 

weak layers in the soil profile are identified by holistically considering the penetration resistance, 

layer thickness, and layer depth (i.e., location within the soil profile) in relation to the liquefaction 

response of the deposit and consequent manifestation at the ground surface. To facilitate this process, 

FSL is also computed using two CPT-based liquefaction triggering procedures (Boulanger and Idriss, 
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2014, Robertson and Wride, 1998b). The combined effects of soil density (via qc1Ncs), depth, and 

thickness are considered primarily in selecting the critical layer, and insights from the calculated FSL 

from two methods are used to ensure consistent interpretation for a given soil profile and across 

different CPT profiles. Both liquefaction triggering procedures provided consistent results in terms of 

critical layer selection, thus only the results from the Boulanger and Idriss (2014) procedure are 

shown. 

A CPT profile from TR-S2 site in the Thorndon reclamation (CPTA2-09) is used to illustrate 

the methodology employed in the selection of the critical layer (denoted CL). Profiles of qc1Ncs, Ic, FSL, 

and associated median CSR – qc1Ncs pairs (normalized for Mw7.5 and a mean vertical effective stress, 

’v, of 1 atm) for the Kaikōura earthquake are presented in Figure 5.9. Four layers (CL-1 to CL-4) are 

identified and labelled as possible critical layer choices for this soil profile. The vertical lines in 

Figure 5.9a and Figure 5.9c indicate median qc1Ncs and FSL values for the potential critical layer 

choices, respectively. CL-1, CL-2, and CL-3 are all in the G-S-S fill, and CL-4 is in the sandy unit. 

Horizontal error bars on the triggering chart shown in Figure 5.9d represent 25th to 75th percentile 

values of qc1Ncs throughout the depth of each candidate critical layer, illustrating the variation and 

associated uncertainty in the characterization of CPT tip resistance for each layer, with median values 

shown as dots. The vertical error bars indicate CSR estimates associated with 16th and 84th percentile 

PGA values. 

 

 

Figure 5.9: (a) Clean sand equivalent CPT tip resistance (qc1Ncs), (b) soil behaviour type index (Ic), and 

(c) factor of safety against liquefaction (FSL; Boulanger and Idriss (2014)) profiles for a TR-S2 site 

(CPTA2-09), with (d) associated liquefaction triggering plot for four possible critical layer (CL) 

choices calculated under the shaking demand of the 2016 Kaikōura earthquake. The vertical error bars 

represent CSR values associated with 16th and 84th percentile PGA values, and horizontal error bars 

represent 25th to 75th percentile qc1Ncs values within each critical layer. 

 

The qc1Ncs values in the sandy reclamation are higher than those of the G-S-S fill, though the 

simplified procedure estimated liquefaction triggering for all four layers for the Kaikōura event. It is 

evident in Figure 5.9 from the higher qc1Ncs and larger depth of the sandy fill that CL-4 cannot be the 

critical layer for this site, and that relatively weaker layers are within the G-S-S fill at shallower 

depths. This is further supported by the higher FSL values for CL-4 calculated in the triggering 

analyses. Given the similar qc1Ncs, Ic, and FSL values for CL-1, CL-2, and CL-3, the shallowest depth 
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and largest thickness of CL-1 make it the most appropriate choice for the critical layer among the three 

remaining potential candidates for this profile. Thus, CL-1 is selected as the critical layer for CPTA2-

09. An equally valid interpretation, but slightly less rigorous for the purpose of this study, would be to 

combine CL-1, CL-2, and CL-3 and consider them jointly, as a single critical layer in a connected 

critical zone (Cubrinovski et al., 2019b). 

5.4.2 Critical Layer Selection for Representative Profiles 

The critical layer selection methodology described above is applied to the 71 CPT profiles 

used in the simplified liquefaction analyses. Representative soil profiles including qc1Ncs and FSL 

values are shown in Figure 5.10 (G-S-S reclamation) and Figure 5.11 (hydraulic fill), for the specific 

reclamation and site categories defined previously. For each profile, all considered critical layer 

choices and the selected critical layer are indicated as green and blue lines, respectively. 

 

 

Figure 5.10: Representative profiles of clean sand equivalent CPT tip resistance (qc1Ncs) and factor of 

safety against liquefaction (FSL; Boulanger and Idriss (2014)) for the 2016 Kaikōura earthquake for: 

(a) TR, gravel-sand-silt fill (CPT042); (b) OGR, old gravel-sand-silt fill (CPT036); (c) TR-S1, gravel-

sand-silt fill with thick and shallow underlying sand layer (CPTA2-06); and (d) TR-S2, gravel-sand-

silt fill with thin and deep underlying sand layer (CPT022). Depth, thicknesses and median qc1Ncs and 

FSL values of the critical layers (CL) are shown by the blue line, and the green lines are other possible 

critical layer candidates considered. 

 



Chapter 5. Simplified Liquefaction Assessment of CentrePort Reclamations 

 

105 

 

Figure 5.11: Representative profiles of clean sand equivalent CPT tip resistance (qc1Ncs), soil 

behaviour type index (Ic), and factor of safety against liquefaction (FSL; Boulanger and Idriss (2014)) 

for the 2016 Kaikōura earthquake for: (a) LY1 and AQ1 sites (CPTD1-05); and (b) LY2 and AQ2 

sites (CPT003). Depth, thicknesses and median qc1Ncs and FSL values of the critical layers (CL) are 

shown by the blue line, and the green lines are other possible critical layer candidates considered. 

 

The G-S-S fill of TR sites, shown in Figure 5.10a, typically have thick (7–22 m) liquefiable 

layers of low tip resistance (6.5–8.0 MPa), often containing thin layers (lenses) of fine silts with Ic > 

2.60, or pockets of coarser gravels with localized high resistance. Even though these profiles have 

several critical layer candidates, overall soil conditions are generally uniform with qc1Ncs and FSL 

values being reasonably consistent throughout the depth. Generally, a 1–3 m thick, shallow (3–7 m 

depth) layer is selected as the critical layer for TR sites. However, a much larger thickness of the fill 

(e.g., 7 m to 14.4 m in Figure 5.10a) has similar properties and liquefaction resistance as the critical 

layer, and such thicker zone is anticipated to ‘work’ as a unit during the development and evolution of 

liquefaction under earthquake loading. Unlike in the TR sites, the older G-S-S fill in OGR sites, 

shown in Figure 5.10b, do not have thick zones of liquefiable soil of low resistance and instead 

typically comprise of only one or two liquefiable soil layers with low penetration resistance. 

Therefore, the choice of the critical layer is less subjective. The critical layer is typically 0.5–4 m 

thick and is generally located at a shallow depth of 3–4 m. 

The soil profiles of TR-S sites consist of a G-S-S fill overlying a sand fill, with thicker and 

shallower sand layer in the case of TR-S1 sites (Figure 5.10c), and deep thin sand layer for TR-S2 

sites (Figure 5.10d). Both profiles have several critical layer candidates in the G-S-S fill with similar 

characteristics, and typically one potential critical layer candidate in the deeper clean sand fill. At TR-

S2 sites (Figure 5.10d), the sandy critical layer is always at a large depth (> 15 m), whereas critical 

layers in the G-S-S fill are distributed throughout the top 12 m to 15 m depth. Hence, it is more likely 

for the top G-S-S fill to liquefy and manifest at the surface, which is consistent with the gravelly 

ejecta observed at these sites after the Kaikōura earthquake. Therefore, as the thickness, qc1Ncs, and 

FSL values for the critical layer candidates are similar, the shallowest layer in the G-S-S fill is selected 

typically as the critical layer for these profiles. In contrast, the critical layer candidates in the G-S-S 

fill for TR-S1 sites (Figure 5.10c) are much thinner (< 1 m thick) and interbedded with higher 

resistance gravelly layers. Importantly, the TR-S1 profiles have thick sand layer (7–10 m) with a 

critical layer with low tip resistance (~10 MPa) at shallower (7–9 m) depth. The thick sand layer is 



Chapter 5. Simplified Liquefaction Assessment of CentrePort Reclamations 

 

106 

anticipated to strongly influence the deposit response and consequent liquefaction manifestation, 

which is consistent with the sandy ejecta observed in an isolated area near the TR-S1 sites. Hence, the 

top part of the deeper sand layer exhibiting lower penetration resistance is selected as the critical layer 

for these soil profiles. 

The CPTs in the hydraulic fills consist generally of two main types of profiles. The first type 

(LY1 and AQ1 sites), represented in Figure 5.11a (CPTD1-05), generally contains a 3–5 m thick 

continuous liquefiable layer of fill with Ic ≈ 2.0 (but may range from 2.0 to 2.3) and FSL < 1 at shallow 

depth (< 10 m). These qc and Ic values characterize both the sand-silt fill, encountered throughout the 

Log Yard and Aotea Quay, and the hydraulic fill with G-S-S mixtures, encountered in an isolated 

region along Aotea Quay. Generally, when one of these two soil units are encountered, it is the best 

choice for the critical layer. The second type of profile (LY2 and AQ2 sites), represented in Figure 

5.11b (CPT003), typically has non-liquefiable silt-clay fill (Ic > 3.0) in the upper part of the deposit, 

with liquefiable soils at much larger depth. Therefore, the critical layers for these profiles are deeper 

(e.g., 11 m depth for CPT003). 

5.5 Liquefaction Triggering Analysis Using Conventional CPT Triggering 

Charts 

The liquefaction triggering assessment for the 2016 Kaikōura earthquake seismic demand is 

shown in Figure 5.12 in terms of CSRB (i.e., CSR normalized for Mw7.5 and ’v = 1 atm) as a function 

of qc1Ncs. The Boulanger and Idriss (2014) CRRB curves for PL of 16%, 50% and 84% are also shown 

for reference, as indicators of liquefaction resistance (note that FSL is calculated using the PL = 50% 

curve). Figure 5.12a and Figure 5.12b show case history results for gravelly fills and hydraulic fills, 

respectively. Each symbol represents median CSRB and qc1Ncs values for the selected critical layer for 

each analysed CPT profile, with vertical bars representing variations in CSRB associated with 16th and 

84th percentile PGA values (Section 5.2.3), and horizontal bars indicating 25th to 75th percentile values 

of qc1Ncs for the critical layers. 

 

 

Figure 5.12: Results of Boulanger and Idriss (2014) CPT-based triggering analysis for the 2016 

Kaikōura earthquake at: (a) CPTs containing gravelly reclamation fill; and (b) CPTs containing 

hydraulic fills. The vertical bars represent CSRB values associated with 16th and 84th percentile PGA 

values, and horizontal bars represent 25th to 75th percentile qc1Ncs values for each critical layer. 
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Except for the ground improvement site and TR-S3 site (CPT018), the critical layers of all 

CPT sites in gravelly fill (Figure 5.12a) have qc1Ncs values ranging from 45 to 90, with no clear 

difference between the recent Thorndon reclamation (both gravelly and sandy fill) and the older G-S-

S reclamation. The hydraulic fills (Figure 5.12b) have qc1Ncs values from 60 to 100, which are slightly 

higher than the respective values of the G-S-S fills. Apart from the two exceptions mentioned above, 

all CPTs have a well-defined critical layer with similarly low characteristic penetration resistances 

(qc1Ncs between 50 and 100) that plot above the PL = 50% triggering curve (solid line in Figure 5.12), 

with FSL values calculated for the critical layers in the range of 0.4–0.7. Results of the triggering 

analysis presented in conventional triggering charts therefore do not discriminate between the 

different reclamation zones and estimates almost all critical layers throughout CentrePort to have 

triggered liquefaction during the Kaikōura earthquake. 

The outliers in Figure 5.12a include a TR-S3 site (CPT018) from the Thorndon reclamation 

that consists of a 7–8 m thick layer of non-liquefiable crust, which is 3–4 m thicker than the crust of 

all other profiles in the Thorndon reclamation. Additionally, qc1Ncs values of the critical layer are 

substantially higher than those in the other profiles in the Thorndon reclamation, and therefore, 

triggering analysis indicates that this CPT has a greater FSL. However, FSL < 1 is still estimated for 

this profile, which is consistent with the observed damage near CPT018 (yellow shaded region in the 

eastern part of the Thorndon reclamation in Figure 5.6). The second outlier in Figure 5.12a is an 

OGR-D site (CPT051) located in the 1904-1916 old G-S-S reclamation with significantly higher qc1Ncs 

values (> 150, and often exceeding 200), as compared to the other OGR sites. The higher penetration 

resistance captures the effects of ground improvement and consequent increase in liquefaction 

resistance for this site. The liquefaction damage observed around this site is significantly less severe, 

which is contributed by this ground improvement zone. 

While the liquefaction damage severity varies, liquefaction effects such as soil ejecta, ground 

cracks, and settlement were observed across most of the port (at least to some extent) after the 

Kaikōura earthquake, as summarized in Section 3.6. In this context, the results from the simplified 

liquefaction triggering assessment in Figure 5.12 are generally consistent with the field observations. 

An exception to this is the strip of land in the northern half of the old gravelly reclamation (shaded 

grey in Figure 5.6) that had no liquefaction damage and hence was classified as a zone of no 

liquefaction manifestation. This zone coincides with CPTs in the OGR-NL category. CPTs in this 

category estimate liquefaction triggering based on Figure 5.12, which is inconsistent with 

observations. Furthermore, the observed differences in the extent and severity of liquefaction-induced 

damage across the different reclamation zones are not captured in the triggering results. For example, 

the lack of soil ejecta, absence of major cracks and smaller settlement in the hydraulic fills along 

Aotea Quay and in the older pre-1904 G-S-S reclamation (AQ and OGR sites, respectively) are in 

stark contrast to the observed large volumes of soil ejecta, large ground fissures, and large ground 

settlement in the Thorndon reclamation (TR sites). Similar FSL values for most critical layers suggest 

the triggering analysis alone is unable to discern such differences. The thickness of the weak 

liquefiable layer is much larger in the recent Thorndon reclamation as compared to the rest of the port, 

and this characteristic could be an important factor in the observed different performances of the 

Thorndon G-S-S reclamation and the remainder of CentrePort. 

The liquefaction triggering analysis results for the same critical layers for the 2013 Cook 

Strait and 2013 Lake Grassmere earthquakes are shown in Figure 5.13a and Figure 5.13b, respectively. 

For most of the CPT profiles, the computed CSRB values are above the PL = 50% triggering curve 

(CRRB) for the 2013 Cook Strait earthquake level of ground shaking. Hence, pervasive liquefaction 

triggering is estimated to have occurred for this event. This is generally inconsistent with observations 



Chapter 5. Simplified Liquefaction Assessment of CentrePort Reclamations 

 

108 

as most of the port had minor or no liquefaction manifestation, except for the southern end of the 

Thorndon reclamation (Tonkin & Taylor Ltd., 2014). In contrast to the analyses for the Cook Strait 

event, most of the CPT profiles are estimated to not trigger liquefaction in their critical layers under 

the demand of the 2013 Lake Grassmere earthquake. This event was reported to have caused 

negligible liquefaction effects across the port. Hence, the simplified procedure performs better for this 

earthquake than the Cook Strait earthquake in estimating the occurrence of liquefaction. 

 

 

Figure 5.13: Results of Boulanger and Idriss (2014) CPT-based triggering analysis for the: (a) 2013 

Cook Strait earthquake; and (b) 2013 Lake Grassmere earthquake. The vertical bars represent CSRB 

values associated with 16th and 84th percentile PGA values, and horizontal bars represent 25th to 75th 

percentile qc1Ncs values for each critical layer. 

5.6 Assessment of Liquefaction-Induced Ground Damage Based on the 

CPT 

5.6.1 Ground Settlement 

CPT profiles close to the locations of ground settlement measurements are first used to 

examine location-specific differences between observed and calculated settlements for the Kaikōura 

Earthquake. As liquefaction often manifests by exploiting weak links in the soil deposit (Cubrinovski 

et al., 2019b), it is possible that global features in the response and interactions with surrounding soils 

may have contributed to the observed settlements at a specific location. Therefore, overall global 

trends in observed and computed settlements are also investigated to facilitate such comparisons. 

Figure 5.14 compares ground settlement estimated for the Kaikōura earthquake using the Zhang et al. 

(2002) procedure to the settlement measured by CARDNO (2017) using aerial unmanned aircraft 

systems (UAS) for CPTs located within 10 m of survey point locations. Vertical error bars represent 

estimated settlement associated with 16th and 84th percentile PGA values and horizontal bars indicate 

the uncertainty in the measured UAS settlement. 
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Figure 5.14: Settlements estimated using the Zhang et al. (2002) procedure for the 2016 Kaikōura 

earthquake compared to measured vertical displacements from aerial surveys at 12 CPT sites where 

observation points were < 10 m from the CPT locations. The vertical bars represent settlement 

estimates associated with 16th and 84th percentile PGA values, and horizontal bars represent the errors 

in the aerial survey measurements. 

 

At the two OGR sites where no settlements were observed due to the Kaikōura earthquake, 

triggering analysis yielded FSL < 1 (Figure 5.12a), and hence the Zhang et al. (2002) method estimates 

small (< 50 mm) amounts of settlement. For the cases where settlement occurred, the Zhang et al. 

(2002) settlement estimates are reasonably close (albeit slightly smaller) to the measured values and 

mostly within a factor of 0.5 to 1 of the measured values. Some of these cases, such as the TR and 

TR-S sites, had thick ejecta manifestation. Such additional ground settlement due to ejecta are not 

captured in the estimates based only on post-liquefaction volumetric reconsolidation settlements and 

hence explains the slight underestimation of settlement. The most severe underestimation of the 

measured settlement occurred for an AQ site, which was located approximately 100 m north of the 

Log Yard. Note that since AQ sites are located adjacent to a buried seawall forming the eastern 

boundary of the Aotea Quay reclamations at CentrePort, additional small amounts of vertical 

movement may have been induced by global lateral spreading (as indicated by the mapped crack 

pattern in Figure 3.12) which possibly contributed to the larger observed settlements. Overall, the 

simplified method generally appears to overestimate at the best performing area (e.g., OGR sites) and 

underestimate at the worst performing sites (e.g., TR sites). 

Estimated ground settlements are also compared on a global scale against measured 

settlements across the entire port area in Figure 5.15. The general trends in calculated (Figure 5.15a) 

and measured (Figure 5.15b) ground settlements are similar in that there is an increase in settlement in 

areas with thicker reclamation fills towards the southern and western end of the Thorndon reclamation 

(TR sites). Both estimated and measured ground settlements are smaller in the older G-S-S 

reclamations (OGR sites) north of the seawall. There is also agreement in the settlement pattern at the 

eastern part of the Thorndon reclamation where sandy fill is present (TR-S sites). In this area, the 

calculated settlements decrease from > 150 mm to 0–100 mm, and a slight reduction in the measured 

vertical settlement is also observed for this area (100–200 mm settlement as compared to the 

surrounding areas with > 200 mm settlement). CPTs in this area (i.e., CPTA2-04 and CPT018) show 

increased qc1Ncs values in the deeper sandy fill (100–160) compared to the respective qc1Ncs values of 
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CPTs in other areas (as low as 60). Furthermore, CPT018 (TR-S3 site) within this region also has 7–8 

m of non-liquefiable crust above the G-S-S fill. Both features (i.e., reduced thickness of the 

liquefiable G-S-S fill and higher density of the underlying sandy fill) contribute to a reduction in 

vertical ground settlements. These effects are captured by the simplified settlement evaluation 

procedure. 

 

 

Figure 5.15: Spatial distribution of ground settlements for the 2016 Kaikōura earthquake: (a) 

calculated median settlement estimates (Zhang et al., 2002); (b) measured vertical movement (point 

measurement errors up to ±75 mm) based on aerial surveys. 

 

Discrepancies in the trends of the estimations compared to the measured ground settlement 

are also apparent. For example, in some areas, such as in the southwest part of the Thorndon 

reclamation (TR1 and TR2 sites) and along Aotea Quay (AQ sites), the increase in estimated ground 

settlement shows opposite trend to the decrease in measured settlements. Conversely, the decrease in 

estimated ground settlement contrasts the increase in measured settlements near the centre of the 

Thorndon reclamation (also TR1 and TR2 sites and immediately south of the buried seawall 

delineating the boundary between the Thorndon and older G-S-S reclamation (TR3 site). Moreover, 

estimates based on the simplified procedures show smaller differences between best and worst 
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performing areas relative to the range of measured ground settlement. Overestimation of ground 

settlement is often seen in areas where small ground settlement was observed, such as at the northern 

and northeastern parts of the old G-S-S reclamation (OGR-L and OGR-NL sites) and along Aotea 

Quay (AQ site), whereas the simplified procedure underestimates the amount of ground settlement in 

areas of poor performance, such as at the southern and eastern sides of the Thorndon reclamation (TR-

S sites). 

Similarly accurate survey data do not exist for the Cook Strait and Lake Grassmere 

earthquakes, and instead this study uses settlements estimated using tape-measurements on-site during 

earthquake reconnaissance for comparison with calculated settlements. Figure 5.16 shows the range of 

estimated one-dimensional post-liquefaction settlement for all three earthquakes for the 71 CPT 

locations using the Zhang et al. (2002) procedure shown alongside the range of observed settlement. 

While the simplified liquefaction triggering analysis captures reasonably well the occurrence of 

liquefaction for the moderate and low levels of shaking intensities of the Kaikōura and Lake 

Grassmere earthquakes, respectively, they have different performances in the settlement calculations. 

For the Kaikōura earthquake, the range of estimated settlement (mostly 50–180 mm) underestimates 

the measured vertical displacements (175–350 mm) at CentrePort. In contrast, the measured (0–

50 mm) and estimated (0–25 mm) settlements for the Lake Grassmere earthquake are in better 

agreement. Settlements calculated for the Cook Strait earthquake (35–130 mm), which had seismic 

demands between those experienced by the Lake Grassmere and Kaikōura earthquakes, overestimates 

slightly-to-moderately the settlements observed at the port (0–90 mm). 

 

 

Figure 5.16: Box and whisker plot showing the range of estimated vertical settlements across 71 CPTs 

for the 2016 Kaikōura, 2013 Cook Strait (Zhang et al., 2002), and 2013 Lake Grassmere earthquakes. 

Also shown are the associated range of measured vertical settlements for the 2016 Kaikōura 

earthquake based on aerial surveys (Cubrinovski et al., 2017a), and the associated range of estimated 

vertical settlements for the 2013 earthquake events based on hand measurements during post-

earthquake damage assessment of CentrePort (Tonkin & Taylor Ltd., 2014). 
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These results suggest that even when liquefaction triggering analysis captures the occurrence 

of liquefaction well (as in the case of the Kaikōura and Lake Grassmere earthquakes), the range of 

estimated settlements tend to be lower than the range of observed settlement. This is reasonable if one 

considers that simplified settlement estimates only incorporate post-liquefaction volumetric 

settlements and do not account for vertical settlements due to loss of soil from ejecta and the small 

amounts of deformations induced by global lateral spreading patterns. This underestimation tends to 

be more pronounced for larger intensity shaking associated with large observed settlements in excess 

of 50 mm (as in the case of the Kaikōura earthquake). On the other hand, an overestimation in 

liquefaction triggering (as in the case of the Cook Strait earthquake) translates to overestimating the 

settlements observed at the port. Overall, the simplified procedure captures settlement estimates best 

for the lowest seismic demand of the Lake Grassmere earthquake in which no/minor liquefaction 

effects were observed. 

5.6.2 Liquefaction Damage Indices 

Two liquefaction damage indices, LPI (Iwasaki et al., 1981) and LSN (Van Ballegooy et al., 

2014), are calculated to develop liquefaction-damage maps shown in Figure 5.17, which compare the 

observed liquefaction manifestation with interpolated contours of LSN and LPI across CentrePort for 

the Kaikōura and Cook Strait earthquakes. No damage was reported for the Lake Grassmere 

earthquake, and the calculated LSN and LPI values were less than 10 and 5, respectively, so maps for 

this event are not shown. Importantly, the calculated LSN and LPI values for the Lake Grassmere 

earthquake agree well with the lack of damage reported for this event. 

The general trends in the calculated LSN (Figure 5.17b) and LPI (Figure 5.17c) maps for the 

Kaikōura earthquake are similar. LSN and LPI both increase with an increase in the fill thickness, 

predominantly toward the southern end of the Thorndon reclamation where severe effects of lateral 

spreading occurred. Both damage indices show a decrease over a small area in the eastern part of the 

Thorndon reclamation, where moderate liquefaction severity was observed after the Kaikōura 

earthquake (Figure 5.17a), with less ejecta, fewer cracks, and smaller deformations compared to the 

surrounding fill. Both LSN and LPI tend to decrease to < 10 and < 5, respectively, towards the 

northwestern edge of the port boundary. These LSN and LPI values indicate none-to-minor levels of 

liquefaction damage, which agrees well with observations in this area. In the Log Yard and at a small 

area immediately north of the buried seawall, the greater severity in liquefaction manifestation was 

well captured as indicated by the increased LSN (20–30) and LPI (5–10) values relative to those 

calculated for the rest of the hydraulic fill and older G-S-S reclamation. 

Some discrepancies in the trends of LSN and LPI compared to the observed liquefaction 

manifestations on the ground surface are also apparent for the Kaikōura earthquake. LSN and LPI 

values in the old G-S-S reclamation west of the Log Yard decrease gradually in the northwest 

direction. However, the mapped observations of liquefaction severity (Figure 5.17a) indicate pockets 

of different performance levels, ranging from none to severe manifestations. The irregular 

liquefaction performance of the fills in this reclamation zone is not well captured by the trends in the 

calculated damage indices. In the Thorndon reclamation, the largest values of LSN (> 30) and LPI 

(> 15), commonly taken as indication of major liquefaction damage, was only calculated for the 

southern half. The northern half of this reclamation zone had lower calculated damage indices (e.g., 

LSN = 10–20 at the northernmost end) indicating moderate levels of damage despite having severe 

liquefaction manifestation after the Kaikōura earthquake. In the hydraulic fills, the eastern half of the 
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Log Yard had significantly greater severity of damage than the western half (Figure 5.17a). However, 

LPI contours suggest the western half had greater damage (LPI > 20) than the eastern half (LPI = 10–

20), while LSN does not discriminate between these two areas (both with LSN = 5–10). Evidently, the 

simplified methods are unable to capture the difference in the observed liquefaction performance of 

the hydraulic fills in the western and eastern halves of the Log Yard. 

The Cook Strait earthquake caused traces of sand ejecta at four locations, minor ground 

cracking in isolated areas, and minor wharf damage (Figure 5.17d). The only major damage was 

reported at the southern end of the Thorndon Extension reclamation where large sections of the 

unconfined fill slid into the water. The LPI values calculated for the Cook Strait earthquake (Figure 

5.17f) are generally < 5, indicating none-to-minor liquefaction damage, for most of the port, which 

agrees with no reported damage in these areas. The remaining areas with higher LPI values between 5 

and 10 overlap with areas where minor cracking and settlement (< 100 mm) were reported. The LPI 

trends appear to capture the minor levels of damage observed in these isolated areas of the port. 

Trends in the LSN estimates (Figure 5.17e) also showed an increase to LSN > 20 in the same areas as 

the minor damage observed. While the trend of increased LSN in these areas agree with field 

observations, the LSN values throughout the port generally overestimate the levels of damage 

observed for this event. 

The intensity of ground shaking for the Cook Strait earthquake was higher than for the Lake 

Grassmere earthquake and closer to that experienced by the Kaikōura earthquake (Table 3.1). 

However, the moment magnitude for the Cook Strait earthquake was much less than that for the 

Kaikōura earthquake and identical to that of the Lake Grassmere earthquake, so its duration of ground 

shaking was shorter than that experienced during the Kaikōura earthquake. Thus, the seismic demand 

induced by the Cook Strait earthquake is between the other two events. The settlement analysis and 

both damage indices capture field observations well for the higher and lower seismic demands of the 

Kaikōura and Lake Grassmere earthquakes at CentrePort, with the exception of a few isolated areas. 

Conversely, the calculated settlement and LSN values overestimated the extent of damage observed 

for the Cook Strait earthquake, though LPI better captures the field observations for the Cook Strait 

earthquake. The seismic demand induced by the Cook Strait earthquake is relatively close to the 

liquefaction triggering threshold for the fills (Figure 5.13a), and therefore, the estimates for this event 

are more sensitive to the accuracy of simplified methods in correctly estimating liquefaction 

triggering. 
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Figure 5.17: Map of liquefaction-induced damage (a, d) and spatial distribution of calculated 

Liquefaction Severity Number (LSN; b, e) and Liquefaction Potential Index (LPI; c, f) for the 2016 

Kaikōura (a, b, c) and 2013 Cook Strait (d, e, f) earthquakes. 
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5.7 Comparative Triggering Analyses 

While the CPT-based analyses are the primary efforts of this study, in this section, results of 

triggering analyses based on the DPT and Vs data are presented for a representative profile in the 

Thorndon G-S-S reclamation under the seismic demand of all three earthquakes with the objective to 

check for consistencies in the results as compared to the CPT-based analyses and gain insights on the 

reasons for any discrepancies. Both sets of analyses are presented in this section as original work as a 

part of this study. Note that the DPT-based analysis has been performed for several more CentrePort 

profiles and scrutinized to much greater detail by Roy et al. (2022). 

For both sets of analyses, results are shown as profiles of the measured data corrected for 

overburden stress (i.e., N’120 or Vs1), cyclic resistance (CRR), and seismic demand (CSR). Results from 

a CPT located immediately next to the location of the DPT or Vs profile are also shown as qc, Ic, CRR, 

and CSR profiles. To facilitate fair comparisons with the CPT-based triggering results, the same input 

unit weight (19 kN/m3), groundwater table, PL = 50%, and FC estimates as the CPT-based analyses 

are adopted in the DPT- and Vs- based analyses. Additionally, to show results of all three earthquakes 

together, all CRR values are correlated to penetration resistance for a reference Mw and overburden 

stress of 7.5 and 100 kPa (i.e., CRRB is shown), and CSR is corrected to the same reference values via 

MSF and K (i.e., CSRB is shown), respectively, in the CPT, DPT, and Vs analyses. The PL = 50% 

triggering curves used for the DPT (Rollins et al., 2021) and Vs (Kayen et al., 2013) analyses are 

shown in Figure 5.18a and Figure 5.18b, respectively. 

 

 

Figure 5.18: Liquefaction triggering curves with PL = 50% for the (a) DPT-based (Rollins et al., 2021) 

and (b) Vs-based (Kayen et al., 2013) methods, for Mw7.5 and ′vo = 1 atm. 

5.7.1 DPT-Based Triggering Analysis 

Results of the DPT- and CPT- based triggering analyses are shown in Figure 5.19 for DPT023 

and CPT023, which are located next to each other. The G-S-S fill from 3 m to 12.5 m depth show 

consistently low DPT blow counts (N'120) of 4–7. This is in agreement with the range of qc (6.5–

8 MPa) and Ic (1.9–2.3) values from the CPT, whereby both the DPT and CPT result in penetration 

resistances typical of sands and silts. Results of the triggering analysis therefore indicate the seismic 
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demand (i.e., CSRB) for the Kaikōura event is considerably higher than CRRB throughout the depth of 

the G-S-S deposit, therefore estimating a factor of safety for liquefaction triggering below one. The 

seismic demand for the Lake Grassmere event is considerably lower than CRRB, hence estimating a 

factor of safety for liquefaction triggering above one. These results are consistent with the CPT-based 

results and observations. In contrast, the seismic demand of the Cook Strait earthquake is very close 

to the CRRB values. Like the CPT, the DPT-based assessment results suggest the seismic demand 

induced by the Cook Strait earthquake is relatively close to the liquefaction triggering threshold for 

the G-S-S fills. Overall, similar liquefaction triggering analysis outcomes are obtained for the DPT- 

and CPT- based assessments. 

It is important to also recognize that the results highlight a key advantage in the CPT-based 

assessment compared to the DPT in that the CPT provides a description of the soil behaviour type 

using Ic, which makes it possible to identify non-liquefiable soil layers within the profile. For example, 

the CPT indicates non-liquefiable soft soil in Figure 5.19 from 13.5 m to 14.5 m depth where Ic ≈ 2.9 

(i.e., the marine sediments). The DPT alone cannot identify such non-liquefiable layers without 

referring to borelog descriptions, performing further index testing of the soil layer, or referring to the 

nearby CPT profile. Without such information, one may estimate this layer as liquefiable in the DPT-

based analysis and hence estimate triggering, as shown in Figure 5.19d where a low CRRB is 

calculated in the DPT-based assessment. 

 

 

Figure 5.19: Profiles of (a) corrected DPT blow counts (N’120), (b) CPT cone tip resistance (qc), (c) 

CPT soil behaviour type index (Ic), and normalized cyclic resistance ratio (CRRB) and cyclic stress 

ratio (CSRB) calculated using (d) CPT-based and (e) DPT-based methods under the seismic demand of 

the Kaikōura (CSRK), Cook Strait (CSRCS) and Lake Grassmere (CSRLG) earthquakes for a profile in 

the Thorndon G-S-S reclamation (DPT023 and CPT023). G-S-S denotes gravel-sand-silt, MS denotes 

marine sediments, and WA denotes Wellington alluvium. 
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5.7.2 Vs-Based Triggering Analysis 

Results of the Vs-based triggering analysis are shown in Figure 5.20 based on data collected 

using cross-hole measurements between two boreholes (BH01 and BH02) located 3 m apart. Results 

from a CPT located approximately 9 m from one of the boreholes (CPT039) are also shown. The G-S-

S fill in the top 15.6 m depth have several different layers as identified by the CPT, including several 

2–4 m layers of Ic ≈ 2.0 and qc = 5–10 MPa that are estimated to liquefy, separated by non-liquefiable 

layers of Ic = 2.5–2.8. While there is some variation in Vs1 within the G-S-S fill (mostly in the range of 

210–300 m/s), the measured range of Vs1 are larger than the case histories in the Kayen et al. (2013) 

liquefaction database and are therefore generally larger than the semi-empirical liquefaction triggering 

threshold of Vs1 ≈ 220 m/s (Figure 5.18b). Hence, no liquefaction triggering is estimated to occur 

under any seismic demand, which is inconsistent with the CPT-based assessment results and observed 

seismic performance at CentrePort. Only one small layer at 16.5–19 m depth contains data with 

Vs1 < 210 m/s and therefore estimates CRRB near the CSRB induced by the Kaikōura earthquake. 

However, the CPT suggests this layer are likely to be the softer marine sediments, which are non-

liquefiable by composition. Like in the DPT, the Vs-based assessment does not provide any insights 

on the soil behaviour type of the fill and hence does not allow for the determination of non-liquefiable 

soil layers without additional information from a borelog or laboratory test on soil samples collected 

at depth. 

 

 

Figure 5.20: Profiles of (a) shear-wave velocity corrected for overburden stress (Vs1), (b) CPT cone tip 

resistance (qc), (c) CPT soil behaviour type index (Ic), and normalized cyclic resistance ratio (CRRB) 

and cyclic stress ratio (CSRB) calculated using (d) CPT-based and (e) Vs-based methods under the 

seismic demand of the Kaikōura (CSRK), Cook Strait (CSRCS) and Lake Grassmere (CSRLG) 

earthquakes for a profile in the Thorndon G-S-S reclamation (BH01 & BH02 and CPT039). G-S-S, 

MS, and WA denotes gravel-sand-silt, marine sediments, and Wellington alluvium, respectively. 
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5.8 Summary 

The complex soil composition, fabric (structure), and density state of the reclamations pose 

serious challenges with regard to their interpretation for liquefaction assessment. In addition, the G-S-

S mixture and hydraulic fill materials at the port are not well-represented in the current empirical 

liquefaction database. Therefore, this chapter focuses on exploring the accuracy of the simplified 

liquefaction evaluation procedure of such soils through comparisons with well-documented 

observations at CentrePort from three recent strong earthquakes (2016 Kaikōura, 2013 Cook Strait, 

and 2013 Lake Grassmere earthquakes). Key observations regarding the performance of the CPT-

based triggering assessment for principal reclaimed soil units and reclamation zones of CentrePort, for 

each earthquake considered, are: 

• G-S-S mixtures (Thorndon reclamation; TR sites): The low penetration resistance in the 

G-S-S fill (qc = 6.5–8.0 MPa; Ic = 2.1–2.2; qc1Ncs = 45–90), which are characteristic of 

sand-silt mixtures, results in the CPT-based analyses estimating triggering of liquefaction 

for the Kaikōura earthquake (factors of safety mostly 0.6–0.7), which is consistent with 

observations of liquefaction damage throughout the Thorndon reclamation. The analyses 

estimate a total liquefied thickness in the range of 6–18 m. 

• Sandy fill (Thorndon reclamation; TR-S sites): The shallower sandy reclamation exhibits 

low penetration resistances (qc ≈ 10 MPa; qc1Ncs = 75–95) that also result in liquefaction 

triggering being estimated for the Kaikōura earthquake, with similar factor of safety 

against liquefaction triggering as the G-S-S mixtures. Deeper sand layers exhibit larger 

penetration resistances (qc ≈ 20 MPa; qc1Ncs > 100) with factors of safety at or above 1.0 

for the Kaikōura earthquake. Therefore, while liquefaction is estimated to trigger in the 

sand layers, the location (depth and thickness) of the sand within the soil profile, and its 

liquefaction resistance relative to that of the overlying G-S-S fill, are important factors 

that influenced the performance of the fill, as reflected by some areas in Thorndon 

manifesting gravelly ejecta and others sandy ejecta. 

• Old G-S-S reclamation (OGR sites): The old G-S-S fills have similar CPT characteristics 

(qc1Ncs = 45–90) and CPT-based triggering factor of safety estimates (mostly 0.6–0.7) as 

the Thorndon G-S-S fill, though with a much smaller estimated total liquefied thickness 

(1–4 m). While liquefaction was observed over most of the old G-S-S reclamation zone, a 

small area in the northern part had no liquefaction manifestation, which is inconsistent 

with the triggering assessment. Note that a key factor that may have contributed to the 

observed reduced severity or lack of liquefaction manifestation is that the much thinner 

layers of liquefiable fill often interbedded with non-liquefiable or very dense soils layers. 

These features are not captured in the triggering assessment alone. 

• Hydraulic Fills (LY and AQ sites): While the silt-clay hydraulic fills (characterized by 

Ic ≈ 3.0) are non-liquefiable, the sand-silt and G-S-S soil units of the hydraulic fills 

(Ic = 2.0–2.3 for both) are characterized by low penetration resistances (qc ≈ 2.0; 

qc1Ncs = 60–100) with low factors of safety against liquefaction triggering (0.5–0.8) for the 

Kaikōura earthquake. This is consistent with the liquefaction damage observed 

throughout the Log Yard and Aotea Quay. 

• Based on the above summary, the critical layers for most CPT profiles throughout 

CentrePort have low clean sand equivalent tip resistance of qc1Ncs = 45–100 

(predominantly 60–80). Therefore, there are no significant differences between various 
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fill units in regard to the qc1Ncs values and triggering assessment outcomes within the 

critical layers alone. 

• The simplified procedure estimates no triggering of liquefaction for almost all the CPTs 

in CentrePort under the seismic demand of the Lake Grassmere earthquake. This is 

consistent with the lack of damage observed following the earthquake. Therefore, the 

simplified triggering assessment is in general agreement with field observations for the 

higher and lower seismic demands of the Kaikōura and Lake Grassmere earthquakes, 

respectively. 

• In contrast, triggering of liquefaction is overestimated for over 80% of the CPTs under the 

seismic demand of the Cook Strait earthquake, which experienced none-to-minor damage 

(with some localized exceptions). The Cook Strait event produced a seismic demand 

relatively close to the liquefaction triggering thresholds for the fills, therefore the results 

are more sensitive to the accuracy of the simplified method in estimating liquefaction 

triggering. 

Following the triggering analyses, simplified assessment of post-liquefaction volumetric 

settlement capture general trends observed throughout CentrePort, where larger settlements are 

estimated in the Thorndon reclamation and smaller settlements in the old G-S-S reclamation and 

hydraulic fills. For the Lake Grassmere and Kaikōura earthquakes, where liquefaction triggering 

results are generally in agreement with observed damage, there tends to be an underestimation of 

settlement. This underestimation is more pronounced for the larger shaking intensity of the Kaikōura 

earthquake since the method does not capture additional settlements induced by loss of soil from 

ejecta and small amounts of deformations induced by global lateral spreading patterns. For the Cook 

Strait earthquake, the overestimation of liquefaction triggering results in an overestimation of 

settlements. 

Calculation of damage indices (LPI and LSN) matched reasonably well with the general 

trends in the severity of damage observed for all three earthquakes across most of CentrePort. Two 

limitations are identified with regards to the damage index calculations. Firstly, LSN overestimates the 

severity of damage for the Cook Strait earthquake, while LPI performs better. Secondly, the damage 

index values provide lesser degree of variation in the ground performance as compared to actual 

observations. In other words, the simplified assessment has difficulty in clearly discriminating good 

from poor performance, with general underestimation of damage in areas of poor performance, and 

general overestimation of damage in areas of good performance. This is particularly noticeable in two 

areas: (i) in the old G-S-S reclamation, where the damage index calculations do not capture the 

irregular patterns of liquefaction manifestation and liquefaction severity, which ranged from areas of 

no liquefaction manifestation to severe, and (ii) in the Log Yard, where the damage indices do not 

discriminate between the performance of the western and eastern halves, which had contrasting 

(moderate and severe, respectively) performance. 

Finally, triggering assessment is performed for one representative DPT and Vs profile from 

the Thorndon reclamation to check for consistencies and differences with the CPT-based assessment. 

The DPT-based assessment results in similar outcomes as the CPT-based assessment since the DPT 

also exhibits low penetration resistance that are characteristic of sands and silts, which govern the 

response of the G-S-S matrix. Like in the CPT-based assessment, the factor of safety values for the 

Kaikōura (~0.7) and Lake Grassmere (~1.5) earthquakes are in agreement with the observed 

performance, and the factor of safety is close to 1.0 for the Cook Strait earthquake (i.e., close to the 

triggering threshold). In contrast, the Vs-based assessment estimates no liquefaction for any 
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earthquake event due to its large Vs1 values (210–300 m/s) being above the liquefaction triggering 

threshold in the semi-empirical procedures. Hence, the Vs-based assessment does not capture well the 

observed liquefaction performance. 
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6.1 Introduction 

Existing semi-empirical simplified methods for liquefaction triggering assessment, such as 

those applied in Chapter 5, were developed primarily using liquefaction case histories of sandy soils. 

As a result, clean sand is often used as the reference material in these methods. Since the fines content 

(FC; i.e., < 0.075 mm particle size) has been shown to affect both liquefaction and penetration 

resistance of soils (Seed et al., 1985, Cubrinovski et al., 2010b) and liquefaction case histories of 

sands with fines are well-represented in liquefaction databases, FC is commonly used as a sole 

material characterization parameter in liquefaction assessment methods (Youd et al., 2001, Moss et al., 

2006, Idriss and Boulanger, 2008, Kayen et al., 2013, Boulanger and Idriss, 2014). Alternatively, the 

soil behaviour type index (Ic) from a CPT has been used to account for the effects of material (i.e., soil 

behaviour) characteristics on the penetration and liquefaction resistance of soils (Robertson and Wride, 

1998b, Boulanger and Idriss, 2014). 

The presence of gravel in liquefiable soils has also been shown to significantly affect the 

liquefaction and penetration resistances through the effects of particle size and packing of the soil 

(Tokimatsu, 1988, Tanaka et al., 1992, Kokusho and Tanaka, 1994, Evans and Zhou, 1995, 

Cubrinovski and Ishihara, 1999). Coarser particles and fewer voids in the soil packing, which are 

typical for uniform gravels, generally increase both the penetration and liquefaction resistance of soils. 

However, well-graded G-S-S mixtures, such as the reclaimed soils of CentrePort, may show varying 

types of behaviour ranging from that of silty sand to that of clean gravel depending on the proportion 

and role of different fractions in the soil mixture (Kokusho and Tanaka, 1994, Cubrinovski et al., 

2019a). Importantly, gravelly soils are currently not well-represented in liquefaction databases, and 

they are particularly scarce in the CPT-based case histories (Boulanger and Idriss, 2014). For these 

reasons, it is not clear whether current CPT-based liquefaction triggering procedures are applicable to 

all or some G-S-S mixtures and if soil characterization based on a single parameter of FC or Ic is 

appropriate for such soils. 

Furthermore, in the assessment of liquefaction-induced ground deformation following the 

triggering analysis, current semi-empirical procedures use results from laboratory tests on clean sand 

including conversion of the relative density of the sand to a field parameter (e.g., cone tip resistance in 

the Zhang et al. (2002) settlement evaluation presented in Chapter 5). While converting penetration 
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resistance to relative density is relatively straightforward for sand, though involving some 

uncertainties, more serious difficulties are encountered when applying such conversions to gravelly 

soil (Cubrinovski et al., 2019a). Thus, the use of sand-based relationships and the need for conversion 

between relative density and penetration resistance in the semi-empirical procedures also raises the 

question of their accuracy in the assessment of liquefaction-induced ground displacement for G-S-S 

mixtures. 

In this chapter, representative CPT profiles from the Thorndon reclamation of CentrePort are 

used to scrutinize the abovementioned issues related to the material and state characterization of G-S-

S reclamations in simplified CPT-based liquefaction evaluation procedures. On the basis that 

CentrePort has common features with other case histories of liquefied reclaimed G-S-S mixtures, 

which was illustrated in Section 2.4.1, this well-documented case history is used for scrutiny of the 

applicability of CPT-based liquefaction evaluation methods to reclaimed G-S-S mixtures with similar 

composition. Specific issues in the assessment related to material characterization are examined 

through sensitivity studies using the RW98 (Robertson and Wride, 1998b, Robertson, 2009a) and 

BI14 (Boulanger and Idriss, 2014) liquefaction triggering methods. Lastly, scrutiny of the in-situ 

density state characterization of G-S-S soil and its implications on the assessment of post-liquefaction 

settlement are presented. Note that there are several other issues in the application of the CPT which 

are not covered in the thesis, and other details such as a parametric study investigating the effect of 

the depth-correction of the CPT sleeve friction reading on soil classification and liquefaction analysis 

results are presented in Appendix C. 

6.2 Sensitivity of Liquefaction Triggering on Material and Demand 

Parameters 

In the BI14 triggering procedure, the correction to clean-sand equivalent cone tip resistance is 

made through Equation (2.8) where qc1N is a function of FC and qc1N. There are at least three 

approaches in which the qc1N correction can be applied based on FC. Firstly, the recommended 

method of applying this correction is to measure FC using laboratory index tests on borehole samples 

of target soils. The second approach, primarily used in the absence of laboratory data, is to estimate 

FC using an empirical FC – Ic correlation. For example, a generic FC – Ic correlation (solid black line 

in Figure 6.1) was developed by Boulanger and Idriss (2014) based on the global liquefaction case 

history database (blue cross symbols in Figure 6.1). The third approach for estimating FC is to use a 

site-specific FC – Ic relationship that can be developed using the correlation factor (CFC) in 

Equation (2.9) for specific soil types. For example, Figure 6.1 shows 29 FC – Ic data pairs (red solid 

symbols) for the CentrePort Thorndon G-S-S fill using Ic from CPTs and FC estimates from soil 

samples recovered from an adjacent borehole within 10 m distance from the respective CPT location. 

The site-specific FC – Ic correlation for CentrePort yields CFC = -0.28, which coincides with the lower 

bound range of recommended CFC values recommended by Boulanger and Idriss (2014), while 

CFC = 0 is stipulated in the BI14 generic correlation. 
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Figure 6.1: The generic (black line) and site-specific (red line) BI14 FC – Ic correlations calibrated for 

the BI14 global case history database and CentrePort G-S-S fill, respectively. 

 

In what follows, a sensitivity study is presented using the RW98 and BI14 triggering methods, 

in which uncertainties in the estimation of the liquefaction resistance and seismic demand are 

considered. Specifically, the effects of FC and Ic on CRRB through Equations (2.10) and (2.8) for the 

RW98 and BI14 methods, respectively, and the effects of uncertainty in PGA on CSR through 

Equation (2.6) are comparatively examined. All three approaches of correcting qc1N to qc1Ncs in the 

BI14 method are considered. Note that CRRB and CSR can’t be directly compared since additional 

corrections (MSF and K) are required in the evaluation of FSL (Equation (2.7)). 

The first set of analyses uses the BI14 method with lower and upper bound FC values of 0% 

and 20% for the Thorndon G-S-S fills and 0% and 15% for the sand fills, respectively, based on 

gradation data for these two types of fills (Figure 4.4). The second set of analyses uses the proposed 

BI14 FC – Ic correlation with CFC = 0 (generic) and CFC = -0.28 (site-specific for CentrePort G-S-S 

fills), which represent the lower-bound and upper-bound FC – Ic relationships for the G-S-S fills in 

the sensitivity study. For the Thorndon sand fill, CFC = -0.15 and CFC = 0.15 are adopted, representing 

the generic FC – Ic relationship (CFC = 0) while accounting for uncertainty in the correlation. The 

third set of analyses uses the RW98 method, which corrects qc1N to qc1Ncs by using Ic from the CPT. 

These three alternative approaches illustrate the sensitivity of CRRB on the material characterization 

parameter (FC or Ic) used in the triggering assessment. Note that the estimates based on BI14 

incorporate uncertainties, whereas the RW98 method provides best-estimate values based on a unique 

relationship between Kc and Ic, as there is no basis (i.e., data of the original RW98 relationship) to 

incorporate uncertainties in CRRB due to Ic. To consider the relative significance of the sensitivity of 

CRRB on the outcomes of liquefaction triggering evaluation (i.e., on the estimate of FSL), the 

uncertainty in the induced seismic demand (CSR) is also considered by using ±1 standard deviation 

values for PGA. This allows for a comparative evaluation of the relative significance of the important 

uncertainties in the assessment of FSL. 
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The sensitivity study presented herein is conducted for two representative soil profiles of the 

Thorndon reclamation, which are depicted in Figure 6.2 and Figure 6.3. Figure 6.2 shows a typical 

soil profile for the Thorndon reclamation zone with G-S-S fill from 3 m to 17.2 m depth, while Figure 

6.3 shows a representative soil profile for the Thorndon reclamation with G-S-S fill (3–7 m depth) 

overlying a 10 m thick sand fill. In these figures, qc and Ic profiles from CPT data (panels a & b) are 

shown alongside the range of calculated CRRB values indicating its sensitivity to FC (panel c) and CFC 

(panel d) in the BI14 method, and CRRB estimates based on the RW98 method (panel e). For 

comparison, CSR estimates for the Kaikōura and Lake Grassmere earthquakes are superimposed as 

shaded regions illustrating the uncertainty in CSR associated with PGA for these two events. The 

presented ranges for CRRB and CSR allow to directly compare the uncertainties in FSL due to FC and 

PGA, respectively. Note that the CRRB values shown in Figure 6.2 and Figure 6.3 are not directly used 

in the calculation of FSL because CRRB needs to be adjusted by MSF and K to calculate FSL. The 

sensitivity of FSL to MSF and K is discussed in the subsequent section. 

 

 

Figure 6.2: CPT profile in Thorndon G-S-S fill: (a) cone tip resistance (qc), (b) soil behaviour type 

index (Ic), sensitivity analysis of CRRB due to variation in (c) FC (0% and 20%) and (d) CFC (-0.28 

and 0) in the BI14 method, and sensitivity analysis of CSR due to variation in estimated PGA (0.12–

0.19g and 0.20–0.31g for Lake Grassmere and Kaikōura earthquakes, respectively) in both the (c, d) 

BI14 and (e) RW98 methods; note CRRB and CSR are not directly comparable because FSL also 

depends on MSF and K 
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Figure 6.3: CPT profile in Thorndon G-S-S fill over thick sand fill: (a) cone tip resistance (qc), (b) soil 

behaviour type index (Ic), sensitivity analysis of CRRB due to variation in (c) FC (0% and 15%) and (d) 

CFC (-0.15 and 0.15) in the BI14 method, and sensitivity analysis of CSR due to variation in estimated 

PGA (0.12–0.19g and 0.20–0.31g for Lake Grassmere and Kaikōura earthquakes, respectively) in 

both the (c, d) BI14 and (e) RW98 methods; note CRRB and CSR are not directly comparable because 

FSL also depends on MSF and K. 

 

Comparison of Figure 6.2c and Figure 6.2d show that the sensitivity of CRRB for the 

Thorndon G-S-S fills (i.e., from 3 m to 7 m depth) is generally similar, but slightly larger, for the 

range of CFC considered (-0.28 to 0) than for the range of FC values considered (0% to 20%). In 

contrast, there is a noticeable difference in the CRRB ranges for the Thorndon sand fill (from 7 m to 17 

m depth) computed for FC = 0% to 15% (Figure 6.3c) and CFC = -0.15 to 0.15 ranges (Figure 6.3d) 

using the two alternative BI14 approaches. For the analysis based on the FC – Ic correlation (i.e., CFC 

variable; Figure 6.3d), the Ic values in the sand fill (1.3–1.8) derived from the generic FC – Ic 

correlation (Figure 6.1) are generally associated with FC values for clean sand (FC < 5%). Hence, 

virtually no FC-based correction is applied to layers with low Ic at over 13 m depth, and relatively 

small corrections corresponding to FC = 5–10% are applied in the BI14 method to the layers with Ic 

closer to 1.8 for 7.3–13 m depth. The estimates of CRRB shown in Figure 6.3d are therefore not 

sensitive to the variation in CFC. 

Conversely, Figure 6.3c shows a large sensitivity of CRRB when using a fixed FC value of 

either 0% or 15% throughout the depth of the sand fill, especially for the deeper layers with low Ic and 

higher qc values, which is evident by the wide range of CRRB values (grey shaded area) in the figure. 

A uniform FC value is clearly problematic to use across the entire depth of the sand fill as it 
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overcorrects the tip resistance for layers where a clean-sand approximation (FC = 0–5%) appears to 

be more appropriate (e.g., deeper soils with Ic = 1.3–1.5), resulting in unrealistically large values for 

CRRB for the sand layer. In this context, the BI14 Ic-based correction through CFC accounts for the 

variation in qc and Ic and produces a more balanced FC correction. 

Tornado diagrams depicting the sensitivity of CSR on PGA and CRRB on either FC or CFC 

within two critical layers, or the layers identified as the most likely to manifest liquefaction at the 

ground surface based on the methodology described in Section 5.4, are shown in Figure 6.4a and 

Figure 6.4b, respectively, for all three earthquakes. The following observations are made from the 

results over a narrow range of depths of 7 m to 8.3 m and 9.4 m to 11.2 m for the profiles shown in 

Figure 6.2 and Figure 6.3, respectively: (i) The uncertainty in CSR due to PGA is approximately two 

to five times larger than the uncertainty in CRRB due to FC or CFC (Figure 6.4a versus Figure 6.4b). 

CSR may change by as much as 50% due to the uncertainty in PGA for the Kaikōura earthquake, and 

the uncertainty ranges are slightly narrower for the less-intense seismic demands of the Cook Strait 

and Lake Grassmere earthquakes (Figure 6.4a). (ii) As indicated in Figure 6.4b, the sensitivity of 

CRRB to the FC and CFC ranges considered is either similar or slightly larger for CFC for both the 

sandy and G-S-S critical layers. Note that while a similar conclusion can be drawn when considering 

the entire depth of the G-S-S fill, the uncertainties in CRRB is much larger when adopting a uniform 

value for FC throughout the entire depth of the sandy fill (i.e., the wide range of CRRB values for the 

sandy fill in Figure 6.3c). (iii) The CRRB values computed using the RW98 method are below the 

respective values of the BI14 method and exclude consideration of uncertainties. 

Figure 6.2, Figure 6.3 and Figure 6.4a-b all show the effects of PGA, FC, and CFC on CSR and 

CRRB, but do not illustrate their effects on FSL as they do not incorporate MSF and K. While the 

variability of MSF and K is separately considered in the subsequent section, the overall effects of 

PGA, FC, and CFC on FSL within the critical layers are comparatively shown as a tornado diagram in 

Figure 6.4c. In this figure, the sensitivity of FSL on a given variable is quantified by changing the 

value of the variable between its lower-bound and upper-bound estimates while keeping all other 

parameters at their best-estimate value. The sensitivity on PGA is obtained for the BI14 FC-based 

method using FC = 15% (best-estimate), and the sensitivity on CFC and FC is obtained for the median 

(best-estimate) seismic demand for the Kaikōura earthquake (PGA = 0.25 g). For the results in Figure 

6.4c, FSL is generally more sensitive to the effects of PGA on CSR than FC or CFC on CRRB for all 

three earthquakes. The sensitivity of FSL to variation in PGA, FC, and CFC for the G-S-S fill is similar 

to that of the critical layer in the loose sand fill, which is not the case for the entire profile. 
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Figure 6.4: Sensitivity analyses of (a) CSR on PGA, (b) CRRB on CFC and FC, and (c) FSL on PGA, 

FC, and CFC for the RW98 and BI14 procedures, for critical layers of two representative CentrePort 

CPT profiles (7.0–8.3 m and 9.4–11.2 m depths in the profiles shown in Figure 6.2 and Figure 6.3, 

respectively). As the uncertainty in CSR due to PGA is almost identical for both methods, only the 

BI14 ranges are shown. CRR uncertainties are only shown for BI14, with RW98 shown as crosses 

with no consideration of uncertainty. 

 

Results of the sensitivity analysis, for the case with a constant FC value throughout the fill 

(Figure 6.3c), show a high sensitivity of CRRB to FC for the sandy fill with relatively high penetration 

resistance, and conversely, low sensitivity for low qc values. To quantify the large sensitivity in the 

denser sand layer, a narrow depth range from 14.5 m to 15.5 m for the profile shown in Figure 6.3 is 

considered. In this layer, the sensitivity of CSR and FSL to PGA is identical to that of the shallower 

critical sand layer. While CRRB and FSL of this layer are both insensitive to the choice of CFC between 

-0.15 and 0.15, there is a large sensitivity to FC when using a constant FC value throughout the 

denser sand fill. Tornado diagrams quantifying the sensitivity of CRRB and FSL on FC are shown in 

Figure 6.5a and Figure 6.5b for the dense sand layer, with the loose sand and G-S-S critical layers also 

shown for comparison. While the CRRB and FSL values in the shallower sand and G-S-S fill layers 

vary by 0.05 and 0.15, the respective variations for the dense sand layer are about 0.3 and 1.0, 

indicating over six times greater sensitivity on the adopted FC value. Comparisons of Figure 6.4c and 

Figure 6.5 show that the sensitivity of FSL on FC in the denser sandy fill is greater than the sensitivity 

of FSL on PGA. 
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Figure 6.5: Sensitivity analyses of (a) CRRB and (b) FSL on FC for the RW98 and BI14 procedures on 

a dense sand layer (14.5–15.5 m depth in Figure 6.3) and the critical layers of two representative 

CentrePort CPT profiles (7.0–8.3 m and 9.4–11.2 m depths in the profiles shown in Figure 6.2 and 

Figure 6.3, respectively). CRR uncertainties are only shown for BI14, with RW98 shown as crosses 

with no consideration of uncertainty. 

6.3 Comparison of the BI14 Clean-Sand Equivalent Correction 

Approaches 

The primary reason for the greater sensitivity of the BI14 CRRB to the clean-sand equivalent 

correction in the denser sand layer compared to the looser sand and G-S-S fills is because of the effect 

of the density state (qc1N) on the CRRB triggering relationship. This section illustrates this by 

quantifying the differences in the calculated BI14 CRRB for each of the three layers shown in Figure 

6.2 and Figure 6.3 (i.e., G-S-S, loose sand, and dense sand fills). Despite the large differences in the 

respective median qc1N values for these layers (40, 70, and 135), all three layers yield similar range of 

clean-sand equivalent correction (qc1N), the expression for which, as shown in Equation (6.1), is a 

function of both qc1N and FC. For the G-S-S fill, the FC range considered (5–20%) yields a qc1N 

range of 0–26. The FC range considered in both the loose and dense sandy fill (5–20%) yields qc1N 

ranges of 0–16 and 0–20, respectively. Evidently, the large differences in qc1N between these three 

layers only leads to small differences in qc1N, for the ranges of FC considered.  

 

∆𝑞𝑐1𝑁 = (11.9 +
𝑞𝑐1𝑁

14.6
) exp (1.63 −

9.7

𝐹𝐶+2
− (

15.7

𝐹𝐶+2
)

2
)  for FC > 5% (6.1) 
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However, the differences in the qc1N values contribute to a greater sensitivity of the clean-sand 

equivalent correction on CRRB, as illustrated using the BI14 triggering relationship shown in Figure 

6.6. For the median qc1N values and FC ranges considered, the range of qc1Ncs values for the G-S-S and 

loose sand fill layers (shown as green and blue shadings in Figure 6.6) are 40–66 and 70–86, 

respectively. This corresponds to a sensitivity in CRRB of up to 0.02. In the dense sand fill (shown as a 

red shading in Figure 6.6), qc1Ncs varies by a similar amount (135–155). However, the key difference is 

that the larger qc1Ncs values are in the more vertical part of the BI14 triggering curve where CRRB is 

very sensitive to changes in qc1Ncs. Therefore, CRRB varies by as large as 0.14 in the dense sand fill 

despite the similar considered FC range and resulting qc1N correction as the other two layers. Figure 

6.6 illustrates that the larger qc1N of the dense sand fill is the primary reason for the approximately six 

times greater sensitivity of CRRB to the qc1N correction for the ranges of FC values considered, as 

compared to the other two layers. 

 

 

Figure 6.6: CPT-based liquefaction triggering curve of BI14 for Mw7.5 and ′vo = 1 atm (i.e., CRRB) 

with shaded regions indicating the range of qc1Ncs and CRRB in the sensitivity analysis for the G-S-S 

(shown in green), loose sand (shown in blue), and dense sand (shown in red) reclamation fills of 

CentrePort. 

 

While the sensitivity study resulted in a similar (or slightly larger) sensitivity of CRRB to CFC 

as compared to FC in the G-S-S and loose sand fills, the dense sand fill showed almost no sensitivity 

in CRRB to CFC. To scrutinize this difference, Figure 6.7 plots the ratio of CRRB calculated using a 

fixed FC to that calculated by using the FC – Ic correction (i.e., via CFC). The comparison is made for 

the Thorndon G-S-S fill in Figure 6.7a, with a median Ic value of 2.1 (Table 4.1), and the Thorndon 

sandy fill in Figure 6.7b, with a median Ic value of 1.6 (Table 4.1). As indicated by the shaded area in 

Figure 6.7, the Thorndon G-S-S and sandy fills are characterized by qc1N ranges of 50–80 and 70–140, 

respectively. The lower qc1N values of the sandy fill corresponds to the loose sand layer, while the 

higher qc1N values correspond to the dense sand layer. Note that Ic = 1.6 characterizes the median 

value for the entire sand fill, however the loose and dense sand layers tend to have Ic values either side 

of this median (Ic > 1.6 and Ic < 1.6, respectively). 



Chapter 6. Applicability of Simplified Liquefaction Assessment Methods for Reclaimed Gravelly Soil 

 

130 

 

Figure 6.7: Ratio of the BI14 normalized cyclic resistance ratio (CRRB) estimated using a fixed FC 

value and FC – Ic correction (via CFC) for the Thorndon (a) G-S-S fill (Ic = 2.1) and (b) sandy fill 

(Ic = 1.6). The shaded area indicates range of FC and CFC considered in the sensitivity analysis of 

these fills. 

 

For the Thorndon G-S-S fill (Figure 6.7a), the considered range of CFC values in the 

sensitivity study is -0.28 to 0, which corresponds to a FC range of 9% to 31%, respectively, for a 

median estimate of Ic = 2.1. Compared to the CRRB estimated for the CFC range considered, CRRB 

estimates for the range of FC considered in the sensitivity study (5–20%) can either be above (when 

compared to CFC = -0.28) or below (when compared to CFC = 0) by 20–25% for low qc1N around 50. 

For G-S-S fills with larger qc1N values of around 80, this difference increases to 30–40%. Overall, 

Figure 6.7 illustrates that the G-S-S fills have comparable sensitivities of CRRB to the FC and CFC 

ranges considered due to the combination of reasonably low qc1N (< 80) and intermediate Ic values 

(≈ 2.1). In general, however, this difference can continue to increase for larger qc1N values due to the 

increase in the sensitivity of CRRB for larger qc1N (Figure 6.6), with CRRB estimates being several 

times different for qc1N > 100. 

For the Thorndon sand fill (Figure 6.7b), the considered range of CFC values in the sensitivity 

study is -0.15 to +0.15, which corresponds to a FC range of 0% to 3%, respectively, for a median 

estimate of Ic = 1.6. Since the BI14 method calculates qc1N = 0 for FC < 5%, this range of CFC values 

all correspond to the same CRRB estimates, resulting in the no sensitivity in CRRB to CFC for the sand 

layers when Ic ≤ 1.6, which illustrates why the dense sand fills have almost no sensitivity in CRRB to 

CFC (e.g., 13–17 m depth in Figure 6.3). For sands with Ic > 1.6, CFC = +0.15 can result in FC values 

slightly above 5%, thus resulting in some (albeit small) sensitivity in CRRB to CFC (e.g., 13–17 m 

depth in Figure 6.3). Overall, Figure 6.7b illustrates that the CRRB estimates for the range of FC 

considered in the sensitivity study (0–15%) is either similar (if FC ≤ 5%) or above (if FC > 5%) the 

CRRB estimated for the CFC range considered. Unlike the G-S-S and loose sand fills with differences 

in the CRRB estimates by up to 25% and 40%, respectively, due to its lower qc1N values (< 100), the 

larger qc1N (> 100) values in the dense sand fill results in differences in the CRRB estimates by up to 

60%. 

Note that an alternative approach for comparing the different approaches for the qc1N 

correction in the BI14 method is presented in Appendix D. 
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6.4 Comparative Evaluation of the RW98 and BI14 Liquefaction 

Triggering Methods 

In the sensitivity study, the RW98 method generally calculated lower CRRB and FSL than the 

BI14 method for the critical layers (Figure 6.4b-c and Figure 6.5), which reflects differences in the 

empirical relationships between the RW98 and BI14 semi-empirical relationships. Differences 

between the two CPT-based triggering procedures are further elaborated in this section through 

scrutiny of four key parameters used in the FSL calculation (Equation (2.7)): CSR, K, MSF, and CRRB. 

The differences in CSR, K, and MSF, presented as a ratio of BI14 to RW98, are illustrated in 

Figure 6.8. The shaded regions in these plots indicate the range of values relevant for CentrePort G-S-

S fills (qc1Ncs ≈ 60–100, σ’vo ≈ 0.5–1.8 atm, and 3–15 m depth), for the three earthquakes (Mw6.6 –

 Mw7.8). The only difference between the two methods in the calculation of CSR is in the stress-

reduction factor, rd, shown in Figure 6.8a. This factor is only a function of depth in the RW98 

procedure, while it is also a function of Mw in BI14. For typical liquefiable soils in the top 15 m, the 

BI14 rd can be smaller than RW98 by up to 12% for smaller earthquake magnitudes (Mw ≈ 6), and 

greater than RW98 by up to 20% for larger earthquake magnitudes (Mw ≈ 8.5). For the Mw values of 

interest at CentrePort, the differences in rd are limited to ±10%. The differences in the K factor, 

which is a function of σ’vo and DR, is shown in Figure 6.8b. The BI14 K correction can be up to 20% 

larger than RW98, though is only 10% larger for typical CentrePort G-S-S fills. 

 

 

Figure 6.8: Ratio of BI14 and RW98 methods in calculating the (a) stress-reduction factor (rd), 

(b) overburden pressure correction factor (K), and (c) magnitude scaling factor (MSF). The shaded 

area indicates typical range for CentrePort G-S-S mixtures. 

 

The ratio of the MSF, which is only a function of Mw in the RW98 formulation and a function 

of both Mw and qc1Ncs in BI14, is shown in Figure 6.8c. The difference in the MSF correction between 

the two methods is more significant than for rd and K. For larger Mw (≈ 8.5), the BI14 MSF value can 

be up to 30% greater than that of RW98, while for lower Mw (≈ 6), the BI14 MSF value can be up to 

50% lower. For CentrePort G-S-S fill, the correction for Mw7.8 is approximately 10% larger for BI14 

than RW98, while for Mw6.6 the BI14 MSF values are up to 25% smaller than the respective RW98 

MSF values. Note that some of the differences in MSF can be compensated when combining CSR, K, 

and MSF in the calculation of FSL, and this combined difference is relatively small (up to 15%) for the 

CentrePort G-S-S fills. 
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The ratio of CRRB for the two methods is shown in Figure 6.9 as a function of Ic using the 

generic (Figure 6.9a) and site-specific (Figure 6.9b) FC – Ic correlations in BI14. As indicated by the 

shaded area in Figure 6.9, the CentrePort G-S-S fills are characterized by qc1N values of 50–80 (note 

that this range of qc1N values is slightly larger than those for the critical layers discussed in 

Section 6.3), predominantly with Ic of 2.0–2.3. For the calculation of CRRB using the generic FC – Ic 

correlation (Figure 6.9a), Ic ≈ 2.0 (the predominant value for CentrePort G-S-S fill) used in the RW98 

method corresponds to FC ≈ 23% in the BI14 method (Figure 2.25). This results in 10–40% larger 

CRRB values for BI14 than RW98 in Figure 6.9a. Recall that the cone resistance correction in BI14 is 

more aggressive than RW98 when BI14 estimates FC in the range of 5–35%. This is reflected in 

Figure 6.9a as an increase in the ratio towards its peak, which is attained for Ic values of 1.9–2.2. Once 

Ic exceeds 2.2, which corresponds to FC > 35% in the BI14 generic FC – Ic correlation, the RW98 

correction becomes more aggressive causing the decaying branch in the ratio. Thus, as Ic increases 

beyond 2.2, the RW98 method yields larger CRRB compared to BI14, and the ratio rapidly drops 

below the parity value of 1.0. 

 

 

Figure 6.9: Ratio of the BI14 to RW98 methods in calculating normalized cyclic resistance ratio 

(CRRB) using the BI14 (a) generic FC – Ic correlation (CFC = 0), and (b) CentrePort G-S-S specific 

FC – Ic correlation (CFC = -0.28). The shaded area indicates typical range for CentrePort G-S-S 

mixtures. 

 

For the site-specific correlation in Figure 6.9b, the same Ic values correspond to smaller FC 

estimates for the BI14 method, which considerably affects how the ratio of BI14 CRRB to RW98 

CRRB changes with Ic. Low values of Ic (< 2.1) correspond to FC < 5%, and therefore no cone 

resistance correction is applied for the BI14 method, while the RW98 method based on Ic applies a 

larger correction once Ic increases beyond 1.64. This results in the trend where the ratio decreases for 

Ic of up to 2.1 in Figure 6.9b. For Ic values exceeding 2.1, the BI14 method corrects more aggressively 

again as 5% < FC < 35% is estimated, which shows either as an increase in the ratio towards a peak 

for Ic values of 2.2–2.4 or as a reduced rate of decrease. For Ic > 2.4, which corresponds to FC > 35% 

in the BI14 site-specific FC – Ic correlation, the RW98 correction becomes more aggressive than BI14, 

which again reduces the ratio rapidly. 

Depending on the different soil types, qc1Ncs values, and the FC – Ic relationship used in BI14, 

the two methods may result in substantially different CRRB estimates due to the interpretation of the 

effects of FC or Ic. The use of generic sand-based FC – Ic relationships in BI14 (i.e., CFC = 0) can 

yield up to 50% higher CRRB values than the RW98 method. However, for G-S-S fills with a site-
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specific FC – Ic relationship in BI14 (CFC = -0.28), the RW98 method yields higher values of CRRB 

than BI14 by up to 50%. 

When comparing Figure 6.8 and Figure 6.9, the modelling differences in CRRB are 

substantially larger than those for CSR, K, and MSF, and hence contribute the most to the differences 

in the calculated FSL. This is further illustrated in Figure 6.10, which combines all parameters of CRR 

(i.e., K, MSF, and CRRB) expressed again as a ratio of BI14 to RW98 for Mw7.8 and Mw6.6 

earthquakes. Figure 6.10a shows the ratio using the generic (CFC = 0) BI14 correlation and Figure 

6.10b using the site-specific (CFC = -0.28) BI14 correlation. Both plots also reflect the differences in 

the estimates of rd. The CSR estimates show up to 12% variation between the two methods for both 

earthquake magnitudes. In contrast, the difference in CRR for most of the G-S-S fills, with Ic < 2.3, is 

as large as 40% and 55% for Mw7.8 and Mw6.6 demands, respectively. This difference in CRR 

between the two methods can be as large as 75% for fills with larger Ic values up to 2.6. While various 

factors contribute to these differences, the principal contributing factor is in the interpretation of the 

effects of the material characterization on the empirical CRRB – qc1Ncs relationship. 

 

 

Figure 6.10: Ratio of the BI14 to RW98 methods in calculating the cyclic stress ratio (CSR) and cyclic 

resistance ratio (CRR) for the Kaikōura (Mw7.8) and Lake Grassmere (Mw6.6) earthquakes using the 

BI14 (a) generic FC – Ic correlation (CFC = 0), and (b) CentrePort G-S-S specific FC – Ic correlation 

(CFC = -0.28). The shaded area indicates typical range for CentrePort G-S-S mixtures. 

6.5 Evaluation of Liquefaction-Induced Settlement of Gravelly Fills 

One of the principal objectives in the engineering assessment of soil liquefaction is to 

quantify the liquefaction-induced damage to land and structures. In simplified procedures, free-field 

ground settlement and lateral ground displacement are evaluated using a set of independent 

procedures following the triggering assessment. In what follows, the focus is on the calculation of 

ground settlement to illustrate important considerations and implications in its evaluation for gravelly 

soils. 

6.5.1 Estimating Settlement of Clean Sands 

Liquefaction-induced settlement is commonly estimated based on the procedure developed by 

Ishihara and Yoshimine (1992) correlating FSL and the initial DR of the soil to estimate post-

liquefaction volumetric strain. The empirical correlations of Ishihara and Yoshimine (1992) were 

developed using laboratory test results on a single (Fujii River) clean sand (Nagase and Ishihara, 
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1988). The relationships, using mathematical approximations by Yoshimine et al. (2006), are shown 

in Figure 6.11a and Figure 6.11b. Figure 6.11b shows that post-liquefaction volumetric strains vary 

strongly with the relative density of sand, with maximum values from approximately 1.2% (for very 

dense sand with DR = 90%) to 4.4% (for loose sand with DR = 40%). The results summarized in 

Figure 6.11a and Figure 6.11b were then used to develop the chart for estimation of post-liquefaction 

volumetric strains shown in Figure 6.11c using DR and FSL. 

 

 

Figure 6.11: Ishihara and Yoshimine (1992) relationships (shown in black) for clean sands using 

approximations by Yoshimine et al. (2006) between (a) FSL and maximum shear strain amplitude 

(max), and (b) max and volumetric strain (v), for DR. The resulting FSL – v relationships for given DR 

values are shown in (c) and (d) (equivalent Zhang et al. (2002) curves shown in red). 

 

A key requirement in the application of these lab-based relationships to sand deposits in the 

field is to estimate the relative density of the sand using a field-based parameter (i.e., the cone tip 

resistance in the case of CPT-based assessment). The conversion of penetration resistance to relative 

density involves significant uncertainties, as illustrated in Figure 6.12a which shows empirical DR –

 qc1Ncs relationships for clean sands developed by Tatsuoka et al. (1990), Robertson and Cabal (2012), 

and Idriss and Boulanger (2008), denoted T90, RC12 and IB08, respectively. All three of these 

correlations were originally expressed in the form of DR – qc1N (Equations (2.1)–(2.3) and Figure 

2.12a) and explicitly developed for clean sands. When applying these equations to soils other than 

clean sands (i.e., G-S-S mixtures), this study replaces qc1N with qc1Ncs in Equations (2.1)–(2.3) to 

account for the effects of different grain characteristics on the CPT penetration resistance and 

therefore represent the clean-sand equivalent cone tip resistance. It is apparent in Figure 6.12a that for 
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a given qc1Ncs (or qc1N) of clean sand, there is a wide range of corresponding DR values resulting from 

the empirical relationships. 

 

 

Figure 6.12: (a) DR – qc1Ncs correlations developed using sands by Tatsuoka et al. (1990), denoted as 

T90, Robertson and Cabal (2012), denoted as RC12, and Idriss and Boulanger (2008), denoted as 

IB08, and (b) the Cubrinovski and Ishihara (1999) SPT correlation with SPT-to-CPT conversion QNR 

values as noted for soils of varying grain-size distributions. 

 

Using the results from Ishihara and Yoshimine (1992) as the basis, Zhang et al. (2002) 

proposed CPT-based charts and mathematical expressions where DR was converted to an equivalent 

qc1Ncs for clean sand using the T90 DR – qc1Ncs relationship. Figure 6.11d shows the conventional 

Zhang et al. (2002) chart by converting their original qc1Ncs chart back to DR using T90. The 

relationships proposed by Ishihara and Yoshimine (1992) and Zhang et al. (2002) comparatively 

shown in Figure 6.11c and Figure 6.11d illustrate their equivalence. 

Though the uncertainty in applying the v – DR relationships (Figure 6.11c and Figure 6.11d) 

to clean sands has been highlighted, its application to other soils, such as G-S-S mixtures, is even 

more challenging due to two main reasons. Firstly, there is no direct evidence that the v –

 DR relationships derived for clean sand are appropriate for G-S-S mixtures. Secondly, even if the v –

 DR relationships are applicable to G-S-S mixtures, the conversion of qc1Ncs to DR for G-S-S mixtures 

requires some additional considerations. The latter issue is explored in greater depth in the following 

sections, with the implicit assumption that the sand-based v – DR relationships are applicable to 

reclaimed G-S-S mixtures. It is worth noting that this assumption may not be unrealistic for the 

CentrePort G-S-S mixtures given the governing role of the sand and silt fractions in the matrix and 

their role in the packing characteristics of the fill. 

6.5.2 Issues in the Application of Sand-Based Settlement Procedures to G-S-S Mixtures 

The CPT penetration resistance in gravels is generally expected to be higher than that 

observed in sands, for all other conditions being equal, due to two important differences in the particle 

and packing characteristics of sands and gravels. Firstly, gravel particles are large relative to the 

penetration probe (cone size), which is known to lead to an increase in the penetration resistance, and 

in some cases may even result in refusal. The increase in the penetration resistance is particularly 
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pronounced for clean medium-to-coarse gravels that have particle sizes comparable to the size of a 

conventional 10 cm2 cone, even when the gravel is not very dense (Tokimatsu, 1988). It is important 

to note that the liquefied G-S-S reclamations at CentrePort contain a high proportion of fine-to-

medium sized weathered angular gravel, with 70–95% of the particles being less than 19 mm in size 

(Figure 4.4b). In addition, testing at CentrePort was largely done using a larger 15 cm2 cone, which is 

considered standard practice in several countries (ASTM D5778-12, 2012) since the effect of the 

15 cm2 compared to the 10 cm2 cone on the liquefaction assessment calculations are negligible. Thus, 

the combination of the smaller-sized angular gravel particles, sufficient content of finer sand and silt 

fractions, and larger penetration probe contributed to a generally successful performance of the CPT 

in the CentrePort gravelly fill largely overcoming the issues related to the use of conventional CPTs in 

gravelly soils (Cubrinovski et al., 2018b). 

The second factor that leads to an increase of the penetration resistance in gravels is related to 

the denser packing or lower void ratios of gravels. Clean gravels have generally less voids in their 

structure, even when deposited in a loose state, as compared to sands and silts (Kokusho and Tanaka, 

1994, Evans and Zhou, 1995, Cubrinovski and Ishihara, 1999). Hence, gravels typically exhibit higher 

stiffness and strength, and consequently larger penetration resistance than sands. The important 

effects of larger particle size and lower volume of voids on the penetration resistance in gravels 

should be accounted for in the conversion from penetration resistance to DR required for the estimate 

of settlement. In this context, Cubrinovski and Ishihara (1999) proposed an empirical correlation, 

denoted CI99, between the normalized SPT blow count, (N1)60, and DR, using high-quality data for a 

wide range of soils including silty sands, sands, gravels, and their mixtures. The expression for the 

correlation is shown in Equation (2.5). 

In this correlation, the void ratio range (emax – emin) is used as an index void ratio that reflects 

the effects of overall grain-size composition and particle characteristics of cohesionless soil, and 

hence it embodies the combined influence of the entire grain composition and particle shapes of a 

given soil. The CI99 DR – (N1)60 correlation is shown in Figure 6.13a, whereas Figure 6.13b illustrates 

an empirical relationship between (emax – emin) and the median particle size of soils (D50), in which a 

clear trend for a reduction in (emax – emin) is evident as the soil particle size increases. Figure 6.13 

illustrates that smaller (emax – emin) values (i.e., larger particles and lower deformation potential) result 

in a significantly greater penetration resistance for a given DR. The key advantage of the CI99 

empirical relationship is that it is applicable to the G-S-S fills of CentrePort and hence it provides 

means to scrutinize the appropriateness of the use of sand-based relationships (shown in Figure 6.12a) 

in the evaluation of DR and then settlement of G-S-S fills. 

Additionally, studies on the effects of fines on index void ratios show that (emax – emin) 

increases as FC increases (Figure 2.13). Apparently, the gravel-sized particles and finer silt-sized 

particles in the reclaimed G-S-S fills have opposing effects on (emax – emin) and penetration resistance. 

The former decreases (emax – emin) and increases penetration resistance, while the latter increases 

(emax – emin) and decreases penetration resistance (Kokusho and Tanaka, 1994, Hara et al., 2012). This 

brings to the forefront again the importance of the overall grain-size composition and especially the 

soil fractions that control deformational behaviour and penetration resistance of soils through their 

dominant role in the soil matrix. 

 



Chapter 6. Applicability of Simplified Liquefaction Assessment Methods for Reclaimed Gravelly Soil 

 

137 

 

Figure 6.13: Influence of grain size on void ratio and penetration resistance for sands with fines, clean 

sands, gravelly sands, and gravels: (a) normalized SPT penetration resistance as a function of void 

ratio range, and (b) void ratio range as a function of median grain diameter (Cubrinovski and Ishihara, 

1999, Cubrinovski and Ishihara, 2002). 

 

Since the CI99 correlation was developed using the SPT, a conversion from (N1)60 to qc1N is 

required when applying it to the CPT, which adds an additional component of uncertainty. This 

conversion is done via QNR (= qc1N / (N1)60), which can be estimated for different soil types based on 

empirical evidence suggesting QNR increases with median grain size of soils (Robertson et al., 1983, 

Andrus and Youd, 1987, Kulhawy and Mayne, 1990, Lunne et al., 1997). The CI99 SPT-based 

correlation in Equation (2.5) can therefore be expressed in terms of cone tip resistance (Cubrinovski et 

al., 2019a): 

 

𝑞𝑐1𝑁 = 𝐷𝑅
2 11.7

(𝑒𝑚𝑎𝑥−𝑒𝑚𝑖𝑛)1.7 𝑄𝑁𝑅       (6.2) 

 

To illustrate the effects of soil characteristics on the DR – qc1N relationship, Figure 6.12b 

shows the CI99 relationship in terms of CPT qc1N (Equation (6.2)), using QNR and (emax – emin) values 

typical for clean sands, G-S-S mixtures, and clean gravels, respectively. Note that the CI99 

relationship corresponding to clean sands (Figure 6.12b) is in general agreement with the sand-based 

relationships of T90, RC12 and IB08 (Figure 6.12a). Importantly, the relationships in Figure 6.12b 

depict the effects of particle size and grain-size composition of soils on the penetration resistance and 

indicate, for example, that at a given relative density, clean gravels exhibit larger penetration 

resistance than clean sands. They show that while penetration resistances are low for loose gravels, 

the conventional CPT resistance substantially increases for medium-to-dense gravels, and dense 

gravels are virtually impenetrable with a conventional CPT. 

For the CentrePort G-S-S fills, the (emax – emin) range is estimated to sit somewhere between 

that of clean sands and clean gravels, as is also the case for the DR – qc1N relationship in Figure 6.12b. 

In this study, the Society) (2015) method for determination of index void ratios of gravels was used to 

estimate emax and emin for G-S-S mixtures. The CI99 curves illustrate the effects of soil grain-size 

composition on penetration resistance, where for a given relative density, penetration resistance for G-

S-S mixtures is larger than for clean sands but lower than for clean gravels. Note that the (emax – emin) 
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range for G-S-S fills could change from the representative range shown in the figure depending on the 

particular grain-size composition of the mixture. 

6.5.3 Estimating Settlement of CentrePort Fills 

Using the correlations introduced in Figure 6.12a and Figure 6.12b, the relative density is first 

estimated, which is then used to calculate post-liquefaction settlement of representative CentrePort 

fills for the Kaikōura earthquake (Mw7.8 and PGA = 0.25g). The relative density and settlement 

estimates are shown for two CPT profiles from the Thorndon reclamation in Figure 6.14 and Figure 

6.15. Figure 6.14 shows a typical soil profile for the reclamation zone with continuous G-S-S fill from 

3 m to 15.5 m depth. Figure 6.15 shows a typical soil profile for the reclamation with G-S-S fill from 

3 m to 7 m depth overlying a thick layer of sand fill from 7.3 m to 17 m depth. In Figure 6.14 and 

Figure 6.15, qc and Ic profiles from CPT data (panels a & b) are shown alongside relative density 

estimates using the three sand-based DR – qc1Ncs relationships and the CI99 DR – qc1N relationship, 

which is based on a wide range of soils including G-S-S mixtures (panel c). Also shown in the figures 

are calculated FSL profiles using both the BI14 and RW98 methods (panel d), and settlement estimates 

based on the Ishihara and Yoshimine (1992) method using four different estimates of DR from the 

three sand-based DR – qc1Ncs relationships and G-S-S inclusive DR – qc1N relationship of CI99 (panel e). 

 

 

Figure 6.14: Representative CPT profile containing Thorndon G-S-S fill: (a) cone tip resistance (qc), 

(b) soil behaviour type index (Ic), (c) estimated relative density (DR), (d) factor of safety against 

liquefaction (FSL), and (e) estimated settlements for the Kaikōura earthquake. 

 

The estimates of DR using the three sand-based relationships (Equations (2.1)–(2.3)) require a 

correction of qc1N to qc1Ncs. As already highlighted in this chapter, there is a significant (up to 50%) 

difference in the material correction methods (based on FC in BI14 or Ic in RW98) and therefore the 
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correction can result in significantly different estimates of DR. For the profiles in Figure 6.14 and 

Figure 6.15, qc1Ncs (and FSL) calculated using the RW98 method is used to estimate first DR, and then 

associated settlements based on the T90 and RC12 correlations; note that the T90-based settlement 

estimates are equivalent to the Zhang et al. (2002) calculation. Values of qc1Ncs (and FSL) calculated 

using the BI14 Ic-based method (with CFC = -0.28 for G-S-S fill, and CFC = 0 for all other soil units) is 

used to estimate first DR and then associated settlements based on the IB08 correlation. The CI99 

correlation does not require a correction of qc1N since different material characteristics are accounted 

for in the DR – qc1N correlations through the void ratio range parameter (emax – emin). The CI99-based 

settlements are estimated using FSL calculated from the BI14 Ic-based method. The input parameters 

adopted for the different DR relationships are summarized in Table 6.1 for the three reclamation fills 

(silt, sand, and G-S-S). The DR and settlement estimates for CI99 are shown as a shaded range in 

Figure 6.14 and Figure 6.15 reflecting the adopted range of QNR and (emax – emin) values and 

associated uncertainties. 

 

 

Figure 6.15: Representative CPT profile containing Thorndon G-S-S fill over thick sand fill: (a) cone 

tip resistance (qc), (b) soil behaviour type index (Ic), (c) estimated relative density (DR), (d) factor of 

safety against liquefaction (FSL), and estimated settlements for the (e) entire profile and (f) individual 

soil layers for the Kaikōura earthquake. 

 

Table 6.1: Input variables for the Idriss and Boulanger (2008), Robertson and Cabal (2012), and 

Cubrinovski and Ishihara (1999) relationships (denoted IB08, RC12 and CI99, respectively) for three 

soil units at the Thorndon reclamation in CentrePort. 

 Cdq c QNR (emax – emin) 

 (IB08) (RC12) (CI99) (CI99) 

Silt 0.9 300 4 0.65 – 0.80 

Sand 0.9 350 4 0.35 – 0.45 

G-S-S 0.9 400 5–6 0.30 – 0.40 
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For the profile dominated by G-S-S fill (Figure 6.14c), and for the G-S-S part of the fill in 

Figure 6.15c (3–7 m depth), DR estimates using the IB08 and RC12 correlations are generally in the 

range 35–60%, which is slightly higher than the CI99 estimated range of DR = 30–50%. These DR 

values indicate loose to medium dense state of the G-S-S fill, consistent with the employed 

construction method of the fill with no compaction effort. The settlement estimates in Figure 6.14e for 

the IB08 and RC12 methods (390 mm and 340 mm, respectively) are in the lower end of the CI99 

range (370–520 mm), reflecting the differences in the respective DR estimates. In contrast, T90 

estimates the highest DR = 50–70%, which appears somewhat higher than the expected density for the 

G-S-S fill, and consequently results in the lowest vertical settlement estimate (230 mm). The 

measured settlement at the location of the CPT in Figure 6.14 was in the range of 250–400 mm. 

For the CentrePort G-S-S fill, the sand-based correlations (T90, RC12, and IB08) tend to 

estimate larger values of DR than CI99 for the range of (emax – emin) and QNR values adopted in 

Table 1. As shown with the grain-size distributions in Figure 4.4b, the proportion of different soil 

fractions in the G-S-S fill varies. G-S-S mixtures with greater fraction of gravels and hence more 

influence of gravels in the soil matrix will have (emax – emin) closer to the adopted lower bound value 

of 0.30, which is well below the typical values for sands. This can result in sand-based procedures 

misinterpreting a medium dense G-S-S deposit as an equivalent dense sand, thus underestimating 

settlements. For G-S-S mixtures with larger sand and silt content, the upper bound value of (emax –

 emin) = 0.40 may be more appropriate, which is in the range typical for sand. Hence, in this case, 

sand-based DR – qc1Ncs correlations only slightly overestimate the relative density. The associated 

settlement underestimation is relatively small since the overestimated DR values still remain in the 

range of loose to medium dense soil, for which the post-liquefaction volumetric strains are large 

(Figure 6.11). Therefore, the conventional CPT-based procedure using sand-based DR – qc1Ncs 

correlations generally provide reasonable settlement estimates, with some underestimation, for the 

CentrePort G-S-S fill with a dominant silty sand fraction in the soil matrix, through several 

compensating mechanisms. 

For the soil profile in Figure 6.15, all four correlations indicate a loose G-S-S fill overlying a 

looser sand layer (7.3–13 m depth) and a denser sand layer (13–17 m depth). IB08 and RC12 estimate 

the lowest range of DR for the sand layers, with DR = 40–60% and 60–70% for the shallower and 

deeper sand layers, respectively (Figure 6.15c). The CI99 correlation yields DR estimates of 

predominantly 50–70% for the shallower layer and 65–85% for the deeper layer, with the T90 

estimates generally within the abovementioned ranges (50–70% and 70–80%, respectively). The 

estimated settlement for the entire profile using the CI99 relationship is 230–350 mm and all sand-

based estimates are within this range. The total measured one-dimensional settlement at the location 

of the CPT in Figure 6.15 was 210–250 mm. 

Because the profile in Figure 6.15 is not uniform (G-S-S fill overlying loose and dense sand 

layers), the total estimated settlements in Figure 6.15e are broken down for each individual soil layer 

in Figure 6.15f to depict their separate contributions to the settlement and allow for scrutiny of the 

employed correlations when applied to different soils. The profile contains a much thicker sand layer 

than G-S-S, so the settlement estimates in the sand layer dominates. The loose and dense sand layers 

contribute 110–160 mm and 30–50 mm of the settlement, respectively, in the CI99-based calculation, 

and settlement calculated using T90 for both the shallow and deep sand layers are close to the middle 

of the CI99 range (140 mm and 40 mm, respectively). The estimates by IB08 and RC12 are at the 

slightly higher end of the CI99 range (180–190 mm and 60 mm, respectively). However, the sand-

based estimates of settlement in the G-S-S fill are either underestimated (T90) or at the lower end of 

estimates (IB08 and RC12) as compared to the G-S-S based estimates of CI99 because they 
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overestimate DR, which is consistent with the observations for the thick and continuous G-S-S fill 

presented in Figure 6.14.  

Overall, DR estimated using the CI99 method can be either below the sand-based estimates for 

soils with large gravel content exhibiting low (emax – emin), as shown in Figure 6.14, or similar to the 

sand-based estimates for soils exhibiting (emax – emin) values typical of sands, as shown in Figure 6.15. 

Compared to the T90, RC12, and IB08 sand-based correlations, DR and settlement estimates using 

CI99 shows the important sensitivity of these estimates to the effects of grain-size composition on the 

DR of the fill. Despite conventional sand-based correlations not capturing the effects of the different 

grain-size composition of G-S-S mixtures on their penetration resistance, they provide realistic 

estimates for the range of settlement for the fill, with some degree of underprediction. The key 

reasons for this outcome are that the CentrePort G-S-S fills are loose (i.e., low penetration resistances) 

that have a dominant silty sand fraction in the soil matrix. 

6.6 Summary 

This chapter examines the applicability of conventional CPT-based liquefaction evaluation 

procedures to reclaimed gravelly soils using representative profiles from the Thorndon reclamations at 

CentrePort. The applicability of conventional CPT-based liquefaction evaluation procedures to 

gravelly soils is based on the premise and evidence that the finer silty sand fraction, when exceeding 

30% in G-S-S mixtures, have a governing role in the soil matrix and soil behaviour including the 

penetration resistance and liquefaction resistance of soils. The 30% or more silt-sand content in the 

mixture and prevalence of fine-to-medium gravels are important factors for the applicability of 

conventional sand-based CPT procedures to liquefaction evaluation of CentrePort G-S-S fills. 

The effects of material characterization through a single parameter, either FC (BI14) or Ic 

(RW98), on the subsequent correction of the measured tip resistance and computed factor of safety 

against liquefaction triggering (FSL) is investigated through a sensitivity study using two commonly 

adopted CPT-based triggering procedures (BI14 and RW98). Three different approaches in estimating 

FC for BI14 are considered: (i) using representative FC values obtained from grading of G-S-S 

samples in the laboratory, (ii) estimating FC via a generic FC – Ic empirical correlation, and (iii) 

estimating FC from a site-specific FC – Ic correlation for the G-S-S fills at CentrePort. The RW98 

method directly uses Ic for estimating the corrected cone tip resistance and liquefaction resistance, 

without consideration of any uncertainty in these relationships. The key observations from this study 

are: 

• The employed four approaches result in substantially different CRR estimates, and the 

level of difference in CRR depends on the soil type considered, due to differences in the 

interpretation of material effects (via FC or Ic) on liquefaction resistance. The use of 

either a generic or site-specific value for CFC can change FSL calculations by up to 50% in 

both G-S-S and looser sandy reclamations with Ic ≈ 2.0. However, it has negligible effects 

on denser sand fills since the low Ic values (< 1.5) correspond to FC < 5% for the range of 

FC – Ic correlations considered. 

• While FSL exhibits a similar sensitivity to the considered ranges of fixed FC values for 

the G-S-S mixtures and looser sand reclamations, the sensitivity of FSL on the adopted 

range of representative FC values (0% and 15%) is very large (i.e., six times more 

sensitive) for denser sand fills. This is a result of the effect of large qc1N values on the 

triggering relationship, where FSL is more sensitive to qc1N corrections for the large qc1N 
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values of the dense sand fills (qc1N ≈ 135) compared to the G-S-S (qc1N ≈ 40) and loose 

sand fills (qc1N ≈ 70). 

• When an appropriate FC is used for a relatively uniform layer such as the CentrePort G-

S-S or well-defined critical layer, the sensitivity of CRR to a lab-based FC estimates is 

smaller than that obtained via empirical FC – Ic correlations. Both the G-S-S and loose 

sand critical layers are characterized by Ic values close to 2.0, which is associated with 

FC of 0% to 23% in the BI14 method for the generic and site-specific FC – Ic correlations. 

This calculated FC range is slightly larger than the user-defined FC range considered in 

the study (0–20% and 0–15% for the G-S-S and sand fills, respectively), which results in 

the larger sensitivity of FSL to the choice of CFC than FC. 

• The above conclusions imply that lab-based FC estimates are preferred when using BI14, 

though it is important that the estimates are obtained for each soil unit and not generalized 

throughout a fill composed of different soils. The use of a single FC value in BI14 

throughout the depth of the entire fill composed of different soils and densities may result 

in unrealistic FC-based estimates of CRR for some parts of the deposit. If FC can only be 

determined for certain layers, a lab-based estimate of FC is preferred in loose fills 

(qc1N < 100) with Ic ≈ 2.0, as the use of empirical FC – Ic correlations in BI14 can change 

FSL calculations by up to 50%, whereas there are negligible effects of the choice of the 

FC – Ic correlation on denser fills due to the low Ic values (< 1.5). 

• In comparison to the sensitivity of FSL on the interpretation of material effects for the 

critical layer over a limited depth, the sensitivity to PGA is two to three times larger. 

Hence, for the range of FC, CFC, and PGA considered, the seismic demand dominates the 

uncertainty in the calculation of FSL for the critical layer. 

• Over the full range of depth and G-S-S fill conditions (with predominantly qc1N = 50–80 

and Ic = 2.0–2.3), the modelling uncertainty in CRR between the RW98 and BI14 

methods can be as large as 50% due to interpretation of material effects. 

In the simplified assessment, liquefaction-induced ground deformations are conventionally 

estimated using relationships based on laboratory tests on clean sand, which show strong dependence 

of post-liquefaction volumetric strains (v) on the DR of the sand. Under the assumption that the v –

 DR relationships derived for clean sand are appropriate for the G-S-S mixtures, the key issue explored 

in this paper is the effect of the uncertainty in DR on the settlement estimate for G-S-S fills. DR and 

settlement estimates are made for the CentrePort fills using three DR – qc1Ncs relationships developed 

for sands (T90, RC12, and IB08) and one DR – qc1N relationship developed for a wide range of soils 

including gravelly soils (CI99). The settlement analyses show that while all four methods produce 

similar settlement estimates for sand-dominated profiles, sand-based correlations estimate slightly 

larger values of DR and consequently smaller settlement for the G-S-S fill as compared to estimates 

from CI99, which considers effects of gravelly soil and fines on DR. Due to the relatively low qc1N 

values of the G-S-S mixture, the associated settlement underestimation is relatively small since the 

estimated DR remains in the range of loose to medium dense soil, for which v is large. It is important 

to note that the overestimation of DR can be significant for denser fills with high qc1N, for which the 

underestimation of settlement can be substantial. Nevertheless, conventional CPT-based procedures 

using sand-based corrections generally provide reasonable settlement estimates for the loose 

CentrePort G-S-S fills that have a dominant silty sand fraction in the soil matrix, though some 

underestimation was evident which reached up to 50% for some of the sand-based relationships. 
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7.1 Introduction 

Chapter 5 compared the performance of semi-empirical liquefaction assessment results to 

observed liquefaction performance in recent earthquakes and illustrated the inability of the methods to 

capture completely the damage observed in the hydraulic fills, hence warranting further scrutiny. 

These existing semi-empirical liquefaction assessment methods use clean sand as the reference 

material since the liquefaction case histories primarily consist of sandy soils. For fines-containing soil 

mixtures, such as the hydraulic fills of CentrePort, laboratory studies have shown that the fines 

content (FC; i.e., < 0.075 mm particle size) and plasticity index (PI) are two key material 

characterization parameters which can identify whether soils behave like sands, and hence is 

conventionally used as criteria for liquefaction susceptibility (Boulanger and Idriss, 2004, Bray and 

Sancio, 2006). Subsequent triggering assessment commonly use FC as the sole material 

characterization parameter since it has been shown to affect both liquefaction and penetration 

resistance of soils (Cubrinovski et al., 2010b, Cubrinovski, 2019), but ignore the effects of the 

plasticity of the fines despite it also affecting both liquefaction and penetration resistance of soils 

(Seed et al., 1985, Youd et al., 2001). Alternatively, the soil behaviour type index (Ic) from a CPT has 

been used to account for the content and plasticity of fines in both liquefaction susceptibility criteria 

and triggering assessment to account for their effects on the penetration and liquefaction resistance of 

soils (Robertson and Wride, 1998b, Boulanger and Idriss, 2014). 

Hydraulic fills can be comprised of soils with varying FC from 0% to 100%, and the nature of 

these fines with regards to their plasticity can also vary from non-plastic to highly plastic. Hydraulic 

fills may therefore show varying types of behaviour ranging from sand-like to clay-like depending on 

the proportion and plasticity of the fines fraction in the soil mixture. Moreover, hydraulic fills also 

have highly variable profile characteristics, with some profiles comprising of thick, continuous layers 

of fills and others with highly stratified soil layers. These fill characteristics have shown to be 

important features in describing the severity of liquefaction-induced damage in past earthquakes (see 

discussion on case histories in Section 2.4.2), which simplified procedures may not necessarily 

capture. Hence, it is not clear whether soil characterization based on a single parameter of FC or Ic in 

CPT-based liquefaction procedures are appropriate for hydraulic fills, and whether mispredictions of 

liquefaction severity using existing simplified procedures are a result of inadequately accounting for 
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the variable nature of the reclamations, such as effects of highly stratified soil layers or general lateral 

continuity of liquefied material on the global liquefaction manifestation patterns. 

This chapter first analyses results from laboratory tests and CPT profiles to scrutinize the 

applicability of existing semi-empirical methods for liquefaction assessment, such as those applied in 

Chapter 5, when applied to the reclaimed hydraulic fills of CentrePort. Representative CPT profiles 

are used to scrutinize specific issues related to the material characterization of hydraulic fills in 

simplified CPT-based liquefaction evaluation procedures through comparison of laboratory- and CPT-

based liquefaction susceptibility criteria and subsequent sensitivity studies comparing the RW98 

(Robertson and Wride, 1998b, Robertson, 2009a) and BI14 (Boulanger and Idriss, 2014) triggering 

methods. Lastly, the features of the hydraulic fill characteristics, including general horizontal and 

vertical continuity of liquefiable fills, are used to identify possible mechanisms of the global 

liquefaction damage patterns observed at CentrePort during the 2016 Kaikōura earthquake. Note that 

several other issues in the application of the CPT have been considered but were found to be of less 

significance in the assessment, and hence are not presented in the main body of the thesis (e.g., 

Appendix C). 

7.2 Liquefaction Susceptibility of Hydraulic Fills 

7.2.1 Comparison of Lab-Based and CPT-Based Liquefaction Susceptibility Criteria 

Under earthquake loading, the behavioural response of sand-fines mixtures depends on the 

proportion of the fines and nature of those fines with regards to their plasticity. Existing laboratory-

based liquefaction susceptibility criteria are therefore based on estimates of FC and PI. These criteria 

all follow the logic that soils with sufficiently low FC and/or PI tend to behave sand-like when 

cyclically sheared and thus be susceptible to liquefaction, while soils with sufficiently high FC and PI 

tend to behave clay-like when cyclically sheared and thus be insusceptible to liquefaction. For 

example, Boulanger and Idriss (2004) and Cubrinovski et al. (2010b) both state that the FC boundary 

between sand-controlled and fines-controlled behaviour is approximately at FC = 20–40%, where the 

sand-fractions dominate (i.e., sand-like behaviour) when FC < 20%, and the behavioural response of 

mixtures with FC > 40% is controlled by the fines. Both also suggest that the susceptibility of fines-

dominated mixtures to liquefaction depends on the PI of the fines. Boulanger and Idriss (2004) 

suggests fines-controlled mixtures behave sand-like (i.e., susceptible to liquefaction) if PI < 4% and 

clay-like (i.e., not susceptible to liquefaction) if PI > 8%, with PI = 4–8% as a transition zone. Note 

that if no transition zone is considered, then the recommended boundary between clay-like and sand-

like soils is at PI = 6.5%. Bray and Sancio (2006) suggests such mixtures (given that, in their in-situ 

state, have sufficient water content) are susceptible to liquefaction if PI ≤ 12%, moderately 

susceptible if 12% < PI ≤ 18%, and not susceptible if PI > 18%. 

In what follows, the case histories from the Boulanger and Idriss (2014) liquefaction database 

are first used to investigate the performance of the lab-based liquefaction susceptibility criteria of 

Boulanger and Idriss (2004) and Bray and Sancio (2006), before applying the criteria to the specific 

soil units of CentrePort hydraulic fills. As it is possible that soils not susceptible to liquefaction can 

still exhibit cyclic softening that results in surface evidence that appears to be liquefaction 

manifestation, only the case histories of liquefaction manifestation for soils considered susceptible to 

liquefaction based on the liquefaction susceptibility criteria of Ic < 2.6 are considered. The lack of 

liquefaction manifestation at the ground surface does not eliminate the possibility of liquefaction 
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occurring at depth but not manifesting at the surface, or the soils being susceptible to liquefaction but 

not yet reaching the threshold seismic demand for triggering. Therefore, no conclusive statements can 

be made regarding the susceptibility of the case histories which did not manifest liquefaction, so such 

data is omitted. 

The Boulanger and Idriss (2014) database is noticeably missing fines and plasticity data from 

several sites at Adapazari that was published in Bray et al. (2004). The sites at Adapazari that 

liquefied in the Mw7.5 Kocaeli earthquake are in fluvial environments and hence contain variable soil 

composition and plasticity, therefore containing valuable FC and PI data. While it is not within the 

scope of this study to resolve the inconsistency in the critical layer characterization for the Adapazari 

sites between Bray et al. (2004) and Boulanger and Idriss (2014), 11 Adapazari case history sites 

presented in Bray et al. (2004) are also considered. The 21 total case history sites from Boulanger and 

Idriss (2014), supplemented with data from Bray et al. (2004), containing explicit statements 

regarding the plasticity of the fines in liquefied layers are summarised in Table 7.1. 

 

Table 7.1: CPT case histories of reclaimed hydraulic fill in the Boulanger and Idriss (2014) 

liquefaction database, supplemented with data from Adapazari as reported by Bray et al. (2004). 

Earthquake Mw* CPT Site Ic* FC* (%) PI* 

1975 Haicheng 7.0 Chemical Fibre Site 2.5 60 8 

1976 Tangshan 7.6 Y24 – Tangshan 2.3 75 10 

Y28 – Tangshan 2.3 75 10 

Y29 – Tangshan 2.6 75 10 

1981 WestMorland 5.9 Wildlife B 2.1 30 0 (NP) 

1987 Superstition Hills 02 6.5 Wildlife B 2.1 30 0 (NP) 

1999 Kocaeli 7.5 Hotel Sapanca SH-4 2.3 5 0 (NP) 

Soccer Field SF-5 2.4 16 0 (NP) 

Police Station Site, PS-1 2.6 12 0 (NP) 

Yalova Harbor, YH-3 1.8 9 0 (NP) 

Adapazari Site A 2.5 75–80 0–11 

Adapazari Site B1 2.0 80–95 0–9 

Adapazari Site C1/C2 2.0 60–90 0–9 

Adapazari Site D 2.1 50–95 0–12 

Adapazari Site E 2.2 60–95 0 

Adapazari Site F 2.1 60–90 0–9 

Adapazari Site G 2.1 65–80 0–5 

Adapazari Site I 2.2 60–80 0–8 

Adapazari Site J 2.1 55–90 0–10 

Adapazari Site K 2.1 85 9 

Adapazari Site L 2.1 75–80 0 

* Mw = moment magnitude, Ic = soil behaviour type index, FC = lab-based fines content, and PI = lab-based 

plasticity index (NP denotes non-plastic). 

 

Figure 7.1 illustrates the performance of the susceptibility criteria (FC – PI pairs) for the 21 

case histories considered in Table 7.1. Six of the case histories are characterized by FC ≤ 30% (i.e., 

sand-controlled matrix) with non-plastic (PI = 0) fines, hence is considered liquefiable. The case 

histories with high FC of at least 60% (i.e., fines-controlled matrix), majority of which is dominated 

by the Bray et al. (2004) Adapazari data, all have PI = 3–10% (some uncertainty ranges as large as 

12%). The Boulanger and Idriss (2004) criterion considers most of these sites to behave sand-like (i.e., 
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susceptible to liquefaction) or transitional, with five sites to behave clay-like. On the other hand, Bray 

and Sancio (2006) estimate all sites to be susceptible to liquefaction. While recognising that these 

case histories may only represent a small subset of liquefaction case histories of soils with FC ≥ 30%, 

current state-of-practice for liquefaction susceptibility appears to perform reasonably well. 

 

 

Figure 7.1: Fines Content (FC) and Plasticity Index (PI) of all liquefied case histories in the 

Boulanger and Idriss (2014) CPT database where PI data is provided, and the three soil units 

identified in the CentrePort hydraulic fills. The data labels indicate soil behaviour type index (Ic) 

measured at an adjacent CPT. The lab-based plasticity criteria for liquefaction susceptibility of 

Boulanger and Idriss (2004) and Bray and Sancio (2006), denoted B&I04 and B&S06, respectively, 

are also shown. 

 

At CentrePort, three primary soil units among the hydraulic fills were identified in 

Sections 4.3 and 4.4: silt-clay, sand-silt, and G-S-S mixtures, which are summarized in Figure 4.4b 

with grain-size distribution curves for all three units and Figure 4.6 as Atterberg limits for the silt-clay 

soil units. The data from the 18 index tests presented in these figures (soil samples collected from 

boreholes at various depths and locations throughout the Log Yard and along Aotea Quay) are shown 

in Figure 7.1 to gain insights on the susceptibility of these soil units based on the criteria of Boulanger 

and Idriss (2004) and Bray and Sancio (2006). The following observations are made regarding each 

soil unit: 

• The G-S-S mixtures contain sufficiently large fraction of silts and sands (i.e., greater 

proportion than in the Thorndon G-S-S fill) and therefore are considered liquefiable (see 

Chapter 6 for discussion of G-S-S mixtures). This is in agreement with susceptibility 
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criteria which estimate liquefaction susceptibility based on the low FC and non-plastic 

nature of the fines. 

• Evidence from the gradation data suggests that the sand-silt soil units liquefied in the 

2016 Kaikōura earthquake. This observation is in agreement with the interpretation of the 

sand-sized particles controlling the matrix behaviour of this soil unit given the relatively 

low FC (mostly < 30%) of the soil samples in Figure 7.1. 

• The data for the silt-clay soil units all contain sufficiently large fraction of fines 

(FC > 70%) with relatively high plasticity (most are characterized by PI = 21–32%). Both 

the Boulanger and Idriss (2004) and Bray and Sancio (2006) criteria suggest these soil 

units are expected to behave clay-like and therefore not be susceptible to liquefaction. 

Preliminary studies of cyclic laboratory tests on the silt-clay soil units suggest that they 

indeed behave clay-like (note that detailed scrutiny of the laboratory data is still ongoing). 

Overall, both the lab-based liquefaction susceptibility criteria generally corroborate with 

observed performance in the field and lab for all three CentrePort hydraulic fill soil units. A major 

challenge, however, in the use of lab-based criteria is that it requires collection of soil samples which 

are representative of all the soil units encountered in the deposit. Collecting samples of all principal 

soil units can be challenging. While one method of minimizing this challenge is to collect soil samples 

at various depths and locations and perform several laboratory index tests to determine FC and PI of 

all principal soil units, as in the case of CentrePort (Figure 7.1), engineering projects often have 

limited scope (in terms of time and cost) which inhibits such a rigorous characterization. Therefore, an 

alternative and more practical approach in geotechnical engineering practice is to use an in-situ 

measure which correlates well with soil-behaviour type. Since the CPT data can be used for soil 

classification to indicate the behavioural characteristics of the soils through Ic (Robertson, 1990, 

Robertson, 2009b, Robertson, 2016), it can be used to distinguish between sand-like and clay-like 

soils. A commonly adopted threshold to identify sand-like materials, and thus used in current state-of-

practice as a CPT-based criterion for identifying soils susceptible to liquefaction, is Ic < 2.6 

(Robertson and Wride, 1998b). 

The lab-based FC and PI data presented in Figure 7.1 are all associated with Ic values 

estimated from a nearby CPT, as indicated by the labels at each data point. The Ic values are all at or 

below 2.6, even for soils with PI values up to 10%. To better illustrate this visually, the same data are 

replotted in Figure 7.2 as Ic versus PI. Note that, while not a part of the dataset presented here, there 

have been cases where soils with PI < 12 exhibit Ic > 2.6 since the CPT responds to several factors 

beyond just the soil composition and plasticity (Robertson, 2012). This has been a key motivation for 

more recent changes in simplified liquefaction evaluation methods using Ic < 2.5 to determine sand-

like soils (i.e., susceptible to liquefaction), Ic > 2.7 to determine clay-like soils (i.e., not susceptible to 

liquefaction), and Ic = 2.5–2.7 to describe transitional soils, instead of using a strict Ic = 2.6 cut-off 

(Robertson, 2009a). Fortunately, in the case of the principal soil units in the CentrePort hydraulic fills, 

existing lab-based criteria matches well with the Ic < 2.6 criterion. The liquefiable G-S-S and sand-silt 

soil units, associated with FC < 35%, all contain Ic values from 2.0 to 2.4, thus Ic = 2.6 appears to be a 

reasonable upper limit for liquefaction susceptibility. The non-liquefiable silt-clay units are associated 

with much larger Ic values of 2.9 to 3.2, so the Ic = 2.6 cut-off distinguishes these soils to be 

insusceptible to liquefaction. By and large, there is good agreement between the lab-based FC – PI 

criteria and Ic = 2.6 threshold for liquefaction susceptibility of CentrePort hydraulic fills with well-

defined soil units. Such a finding is consistent with Cetin and Ozan (2009), who correlated Ic = 2.6 
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with PI = 10–12%, and Robertson (2012), who found that Ic < 2.60 captures 95% of samples with 

PI = 0 and 85% of the samples with PI < 12%. 

 

 

Figure 7.2: Soil behaviour type index (Ic) and Plasticity Index (PI) of all liquefied case histories in the 

Boulanger and Idriss (2014) CPT database where PI data is provided, and the three soil units 

identified in the CentrePort hydraulic fills. The data labels indicate measured Fines Content (FC). 

7.2.2 Sensitivity of Liquefaction Assessment to Liquefaction Susceptibility Criterion 

While Figure 7.1 illustrates that utilizing the Ic = 2.6 threshold for liquefaction susceptibility 

is reasonable for well-defined soil layers with constant Ic values of 2.0–2.4 (in the case of sand-silt or 

fills) or ≥ 2.8 (in the case of silt-clay fills), CPT profiles of hydraulic fills also consist of transitional 

layers which exhibit Ic values around 2.6. Such an example is shown in Figure 7.3a-b, which plots qc 

and Ic profiles of CPTC1-03 (located in the southern end of Aotea Quay), where a transitional layer is 

encountered at 7.1–10.2 m depth. Soil samples taken from an adjacent borehole at this depth range 

have shown varying FC (20–84%) and PI (0–25%) values which illustrate that transitional layers 

consist of interbedded seams of sand-silt (in the case of the samples with lower FC and PI values) and 

silt-clay (in the case of the samples with higher FC and PI values) soil units. An image of cored 

samples from a borehole adjacent to the CPT is shown in Figure 4.7, illustrating the highly 

interbedded nature of such layers. The application of lab-based criteria for liquefaction susceptibility 

clearly poses a challenge to these transitional layers since only the thin seams of sand-silt layers are 

liquefiable and obtaining high resolution data to characterize such thin seams is challenging, though 

not impossible (Beyzaei et al., 2018). Furthermore, one can argue that it may be more important to 

understand the response of the entire layered structure as a unit to understand its response during 

earthquakes, rather than the response of each thin seam of different soil units. 
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Instead, Figure 7.3 uses the Ic values to identify soils susceptible to liquefaction. A sensitivity 

analysis of the BI14 liquefaction triggering assessment (for the seismic demand of the Kaikōura 

earthquake: Mw7.8 and PGA = 0.25g) is conducted by varying the susceptibility criteria between 

Ic = 2.5 and Ic = 2.7 to account for uncertainty in the liquefaction susceptibility threshold or in the 

value of Ic itself. Results are shown in Figure 7.3c-d as profiles of CSR, CRRB, and LPI (Iwasaki et al., 

1981). Since the profile is not uniform (sand-silt hydraulic fill from 3 m to 7.2 m, below which is the 

transitional/interbedded hydraulic fill soils), the LPI profile is broken down separately for the two 

hydraulic fill layers in Figure 7.3e to depict their individual contributions to the total LPI. Results 

show that LPI in the transitional layer has small sensitivity to the Ic threshold, which can reach up to 

approximately 15% of the LPI at the ground surface, for the Ic criteria range chosen. In contrast, there 

is no sensitivity in LPI for the well-defined sand-silt layer. 

 

 

Figure 7.3: Representative CPT profile consisting of thick sand-silt over transitional hydraulic fill soil 

units: (a) qc, (b) Ic, (c) sensitivity analysis of CRRB due to variation in the Ic-based liquefaction 

susceptibility criteria (2.5 to 2.7) with CSR for the Kaikōura earthquake, and LPI (Iwasaki et al., 1981) 

for the (d) entire profile and (e) individual soil layers 

 

The sensitivity analysis is repeated for all 43 CPTs performed in the CentrePort hydraulic fills, 

and the results are summarized in Figure 7.4, where the best-estimate LPI value (calculated using the 

Ic = 2.6 susceptibility criteria) is plotted against the variation in LPI observed at the ground surface 

when changing the susceptibility criteria between Ic = 2.5 and Ic = 2.7 (denoted as LPI). The figure 

illustrates that the largest sensitivity is observed in the CPTC1-03 (Figure 7.3), which is the only 

profile with LPI > 2.0. For 10 other profiles, LPI is between 1.0 and 2.0, indicating small 

sensitivity, while the remaining 32 profiles have LPI < 1.0, suggesting negligible sensitivity of the 

liquefaction triggering outcomes to the Ic susceptibility criterion for these reclamation fills at 
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CentrePort. It is important to note that even the largest sensitivities of LPI close to 2.0 do not 

significantly affect the outcomes of the triggering analyses. 

 

 

Figure 7.4: Sensitivity of 43 CPTs, performed in the CentrePort hydraulic fills, of LPI to the 

liquefaction susceptibility criteria of Ic = 2.5 and Ic = 2.7. 

7.3 Sensitivity of Liquefaction Assessment Results on Material and 

Demand Parameters 

In the BI14 triggering procedure, the correction to clean-sand equivalent cone tip resistance is 

made through Equation (2.8) where qc1N is a function of FC and qc1N. The three methods for the 

qc1N correction investigated in this chapter are: (i) the recommended method of measuring FC using 

laboratory index tests on borehole samples of target soils, (ii) estimating FC using a generic empirical 

FC – Ic correlation (black line in Figure 7.5) developed by Boulanger and Idriss (2014) based on the 

global liquefaction case history database (blue crosses in Figure 7.5), and (iii) estimating FC using a 

site-specific FC – Ic relationship developed for 23 FC – Ic data pairs of the CentrePort hydraulic fills 

(red solid symbols in Figure 7.5). Note that similar site-specific FC – Ic correlations are developed 

when considering each individual soil unit among the CentrePort hydraulic fills separately. Therefore, 

the data for all soil units are combined to produce a single site-specific FC – Ic correlation for the 

CentrePort hydraulic fills, which yields CFC = -0.16 in Equation (2.9), while CFC = 0 describes the 

BI14 generic correlation. It is worth recalling that the RW98 method proposes a single clean-sand 

equivalent correction equation to obtain qc1Ncs based directly on Ic (Equation (2.10)). 
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Figure 7.5: The generic (black line) and site-specific (red line) BI14 FC – Ic correlations calibrated for 

the BI14 global case history database and CentrePort hydraulic fill, respectively. 

 

In what follows, a sensitivity study is presented using the RW98 and BI14 triggering methods 

with calculations of two damage indices (LPI (Iwasaki et al., 1981) and LSN (Tonkin & Taylor Ltd., 

2014)), in which uncertainties in the estimation of the liquefaction resistance and seismic demand are 

considered. Specifically, the effects of the uncertainty in FC and Ic on CRRB, LPI, and LSN through 

Equations (2.10) and (2.8) for the RW98 and BI14 methods, respectively, are comparatively examined 

against the effects of the uncertainty in PGA on CSR, LPI, and LSN through Equation (2.6). All three 

methods of correcting qc1N to qc1Ncs in the BI14 method are considered (i.e., based on FC, site-specific 

FC – Ic correlation, and a generic FC – Ic correlation). Note that CRRB and CSR can’t be directly 

compared since additional corrections (MSF and K) are required in the evaluation of FSL 

(Equation (2.7)). 

Firstly, a set of analyses were conducted using the proposed BI14 FC – Ic correlation with 

CFC = 0 (generic) and CFC = -0.16 (site-specific for CentrePort hydraulic fills) to investigate the 

sensitivity of the two approaches for defining the FC – Ic relationships for the hydraulic fills of 

CentrePort. The second set of analyses use the BI14 method with lower and upper bound FC values of 

15% and 35% for the sand-silt layers and 5% and 30% for the G-S-S soil units among the hydraulic 

fills based on gradation data (Figure 7.1). The silt-clay soil units are deemed non-liquefiable (Ic > 2.6) 

with no calculation of CRRB in the BI14 method, and therefore are not considered in the sensitivity 

study. The third set of analyses use the RW98 method, which corrects qc1N to qc1Ncs by using Ic. These 

three alternative approaches illustrate the sensitivity of the triggering assessment on the material 

characterization parameter (FC or Ic). Note that the estimates based on BI14 incorporate uncertainties, 

whereas the RW98 method provides best-estimate values based on a unique relationship between Kc 

and Ic, as there is no basis (i.e., data) to consider uncertainties in CRRB due to Ic in RW98. To consider 

the relative significance of the sensitivity of CRRB on the outcomes of liquefaction triggering 

evaluation, the uncertainty in the induced seismic demand is also considered by using ±1 standard 
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deviation values for PGA. This allows for a comparative evaluation of the relative significance of the 

important uncertainties in the assessment of FSL, LPI, and LSN. 

The sensitivity study presented herein is conducted for two soil profiles of the CentrePort 

hydraulic fills, which are depicted in Figure 7.6 and Figure 7.7. CPTB1-02 (Figure 7.6) is located in 

the Log Yard and contains mostly sand-silt hydraulic fill up to 8.6 m depth, whereas CPT001 (Figure 

7.7) shows a typical soil profile for one area along Aotea Quay consisting of G-S-S fill up to 10 m 

depth, with only a thin layer of silt-clay hydraulic fill at 7.1–7.6 m depth. In these figures, qc and Ic 

profiles from CPT data (panels a & b) are shown alongside the range of calculated CRRB values 

indicating its sensitivity to CFC (panel c) and FC (panel d) in the BI14 method, which are 

superimposed with CRRB estimates based on the RW98 method. Profiles of CSR for the Kaikōura 

earthquake are also superimposed as shaded regions illustrating the uncertainty in CSR associated 

with PGA. LPI (panel e) and LSN (panel f) profiles depict their sensitivity to CFC and PGA in the BI14 

method, superimposed with the RW98 results. The sensitivity of LPI and LSN on a given variable for 

the BI14 method is quantified by changing its value between its lower-bound and upper-bound 

estimates while keeping all other parameters at their best-estimate value. The red regions show 

analyses for PGA range of 0.20–0.31g with FC of 25% and 15% for the sand-silt and G-S-S fills, 

respectively, and the black region show analyses for FC range of 15–35% and 5–30% for the sand-silt 

and G-S-S fills, respectively, with PGA = 0.25g. The sensitivity of LPI and LSN to CFC are omitted for 

clarity of the figures. 

 

 

Figure 7.6: CPT profile in the Log Yard consisting of sand-silt hydraulic fill: (a) qc, (b) Ic, sensitivity 

analysis of CRRB due to variation in (c) CFC (-0.16 and 0) and (d) FC (15% and 35%) in the BI14 

method superimposed with RW98-based CRRB estimates, sensitivity analysis of CSR due to variation 

in estimated PGA (0.20–0.31g for the Kaikōura earthquake) in both the BI14 and RW98 methods, and 

sensitivity analysis of damage indices (e) LPI and (f) LSN 
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Figure 7.7: CPT profile in Aotea Quay consisting of G-S-S mixtures among the hydraulic fill: (a) qc, 

(b) Ic, sensitivity analysis of CRRB due to variation in (c) CFC (-0.16 and 0) and (d) FC (15% and 35%) 

in the BI14 method superimposed with RW98-based CRRB estimates, sensitivity analysis of CSR due 

to variation in estimated PGA (0.20–0.31g for the Kaikōura earthquake) in both the BI14 and RW98 

methods, and sensitivity analysis of damage indices (e) LPI and (f) LSN 

 

When comparing Figure 7.6c and Figure 7.6d for the sand-silt fill (3.6 m to 8.6 m depth), and 

Figure 7.7c and Figure 7.7d for the G-S-S mixture (most of the top 10 m of fill), the sensitivity of 

CRRB is smaller for the range of CFC considered than for the range of FC values considered. This is 

because, for the predominant Ic value of both fills (≈ 2.0), the FC – Ic correlation with a CFC range of -

0.16 to 0 is associated with a narrower range of FC values (~10% to ~23%) than the fixed range of 

FC values considered (15–35% in the sand-silt and 5–30% in the G-S-S mixture) in the BI14 method.  

It is important to note here that this does not infer that the use of CFC results in less sensitivity in the 

material characterization of hydraulic fills compared to FC, since the range of CFC values considered 

are not upper- and lower- bounds like for the FC range. A similar approach of adopting upper- and 

lower-bound CFC values need to be compared to the FC-based analyses to conclude which approach 

results in the most sensitivity in the triggering assessment. 

The CRRB values computed using the RW98 method are below the respective values of the 

BI14 method and exclude consideration of uncertainties, which is also reflected in the larger RW98-

based LPI and LSN estimates as compared to the BI14-based estimates. 

Tornado diagrams depicting the sensitivity of CSR on PGA and CRRB on FC and CFC for two 

critical layers, or the layer identified as the most likely to manifest liquefaction at the ground surface 

based on the methodology described in Section 5.4, are shown in Figure 7.8a and Figure 7.8b, 

respectively. Their overall effects on FSL are shown as tornado diagrams in Figure 7.8c by changing 

the value of the variable between its lower-bound and upper-bound estimates while keeping all other 

parameters at their best-estimate value (i.e., same inputs as the LPI and LSN estimates of Figure 7.6e-f 
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and Figure 7.7e-f). The tornado diagrams only reflect the sensitivity over a narrow range of depths of 

5.0–6.3 m and 4.0–6.9 m for the profiles in Figure 7.6 and Figure 7.7, respectively.  

 

 

Figure 7.8: Sensitivity analyses of (a) CSR on PGA, (b) CRRB on CFC and FC, and (c) FSL on PGA, 

FC, and CFC for the RW98 and BI14 procedures, for critical layers of two representative CentrePort 

CPT profiles (5.0–6.3 m and 4.0–6.9 m depths in the profiles shown in Figure 7.6 and Figure 7.7, 

respectively). As the uncertainty in CSR due to PGA is almost identical for both methods; only the 

BI14 ranges are shown. CRR uncertainties are only shown for BI14, with RW98 shown as crosses 

with no consideration of uncertainty. 

 

Figure 7.8b shows that the uncertainty in CSR due to PGA is two to five times larger than the 

uncertainty in CRRB due to FC or CFC, with CSR changing by as much as 50% due to the uncertainty 

in PGA for the Kaikōura earthquake (Figure 7.8a). Both layers also show that FSL is generally more 

sensitive to the effects of PGA on CSR (since CSR is proportional to PGA; Equation (2.6)) than FC or 

CFC on CRRB (Figure 7.8c). However, the larger sensitivity of FSL due to PGA compared to FC or CFC 

does not necessarily reflect the sensitivities of the damage indices in Figure 7.6e-f and Figure 7.7e-f. 

Both profiles result in LPI being more sensitive to changes in PGA than FC, whereas LSN is the 

opposite. The reason for this difference lies in the parameters used in the damage index calculations. 

LPI is a linear function of FSL and thus changes approximately linearly with CRRB and CSR. Since 

there is greater uncertainty in CSR due to PGA variation than CRRB due to FC and CFC variation, LPI 

is most sensitive to PGA. 

In contrast, LSN is proportional to v, which is a function of both the density of the fill and 

FSL. LSN utilizes the v relationships of Zhang et al. (2002) shown in Figure 7.9, which are based on 

the curves derived by Ishihara and Yoshimine (1992), as approximated by Yoshimine et al. (2006) 

and converted from relative density to qc1Ncs using Tatsuoka et al. (1990). The Zhang et al. (2002) 

curves of Figure 7.9 are superimposed with the typical range of qc1Ncs and FSL obtained for the both 

the sand-silt and G-S-S soils among the CentrePort hydraulic fills. For loose-to-medium dense fills 
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such as those of Figure 7.6 and Figure 7.7, FSL < 1 is generally associated with fills already at their 

limiting strain thresholds (shaded region in Figure 7.9). Hence, any change in PGA, which changes 

FSL, does not significantly change v (illustrated using blue arrows in Figure 7.9). In contrast, a 

change in material parameters CFC or FC changes both qc1Ncs and FSL, and hence has a more 

significant effect on v (illustrated using red arrows in Figure 7.9) and therefore on LSN. Overall, 

while the uncertainty in PGA dominates the sensitivity in FSL, the CFC and FC parameters can cause 

equally large sensitivities in the calculation of liquefaction-induced damage indices that are dependent 

on the soil density, such as LSN. 

 

 

Figure 7.9: Zhang et al. (2002) curves for CPT-based estimates of post-liquefaction volumetric strain 

based on Ishihara and Yoshimine (1992) curves using approximations by Yoshimine et al. (2006) and 

conversion of relative density to qc1Ncs by Tatsuoka et al. (1990). The approximate range of qc1Ncs and 

FSL for CentrePort hydraulic fills under the seismic demand of the Kaikōura earthquake are shown as 

a shaded region with effects of variation in PGA, FC and CFC shown using arrows. 

7.4 Comparative Evaluation of Liquefaction Triggering Methods 

Two features of the RW98 and BI14 triggering methods relevant in the liquefaction 

assessment of CentrePort hydraulic fills are comparatively examined in this section highlighting key 

similarities and differences. These include the semi-empirical triggering models, and consideration of 

plasticity in the triggering assessment. 

7.4.1 Comparison of the Semi-Empirical Triggering Equations 

A major difference in RW98 and BI14 observed in the sensitivity study is that the RW98 

method generally calculates lower CRRB (Figure 7.8b) and FSL (Figure 7.8c) than the BI14 method for 

the critical layers. This reflects differences in the CRRB empirical relationships between the two 

methods. While there are also differences between the two CPT-based triggering procedures for the 
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remaining three parameters in the calculation of FSL (i.e., CSR, K and MSF), Section 6.4 showed that 

these differences are relatively small compared to the differences in CRRB and have a minor 

contribution in the modelling uncertainty in calculating FSL. Hence, the focus here remains on the 

modelling differences in CRRB. 

The ratio of CRRB calculated by BI14 to that of RW98 is shown in Figure 7.10 as a function 

of Ic using the generic (Figure 7.10a) and site-specific (Figure 7.10b) FC – Ic correlations in BI14. As 

indicated by the shaded area in Figure 7.10, the liquefiable CentrePort hydraulic fills are characterized 

by qc1N values of 40–60, predominantly with Ic of 2.0–2.4 for the sand-silt soils, 1.8–2.0 for the G-S-S 

mixtures, and up to 2.6 for transition (or highly interbedded) layers. For the calculation of CRRB using 

the generic FC – Ic correlation (CFC = 0) in Figure 7.10a, Ic ≈ 2.0 (the predominant value for sand-silt 

and G-S-S soil units among the CentrePort hydraulic fill) used in the RW98 method corresponds to 

FC ≈ 23% in the BI14 method. This results in 10–40% larger CRRB values for BI14 than RW98 in 

Figure 7.10a since the cone resistance correction in BI14 is more aggressive than RW98 when BI14 

estimates FC in the range of 5–35% as compared to Ic ≈ 2.0 in RW98 (Figure 2.25). The resulting 

CRRB estimates of BI14 are therefore 30–45% larger than that of RW98. 

For the site-specific correlation (CFC = -0.16) in Figure 7.10b, the same Ic values correspond 

to smaller FC estimates for the BI14 method. Low values of Ic (< 2.0) correspond to FC < 5%, and 

therefore no cone resistance correction is applied for the BI14 method, while the RW98 method based 

on Ic applies a correction once Ic increases beyond 1.64. However, the RW98 correction is not large 

enough to increase the CRRB estimates of RW98 to above that of BI14 with FC = 0%, even for Ic 

values as large as 2.2. Only for Ic > 2.3 does the RW98 correction become aggressive enough to result 

in CRRB estimates larger than that of the BI14 method. 

 

 

Figure 7.10: Ratio of the BI14 to RW98 methods in calculating normalized cyclic resistance ratio 

(CRRB) using the BI14 (a) generic FC – Ic correlation (CFC = 0), and (b) CentrePort hydraulic fill 

specific FC – Ic correlation (CFC = -0.16). The shaded area indicates typical range for CentrePort 

hydraulic fills. 

 

Figure 7.10 illustrates that no matter which BI14 interpretation is used for material 

characterization, RW98 generally estimates lower CRRB for majority of the sand-silt and G-S-S soil 

units among the CentrePort hydraulic fills by up to 45%, characterized by Ic < 2.4. RW98 estimates of 

CRRB are only higher than the BI14 estimates for transitional soil layers with Ic in the range of 2.4–2.6, 

and the estimates can be up to 70% larger. 
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7.4.2 Consideration of the Effects of Plasticity on Liquefaction Triggering 

Existing triggering methods do not apply a correction explicitly for the effects of soil 

plasticity on penetration or liquefaction resistances due to the limited empirical data (Polito, 1999). 

While an Ic-based correction, such as in the RW98 method, implicitly incorporates the effects of both 

FC and PI, it is unclear exactly how Ic accounts for the effects of the plasticity of fines in the 

triggering method. Several researchers have independently attempted to establish an explicit 

correction, herein denoted KPI, to be multiplied to CRRB calculated by existing triggering methods to 

account for effects of soil plasticity. Two such examples are described below, with relationships 

plotted in Figure 7.11. 

• Ishihara (1996) suggests there are no effects on CRRB for PI < 10%, and a linear 

correction factor, KPI = (PI + 45) / 55, can be applied to CRRB for 10% < PI < 50%. 

• Robertson and Wride (1998a) suggests CRRB can be multiplied by a correction factor, 

KPI = 1.1, for PI > 15%. 

 

Figure 7.11: Variation of two proposed factors to correct CRRB for the effects of plasticity. 

 

Several researchers have also suggested that liquefaction resistance decreases (i.e., KPI < 1) 

with soil plasticity for PI less than 2–4%, before then increasing to KPI values similar to those shown 

in Figure 7.11 (Uprety, 2016, Ranga Swamy et al., 2021). Some researchers have attempted to 

separate effects of plasticity on cyclic response of sand-like and clay-like soils (Wang et al., 2016). 

Others, such as Park and Kim (2013), suggest KPI is dependent on soil density. There is evidently a 

wide range of interpretation on the effects of plasticity on liquefaction resistance being proposed, 

however, no consensus has yet been reached among researchers on an appropriate correction of CRRB. 

A major reason for the absence of a well-established correction in simplified methods is that the 

currently proposed KPI factors only account for effects of soil plasticity on liquefaction resistance, and 

there is no data on the effects of plasticity on penetration resistance. Soil plasticity reduces penetration 

resistance substantially, hence equivalent qc1Ncs values should also increase with plasticity. Since the 

effects of plasticity on penetration resistance are expected to govern any corrections (i.e., be much 

larger than the KPI values of Figure 7.11), applying the KPI corrections in Figure 7.11 does not 

adequately capture effects of PI on CRRB. As such, there is currently no basis for applying plasticity-

based corrections in the triggering methods. 

It is worth pointing out that in the case of the hydraulic fills at CentrePort, Figure 7.1 and 

Figure 7.2 illustrates that the liquefiable soil units (sand-silt and G-S-S mixtures) all have PI = 0 and 

therefore no correction to CRRB is necessary. On the other hand, the non-liquefiable silt-clay soil units 

are in the range of PI > 20, therefore it is not considered in the triggering assessment (i.e., deemed not 
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susceptible to liquefaction). Thus, it is expected that plasticity-based corrections do not significantly 

affect the triggering assessment in the case of the CentrePort hydraulic fills. 

7.5 Global Response Features of CentrePort Hydraulic Fills 

Chapter 5 illustrates the reduced capability of simplified procedures to discriminate between 

different liquefaction performances of parts of the Log Yard and the rest of the hydraulic fills 

(especially Aotea Quay) during the Kaikōura earthquake. A key feature of the hydraulic fills that may 

have contributed significantly to the different responses and mechanisms of liquefaction are the 

presence of transition zones with highly interbedded soils, and differences in the continuity of 

liquefiable fills horizontally and vertically. Section 2.4.2 illustrated, using several liquefaction case 

histories, that these can be reasonable predictors for liquefaction manifestation severity. However, 

simplified methods generally do not capture such features very well, as the procedure considers each 

soil layer at a given profile independently and in isolation, ignoring system response effects due to 

dynamic interaction between soil layers and across horizontal distances (Cubrinovski et al., 2019b). 

Though system response effects are best scrutinized using advanced dynamic simulations, such 

analyses deserve careful consideration of numerical issues and detailed calibration of complex 

constitutive models, which is of primary focus in later chapters. Instead, the objective of this section is 

to gain insight on the hydraulic fill characteristics, including relative thickness, depth, and vertical and 

lateral continuity of liquefiable fills, which may better explain the mechanisms of the global 

liquefaction damage patterns observed in the CentrePort hydraulic fills and inform subsequent 

advanced analyses investigating system response effects. 

Recall that Section 5.2.4 divided the CPT profiles in the Log Yard (LY sites) and Aotea Quay 

(AQ sites) into four categories which describe different features of the CPT profile. CPTs were 

categorized as LY1 or AQ1 for profiles dominated by liquefiable fill (either sand-silt or G-S-S soil 

units), and LY2 or AQ2 for profiles dominated by non-liquefiable fill (silt-clay soil units), with some 

profiles transitioning between LY1/AQ1 and LY2/AQ2 types (e.g., CPT011, CPT066, and CPTC1-

04). By and large, LY1 and AQ1 share generally similar CPT characteristics, and LY2 and AQ2 also 

have similar CPT features. When comparing the location of the CPT profile types (Figure 7.12a) with 

the liquefaction manifestation patterns during the Kaikōura earthquake (Figure 7.12b), it is evident 

that the four LY1 profiles concentrated near the eastern edge of the Log Yard are where severe 

liquefaction-induced damage was observed, while the four LY2 sites are generally located in the 

western half of the Log Yard where only moderate levels of damage were observed. There appears to 

be a clear contrast in the performance of these two profile types. 

Among the profiles along Aotea Quay, 12 are AQ1 profiles, 19 are AQ2 profiles, and two are 

AQ1/AQ2 profiles. There are three clusters of AQ2 profiles along Aotea Quay (Figure 7.12a): a group 

of CPTs in the southern end of Aotea Quay (e.g., CPT006 series), a large area of CPTs northeast of 

the stadium (CPT005 to CPT075), and along the western edge in the northern half of Aotea Quay 

(CPT079 to CPTD1-06). When comparing with the liquefaction manifestation map (Figure 7.12b), no 

clear correlation can be made between the profile types and liquefaction damage severity patterns. 

Furthermore, the performance along Aotea Quay was largely similar, all with little global settlement, 

and no surface ejecta, and some ground cracking. Differences in the ground cracking severities are 

also more subtle compared to the contrasting liquefaction performance in the western and eastern 

halves of the Log Yard. 

 



Chapter 7. Applicability of Simplified Liquefaction Assessment Methods for Hydraulic Fills 

 

159 

 

Figure 7.12: Aerial view of CentrePort hydraulic fill reclamations showing (a) locations of CPTs, (b) liquefaction manifestation observed after the 2016 

Kaikōura earthquake, and (c-d) two cross sections showing Ic profiles of select CPTs depicting principal soil units in the hydraulic fills (vertical scale 

exaggerated 10 times; water table at the time of the Kaikōura earthquake shown as blue line). 
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Despite LY1 and AQ1 sites sharing similar CPT characteristics and having similar simplified 

liquefaction assessment outcomes, there was a contrast in the liquefaction performance in the 

Kaikōura earthquake. It therefore seems imperative to further explore possible reasons for this 

discrepancy. One way of gaining further insight is to perform cyclic tests on high-quality undisturbed 

soil samples to better understand the liquefaction response of the specific soil units at these different 

locations. Laboratory tests may pick up subtle differences in the fills (e.g., differences in the hydraulic 

filling process during construction, which the CPT may not pick up). Alternatively, there may be 

system response effects due to subtle differences in the fill layering in play. While investigation of 

such issues warrants detailed examination, an attempt is made here to provide some insights in the fill 

characteristics of the hydraulic fills to explain possible mechanisms for the liquefaction damage 

observed. The findings presented here are expected to be further developed in future research and be 

supplemented with the abovementioned approaches. 

Based on interpretation from the CPT profiles, two south-north cross-sections of principal soil 

units are shown in Figure 7.12c-d based on the Ic profiles of the CPTs along the two transects shown 

in Figure 7.12a. The cross-section of Figure 7.12c depicts the subsurface stratigraphy along the 

western side of Aotea Quay, while Figure 7.12d depicts profiles approximately 20–30 m to the east. 

The profiles are divided into well-defined soil layers with relatively constant Ic values, and, in the 

hydraulic fills, coloured based on the median Ic value for the layer. Layers in red are the sand-silt and 

G-S-S soil units with predominant Ic values of approximately 2.0 (range 1.8–2.4), layers in yellow are 

the silt-clay soil units with predominant Ic values of approximately 3.0 (range 2.9–3.2), and grey 

layers have Ic values close to 2.6 (range 2.4–2.8), representing transitional layers or interbedded soils 

with thin seams of sand-silt and silt-clay soils. 

For every profile, the Ic trace between the depth of the water table at the time of the Kaikōura 

earthquake (blue line at 3–4 m depth in Figure 7.12c-d) and the top of the Wellington alluvium (top of 

the blue shaded region at 10–13 m depth in Figure 7.12c-d) are used to plot data of the cumulative 

thickness of soil with Ic < 2.6 against the cumulative thickness of soil with Ic > 2.6 (Figure 7.13a) and 

the percentage of fill with Ic < 2.6 (Figure 7.13b), for each CPT profile. The distinction for Ic < 2.6 are 

used as these soils are deemed liquefiable, according to the simplified liquefaction evaluation. Figure 

7.13 shows that LY1 profiles tend to have thick (> 4 m) cumulative liquefiable soils which makes up 

at least 50% of the fill. In contrast, LY2 have thinner (< 2 m) cumulative thickness of liquefiable fill 

making up below 50% of the profile composition. Overall, the thickness, depth, and proportional of 

fill composition appears to be key features in describing the severity of liquefaction-induced damage 

after the Kaikōura earthquake in the Log Yard, among potentially other factors. 

Figure 7.13 illustrates that AQ1 and AQ2 profiles largely contain similar depositional features 

as LY1 and LY2, respectively. However, unlike for the LY sites, the thickness, depth, and proportion 

of liquefiable fills alone are unable to explain why LY1 and LY2 had differences in their liquefaction 

damage, while AQ1 and AQ2 did not. One possible reason for this is due to difference in relative 

proximity of profiles and connectivity of liquefiable units. Profiles of qc and Ic for the three LY1 

profiles located < 40 m from each other at the severe liquefaction manifestation area (CPTB1-01, 

CPTB1-02 and CPTB1-03) are plotted in Figure 7.14 to illustrate that the liquefiable (Ic < 2.6) fill are 

all at similar depths in the profiles (4–8 m). Hence, the LY1 profiles have lateral connectivity and 

continuity over large thicknesses and spatial extent which can promote development of large excess 

pore water pressures causing upward seepage of liquefied soils leading to ejecta manifestation as 

observed after the Kaikōura earthquake. This is potentially one important factor that explains the 

manifestation characteristics in the Log Yard, though more work is warranted to identify other 

potential factors. 
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Figure 7.13: Distribution of the cumulative thickness of CentrePort hydraulic fill profiles with Ic < 2.6 

plotted against (a) thickness of soils with Ic > 2.6 and (b) thickness of soils with Ic < 2.6 as a 

percentage of the entire fill depth. 

 

 

Figure 7.14: Profiles of cone tip resistance (qc) and soil behaviour type index (Ic) for (a-b) CPTB1-01, 

(c-d) CPTB1-02 and (e-f) CPTB1-03, all located within 40 m of each other in the Log Yard. 

 

Unlike the LY1 profiles, the AQ1 profiles are located further apart with evidence that profiles 

are not consistent or laterally continuous over short distances. For example, there is a significant 

variation between three CPTs along Aotea Quay approximately 50 m apart (CPT067, CPT006-0 and 

CPT070) shown in Figure 7.15, compared to the Log Yard (Figure 7.14). Overall, less horizontal 

continuity of liquefied soil for AQ1 profiles is observed, as compared to the LY1 profiles. CPT006-0 

and CPT070 have liquefiable soil at 3.8 m to 6–6.2 m depth, though this is much thinner than the 

liquefiable thickness in the Log Yard. Furthermore, most of CPT067 is non-liquefiable. This spatial 

variability in deposit characteristics can inhibit development of large excess pore water pressures 

during earthquake shaking, thus reducing liquefaction effects and consequent ground movement. The 
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only region with thick layers of liquefiable fill with relatively consistent spatial extent is between 

CPTD1-05 and CPT084 (locations depicted in Figure 7.12b), where the fills are composed of G-S-S 

mixtures based on evidence from nearby boreholes. Based on the interpretation of lateral continuity 

and connectivity of liquefiable fills, this area is also expected to have severe liquefaction 

manifestation. However, this was not observed during the Kaikōura earthquake. 

 

 

Figure 7.15: Profiles of cone tip resistance (qc) and soil behaviour type index (Ic) for (a-b) CPT067, 

(c-d) CPT006-0 and (e-f) CPT070, all located within 50 m of each other along Aotea Quay. 

7.6 Summary 

This chapter examines the applicability of conventional CPT-based liquefaction evaluation 

procedures to reclaimed hydraulic fills using laboratory index tests on several soil samples and 

representative CPT profiles from the hydraulic fills at CentrePort. The three primary types of soil 

units identified in these fills are silt-clay (characterized by Ic = 2.9–3.2, but predominantly Ic = 3.0), 

sand-silt (characterized by Ic = 2.0–2.4, but predominantly Ic = 2.0), and isolated regions with G-S-S 

mixtures (characterized by Ic = 1.8–2.0, but predominantly Ic = 2.0). The fills also contain several 

thick layers of interbedded fill which contain mixtures of these soil units interbedded in thin seams, 

resulting in Ic values close to 2.6. Comparisons between the CPT-based and lab-based susceptibility 

criteria, with a focus on correlating Ic estimates from a CPT with lab-based estimates of FC and PI, 

showed that there is general agreement in estimating the sand-silt and G-S-S mixtures of the 

CentrePort hydraulic fills are liquefiable, and the silt-clay soil units are non-liquefiable. While a CPT-

based criterion is practical for these three soil units, the presence of transition layers close to the 

conventionally adopted susceptibility threshold of Ic = 2.6 can result in up to 15% difference in 

liquefaction damage index calculations if the susceptibility criteria is adjusted between 2.5 and 2.7. 

Such large sensitivity is only observed in the few profiles with transitional soil units, whereas the 

general outcomes of the overall liquefaction evaluation method are largely insensitive. 
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The effects of material characterization through a single parameter, either FC (BI14) or Ic 

(RW98), on the subsequent correction of the measured tip resistance, computed factor of safety 

against liquefaction triggering (FSL), and two damage indices (LPI and LSN) are investigated through 

a sensitivity study using two commonly adopted CPT-based triggering procedures (BI14 and RW98) 

and are compared to the sensitivity to uncertainty in PGA. Three different approaches in estimating 

FC for BI14 are considered: (i) using representative FC values obtained from grading of each soil unit 

in the laboratory, (ii) estimating FC via a generic FC – Ic empirical correlation, and (iii) estimating FC 

from a site-specific FC – Ic correlation for each soil unit. Results show that the sensitivity of FSL to 

PGA of the Kaikōura earthquake is two to three times larger than to FC or CFC, and hence dominates 

the uncertainty in the calculation of FSL. However, FC and CFC tends to dominate the uncertainty for 

damage index calculations which also consider estimates of the density state of the fill, such as LSN. 

Furthermore, the modelling uncertainty in CRRB between the RW98 and BI14 methods can be as large 

as 45% for the sand-silt and G-S-S soil units among the hydraulic fills. 

Finally, key characteristics of the hydraulic fills at CentrePort, namely the relative depths, 

thicknesses, and vertical and horizontal continuity of key soil units, were scrutinized to gain insight 

into possible mechanisms of global damage patterns during the Kaikōura earthquake and inform 

future dynamic and laboratory analyses. Detailed characterization of the fills showed that the large 

thickness, shallow depth, and majority of the fill composed of liquefiable (Ic > 2.6) soil units are key 

features describing the severe liquefaction-induced damage of the eastern half of the Log Yard during 

the Kaikōura earthquake. In contrast, thinner and less proportion of fill thickness comprising of 

liquefiable soil are key features describing the less severe damage of the western half of the Log Yard. 

However, the reduced severity of liquefaction-induced damage along Aotea Quay compared to the 

Log Yard may also require additional consideration of the spatial connectivity of liquefiable soil units, 

as it can be a key feature in the promotion or inhibition of excess large pore water pressure 

development and associated surficial damage. 
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8.1 Introduction 

The present work so far highlights that reclaimed land can be highly vulnerable to 

liquefaction damage, with evidence of major liquefaction-induced damage at CentrePort caused by 

moderate levels of shaking during the 2016 Mw7.8 Kaikōura earthquake. The work also illustrates 

several challenges and limitations in the engineering evaluation of soil liquefaction of reclaimed soils 

when using simplified semi-empirical methods, thus limiting their applicability. For example, 

reclaimed soils are not well represented in liquefaction case histories used to develop semi-empirical 

liquefaction evaluation methods, which are dominated by case histories of naturally deposited clean 

sand and non-plastic silty sand deposits. Insights are therefore needed from more advanced dynamic 

analyses to increase our understanding of soil liquefaction in reclaimed land. Effective stress analysis 

(herein referred to as ESA) is an advanced numerical technique able to accurately simulate dynamic 

soil response including rapid pore water pressure development and its associated effects on the stress-

strain behaviour, giving insights on the timing of onset of liquefaction and dynamic interactions 

between soil layers during evolution of liquefaction response. Capturing all of these features is not 

possible in semi-empirical methods alone. 

Despite its advantages, there are limited studies formalizing the procedures for ESA, and 

these studies are often broad or recognize problem-specific limitations (Cubrinovski, 2011, Ntritsos 

and Cubrinovski, 2020). Furthermore, good numerical modelling requires proper consideration of 

modelling details and rigorous calibration of constitutive models to represent the behaviour desired 

when subjected to earthquake loads. Therefore, a careful and rigorous preparation process must be 

followed before performing simulations. Key considerations for CPT-based one-dimensional (1D) 

ESA of the reclaimed land at CentrePort are discussed in this chapter. Firstly, the subsurface 

stratigraphy at different sites in CentrePort are defined so that the variation in the depths, thicknesses, 

and CPT characteristics of reclaimed soil units are captured with as few representative profiles as 

possible. Soil characteristics for each layer in the representative sites are then determined by 

developing simplified CPT profiles. Secondly, shear-wave velocity profiles are developed for target 

areas in CentrePort and around central Wellington. The shear-wave velocity data helps define an 

appropriate base layer for 1D analysis. Thirdly, following a brief description of the adopted numerical 

procedure, candidate reference motions for input at the specified base layer of the soil column are 

scrutinized to determine input motions that are appropriate for 1D ESA. Finally, two constitutive 
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models (PM4Sand and Stress-Density Model) are calibrated to meet the desired objective and match 

target response curves for both liquefiable and non-liquefiable layers. The overall output from this 

chapter is used in 1D ESA of representative profiles at CentrePort, performed in the subsequent 

chapter. 

8.2 Simplified Soil Profiles for Effective Stress Analysis 

8.2.1 Representative Reclamation Zones at CentrePort 

In recognizing that several areas at CentrePort have similarities in their reclaimed soil units 

and CPT characteristics, CPT-based liquefaction sites were defined in Section 5.2.4 according to the 

age and soil type of the reclamation and characteristics of the CPT data. These groups, summarized in 

Table 5.1, were used to scrutinize results of the simplified liquefaction evaluation procedure for 

representative profiles across the different areas of the port. A similar approach is adopted in the ESA 

of this study, whereby select profiles representing important reclamation zones of interest are 

analysed using representative profiles. Since the fills are relatively uniform in CPT properties, a select 

few profiles can be used to represent a wide area with small variation in CPT profile characteristics. 

The location of the representative CPT profiles also covers the range of observed liquefaction 

manifestation severities (ranging from none to severe manifestation) from the Kaikōura earthquake. 

Figure 8.1 maps the severity of liquefaction damage observed at CentrePort after the Kaikōura 

earthquake, developed in Section 3.6.3 based on interpretation of ejecta manifestation, measured 

ground movement, and crack damage patterns, superimposed with reclamation areas (zones) 

represented by one a unique site (i.e., unique set of CPT profile characteristics) as defined in Table 5.1. 

 

 

Figure 8.1: CentrePort liquefaction manifestation severity map for the Kaikōura earthquake with 

regions of different liquefaction sites (Table 5.1); crosses depict locations of representative CPT 

profiles. 

 

The number of reclamation zones defined by similar CPT characteristics, depicted in Figure 

8.1 by the areas enclosed by black lines, are six in the Thorndon reclamation, two in the old gravelly 

reclamation, three in the Log Yard, and two along Aotea Quay. A representative CPT profile 

(locations depicted as black crosses in Figure 8.1) for each of the 13 reclamation zones are used to 

define the details of the profile stratigraphy and characteristics of the local area. The locations of the 
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CPTs are depicted in Figure 8.1 as black crosses. Details of the profile and its characteristics are given 

in the next subsection. 

8.2.2 Adopted Approach to Develop CPT-Based Simplified Soil Profiles 

Unlike in the simplified liquefaction evaluation procedure, in which a nearly continuous 

record of the CPT trace can be used for liquefaction calculations, discretization of the profile based on 

its stratification is required for 1D ESA so that each relevant subsurface layer is considered in the 

analysis. This is particularly important for the approach adopted in this study whereby constitutive 

models are calibrated based on CPT data. Hence, the first, and most important aspect to consider in 

the simplified profiling for the purpose of liquefaction modelling is the determination of stress-strain 

characteristics for soil layers at shallow depth where liquefaction is of primary concern (typically in 

the top 15–20 m). This study achieves this by applying the CPT-based layer discretization proposed 

by Ntritsos and Cubrinovski (2020), herein denoted NC20. 

For each of the representative CPTs in the 13 reclamation zones identified in Figure 8.1, the 

nearly continuous CPT profile is discretized into several distinct layers or depth intervals over which 

the CPT data can be approximated by constant values of the soil behaviour type index (Ic) and clean-

sand equivalent penetration resistance (qc1Ncs), calculated according to Robertson (2009b) and 

Boulanger and Idriss (2014), respectively. These two parameters are chosen for the discretization as 

they are the primary CPT data used to define susceptibility to soil liquefaction (in the case of Ic) and 

calibrate liquefaction resistance of constitutive models in the liquefiable layers (in the case of qc1Ncs), 

as further explained in Section 8.5. In the NC20 algorithm, the user has control over four key 

parameters: the maximum tolerable coefficients of variation (COV) for Ic and qc1Ncs, and the minimum 

and maximum thicknesses for discretized layers, which are constrained for numerical considerations. 

Upon inspection of the output of the NC20 algorithm (i.e., generated simplified profiles), COV = 10% 

was chosen for both Ic and qc1Ncs since it provides the desired level of accuracy in the layering. While 

the maximum thickness is fixed at 3 m, the choice of the minimum thickness depends on the profile 

characteristics since the layer discretization should be just fine enough to detect important thin seams 

of soils while still preserving realistic Ic and qc1Ncs values of the layers, and such a decision can vary 

for different soil types. A minimum thickness value of 1 m and 0.5 m are applied to the CPTs and 

scrutinized for appropriateness of 1D ESA modelling. An example of the application of the CPT 

discretization procedure is illustrated in Figure 8.2, which shows profiles of the calculated qc1Ncs and Ic 

based on the raw data (shown in black), superimposed with the simplified profiles determined by the 

NC20 algorithm using a maximum discretization layer of 1 m and 0.5 m (shown in purple and blue, 

respectively) for CPTA2-01 (TR-S2 site). 

The results for both the 1 m and 0.5 m maximum thickness profiling appears to capture the 

important layers in the CPT profile. For example, both profiles capture the subtle changes in qc1Ncs 

throughout the G-S-S fill in the top 15 m, and both also capture the relatively uniform marine 

sediment layer at 15–16.8 m depth. Therefore, for the purpose of 1D ESA to investigate liquefaction 

of the G-S-S fill, each discretization appears reasonable. The 0.5 m maximum thickness profile 

appears to capture the stratigraphy more accurately (i.e., closer to the calculated qc1Ncs and Ic values 

based on the raw data). In the G-S-S fill, some of the localized increase in penetration resistance are 

few tens of centimetres thick (e.g., 8.2 m, 12.7 m, 14.1 m depths), which is captured better in the 

0.5 m maximum thickness profile but not in the 1 m profile. Furthermore, the Wellington alluvium 

below the marine sediments consist of thin layers of gravelly soil interbedded with stiff silt, and these 
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layers are at least approximately 0.5 m thick. Therefore, the 1 m profile cannot capture some of the 

thin layers, which is particularly evident in the Ic profile in Figure 8.2b. Therefore, the simplified 

profile determined using the NC20 algorithm with 0.5 m maximum thickness appears to be the better 

choice between the two. Note that since ESA outputs are slightly sensitive to the choice of simplified 

profile (1 m or 0.5 m maximum layer thickness), as illustrated in Chapter 9, it is important to make an 

appropriate choice for the layer profiling thickness. 

 

 

Figure 8.2: Profiles of CPT (a) clean-sand equivalent cone tip resistance (qc1Ncs) and (b) soil behaviour 

type index (Ic) based on the raw measured data (shown in black) and simplified (layered) profile 

according to the Ntritsos and Cubrinovski (2020) algorithm, denoted NC20, for a maximum layer 

thickness of 1 m (shown in purple) and 0.5 m (shown in blue), with (c) associated modelling 

approaches in 1D ESA. 

 

Despite the NC20 algorithm with 0.5 m maximum thickness producing reasonable simplified 

profiles, some manual adjustments to the layering and values of the CPT values are necessary. These 

manual adjustments are due to the three primary reasons listed below, with associated examples of 

each reason illustrated in Figure 8.3. Note that the decisions for adjusting the simplified profiles are 

somewhat subjective and can vary depending on user interpretation: 

1. The NC20 algorithm occasionally characterizes transition layers as independent soil 

layers. This is more pronounced for when the CPT data transitions from a layer of small 

(qc1Ncs < 50) to large (qc1Ncs > 100) penetration resistance (or vice versa), where the 

transition layer tends to be thicker as the difference in the penetration resistance between 

layers increase. An example of this is illustrated in Figure 8.3a, whereby the simplified 

profile according to the NC20 algorithm (shown in blue) results in a layer from 16.4 m to 

16.9 m depth, whereas the qc1Ncs and Ic values do not follow the raw CPT data trace. 

Therefore, this transition layer is removed, and the layers above and below are extended 

and joined at the approximate depth where the raw CPT data transitions (adjusted layering 

is shown in red). 
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2. The 0.5 m layering may still be too coarse in capturing thinner layers. An example is 

shown in Figure 8.3b, whereby thin layers at 14 m and 15.2 m depths are not captured. 

Since such an occurrence is uncommon (usually once per profile), instead of reducing the 

maximum thickness in the NC20 algorithm, manual adjustments are made to these 

specific cases from the 0.5 m maximum thickness layering (shown in red). 

3. The numerical modelling software used in this study (FLAC) has limitations in its ability 

to accurately capture pore water pressure effects of thin non-liquefiable layers when 

interbedded between two liquefiable layers (this issue is explained in Appendix E). To 

minimize its effects, each thin non-liquefiable soil layer (Ic > 2.6) needs to be sub-divided 

to at least three layers. Splitting the thin non-liquefiable layer of only few tens of 

centimetres thickness to three smaller layers is impractical for modelling. Therefore, 

thicknesses of some of the thin layers are manually increased for ease of modelling. An 

example of such a case is shown in Figure 8.3c, whereby a 0.5 m thick layer of non-

liquefiable soil (modelled with three 0.1–0.2 m thick layers) is manually increased to 1 m 

thick (modelled with three 0.3–0.4 m thick layers). 

 

Figure 8.3: Manual adjustments (red lines) to the simplified profile from the Ntritsos and Cubrinovski 

(2020) algorithm, denoted NC20 (blue lines): (a) transition layers (CPTA2-01), (b) thin layers less 

than 0.5 m thickness (CPT037), and (c) increasing thickness of non-liquefiable layers (CPT058). 

8.2.3 Simplified CPT-Based Soil Profiles for Representative Sites 

The simplified profiling methodology using the abovementioned approach of manually 

adjusting the profile determined by the NC20 algorithm with 0.5 m maximum layer thickness is 

applied to all 13 CPT profiles representing the different reclamation zones in CentrePort. The 

resulting layer discretization including traces of the raw and simplified qc1Ncs and Ic values are shown 

in Figure 8.4 to Figure 8.8. 

The three areas in the Thorndon reclamation of G-S-S fill with unique CPT profile 

characteristics, classified as TR sites, are represented by the profiles shown in Figure 8.4. These areas, 

and the associated damage observed during the Kaikōura earthquake in the local area, are: 
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a) The southwestern end (Figure 8.4a), characterized primarily by TR1 profiles, which 

contain 12–20 m thick G-S-S fill with mostly Ic = 2.0–2.3 and low qc1Ncs (mostly 50–100). 

This region had thick gravelly ejecta, 200–400 mm of settlement, and large cracks. 

b) The northeastern side of Thorndon (Figure 8.4b), dominated by TR2 profiles with G-S-S* 

fill of Ic = 2.0–2.3 and some layers with Ic > 2.3. Like the southern end of the port, this 

region had thick gravelly ejecta, 200–400 mm of settlement, and large cracks. 

c) The northern side of Thorndon (Figure 8.4c), characterized primarily by TR3 profiles, the 

latter of which includes ~10 m thick G-S-S fill with layers of Ic > 2.3. While still 

classified as severe damage, this area had a noticeable absence of ejecta, reduced 

settlement (200–300 mm), and some ground cracks, as compared to the rest of the 

Thorndon reclamation. 

 

Figure 8.4: Profiles of the raw (black lines), NC20 (blue lines), and manually adjusted for ESA (red 

lines) qc1Ncs and Ic for CPTs in the following representative TR sites: (a) TR1 (CPT058), (b) TR2 

(CPTC2-02), and (c) TR3 (CPT037). 

 

The G-S-S fill also contain some thin layers (lenses) of fill with larger Ic (> 2.3), or pockets of 

localized high resistance (qc1Ncs > 100), which the simplified profiles generally capture. Occasionally 

some layers are characterized by Ic values above the liquefaction susceptibility threshold 2.6, such as 

at 4.2–5.1 m depth in Figure 8.4a, whereas most others are associated with Ic = 2.3–2.6, such as at 

4.5 m depth in Figure 8.4a and 14.3 m in Figure 8.4b. Some of the thin seams of high resistance 

(e.g., 5.0 m depth in Figure 8.4a and 7.3 m in Figure 8.4b) are due to interaction of the cone tip with 

gravel-sized particles, and hence not reflecting the overall response of the fill. To be consistent with 

this interpretation, the qc1Ncs values of the simplified profiles in these small layers of large resistances 

(100–150), albeit still larger than majority of the profile, are much lower than the peak qc1Ncs of the 

raw data (150–250). 

Three reclamation zones in Thorndon are described by unique profile characteristics of G-S-S 

fill overlying sand reclamation (TR-S sites), which are represented by the profiles in Figure 8.5. 
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While the characteristics of the G-S-S fill in TR-S sites are largely similar to the TR sites (with the 

exceptions discussed below), the sandy fill characteristics tend to differ in thickness, depth, and 

density. The areas of TR-S profiles, and the associated damage observed during the Kaikōura 

earthquake, are: 

a) A small area in the eastern part (Figure 8.5a), characterized by TR-S1 profiles, which 

describes profiles with a thick (7–10 m thickness) and shallower depth to the top of sandy 

fill (7–9 m). This is the only region which manifested sand ejecta in the Thorndon 

reclamation (along with 300–400 mm settlement and large cracks). 

b) The southeastern region (Figure 8.5b), characterized by TR-S2 profiles, which describes 

thicker G-S-S fill with the presence of a thin (< 7 m thickness) sand layer at > 11 m depth. 

This region had thick gravelly ejecta, 200–400 mm of settlement, and large cracks. 

c) Between the zone of TR-S1 and TR-S2 sites is a small area of TR-S3 site (Figure 8.5c), 

which is characterized by a single CPT. This is the only area in the Thorndon reclamation 

classified as moderate liquefaction damage due to its reduced settlement (< 250 mm), no 

ejecta, and few ground cracks observed. 

 

Figure 8.5: Profiles of the raw (black lines), NC20 (blue lines), and manually adjusted for ESA (red 

lines) qc1Ncs and Ic for CPTs in the following representative TR-S sites: (a) TR-S1 (CPTA2-06), (b) 

TR-S2 (CPTA2-01), and (c) TR-S3 (CPT018). 

 

Generally, between the G-S-S and the sandy fill is an approximately 1–2 m thick layer of silty 

fill, which the simplified profiles capture. Shallow sandy fill (e.g., 8–11 m depth in Figure 8.5a) is 

characterized by lower qc1Ncs values (70–100), while the deeper sandy fill (> 11 m depth in Figure 8.5a 

and 16.8–17.4 m depth in Figure 8.5b) is characterized by higher qc1Ncs values (100–160). The TR-S3 

site (Figure 8.5c) consists of a simplified profile with 7 m thick layer of non-liquefiable (Ic > 2.6) 

crust, which is absent throughout the rest of the Thorndon reclamation (TR and TR-S sites). 

Additionally, the simplified profile comprises larger qc1Ncs values in the fill (mostly > 100) reflect the 

generally higher values in the raw data in this site as compared to the other TR and TR-S profiles. 
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The older G-S-S reclamation (OGR sites) contains areas with varying liquefaction damage 

severity ranging from none to severe for the Kaikōura earthquake, and some of these responses may 

be due to localized interaction with buried structures and building foundations. While studying the 

key reasons depicting localized manifestation of damage are not within the scope of this study, two 

particular areas of clearly contrasting performance are investigated, as shown in Figure 8.1, to gain 

insights on some key factors that may have contributed to the two distinct performance levels. The 

first is a small section of severe damage immediately north of the old buried sea wall that exhibited 

thick ejecta, moderate levels of cracking, and > 100 mm settlement. Unlike in the TR and TR-S sites, 

this area, depicted by an OGR-L profile in Figure 8.6a, contains thinner (3–5 m thick) layers of 

liquefiable fill with qc1Ncs < 100 within the top 10 m. The second area of interest is a strip of land 

along the north end of this reclamation zone classified as no manifestation, which is characterized by 

OGR-NL profiles (Figure 8.6b) containing < 2 m thick layers of soil with qc1Ncs < 100 in the top 10 m. 

 

 

Figure 8.6: Profiles of the raw (black lines), NC20 (blue lines), and manually adjusted for ESA (red 

lines) qc1Ncs and Ic for CPTs in the following representative OGR sites: (a) OGR-L (CPT048), and (b) 

OGR-L (CPT038). 

 

For the five unique reclamation zones within the hydraulic fills, simplified profiles for 

representative CPTs in the Log Yard are shown in Figure 8.7 and Aotea Quay in Figure 8.8. Among 

the three sites in the Log Yard, Figure 8.7a depicts a profile for the LY1 site encountered in the 

eastern region that exhibited severe liquefaction manifestation with thick sandy ejecta, 100–200 mm 

settlements, and large ground cracks during the Kaikōura earthquake. The fill in the top 8 m is 

generally dominated by several layers (3–4 m thickness) of liquefiable fill with Ic ≈ 2.0 and 

qc1Ncs = 70–100. There are occasional layers of silt-clay fill encountered, which is reflected by the two 

spikes (increase) in Ic at 3.9 m and 4.1 m. To capture such features, the simplified profile contains a 

0.6 m layer of high Ic. Figure 8.7b-c depicts two profiles for the LY2 site in the central and western 

region of the Log Yard that exhibited less severe liquefaction manifestation (i.e., no ejecta and 0–

150 mm settlement). These profiles have a similar thickness of hydraulic fill; however, most layers 
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are characterized by some shallow layers of non-liquefiable sand-silt fill (Ic ≈ 3.0), with shallow but 

thin (0.5 m to 1.0 m thick) liquefiable layers, overlying a similar thickness of non-liquefiable silt-clay 

fill, as reflected in the simplified profiles. 

 

 

Figure 8.7: Profiles of the raw (black lines), NC20 (blue lines), and manually adjusted for ESA (red 

lines) qc1Ncs and Ic for CPTs in the following representative LY sites: (a) LY1 (CPTB1-01), (b) LY2 

(CPT055), and (c) LY2 (CPT011). 

 

Among the two types of profiles encountered in Aotea Quay, Figure 8.8a depicts a profile for 

the AQ2 site. This site contains very thick layers of silt-clay fill with relatively uniform Ic and qc1Ncs 

values, with only some small layers of liquefiable fill. The simplified profile reflects this by 

characterizing most layers as non-liquefiable with some liquefiable layers (e.g., at 4 m depth). For the 

AQ1 site representing an isolated region in Aotea Quay (Figure 8.8b), hydraulic fill in the top 10 m 

contains > 5 m thickness of G-S-S mixtures with relatively uniform values of Ic and qc1Ncs, as reflected 

in the simplified profile. The simplified profile also captures the one layer of non-liquefiable silt-clay 

fill at 6.9–7.8 m depth. Note that all of Aotea Quay had no ejecta, exhibited moderate levels of ground 

cracking, and settlement < 100 mm, and is therefore mostly classified as moderate liquefaction 

manifestation. A small central part of Aotea Quay classified as minor had noticeably fewer and 

smaller ground cracks, and this area coincides with the AQ1 profile depicted in Figure 8.8b. 
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Figure 8.8: Profiles of the raw (black lines), NC20 (blue lines), and manually adjusted for ESA (red 

lines) qc1Ncs and Ic for CPTs in the following representative TR sites: (a) AQ2 (CPTD1-04), and (b) 

AQ1 (CPT001). 

 

Figure 8.9 plots simplified profiles of qc1Ncs and Ic, as obtained by the NC20 simplified 

profiling algorithm with 0.5 m minimum thickness, for the representative CPT (shown as red lines) 

against the remaining CPTs in the reclamation zone (shown as black lines) for three areas (TR1, TR-

S1, and LY1 sites). The figure illustrates, in a qualitative way, the representativeness of the individual 

CPTs in each of the 13 reclamation zones for the shallower part of the deposit associated with the 

reclamation fills. As the liquefaction sites in the reclamation zones are developed to only group 

together CPTs with similar reclamation fill characteristics, the deeper naturally deposited fills (marine 

sediments and Wellington alluvium) are not well-represented by these profiles. 
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Figure 8.9: NC20 simplified profiles (with 0.5 m minimum thickness) for the representative CPT (red 

lines) and remaining CPTs in the reclamation zone (black lines) for the: (a) TR1 site, (b) TR-S1 site, 

and (c) LY1 site. 

8.2.4 Shear-Wave Velocity Profiles 

While profiling the shallow (up to 20 m depth) CPT data into discrete layers is of primary 

importance for liquefaction problems, 1D site response analyses also commonly require some 

understanding of the small-strain response and soil moduli for each layer. Generally, in 1D analysis, 

such considerations are needed up to a depth where there is a significant change in the stiffness (i.e., a 

large impendence contrast), indicating the depth to the base layer of the 1D model. This subsection 

details the determination of shear-wave velocity, shear modulus, and depth to the base layer for 

several sites in CentrePort and the wider central Wellington area. 

Small-strain (essentially elastic) shear modulus is theoretically related to the shear-wave 

velocity via Equation (8.1). 

 

𝑉𝑠 = √
𝐺

𝜌
         (8.1) 

 

Here, Vs denotes the shear-wave velocity, G denotes the shear modulus (a measure of the elastic shear 

stiffness), and  denotes the mass density of the soil. Vs data is therefore commonly used to 

characterize the initial shear modulus of soil layers to calibrate stress-strain response during 

earthquake loading (Stewart et al., 2014). Multichannel analysis of surface-waves (MASW) have been 

performed at several regions around central Wellington following the Kaikōura earthquake (Vantassel 

et al., 2018), which are used to develop Vs profile at the locations shown in Figure 8.10. Note that for 

some locations, such as near POTS and CPLB inside CentrePort, downhole and crosshole seismic 

tests supplement MASW to refine the shallow (top 25 m) Vs profiles. 
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Figure 8.10: Map showing location of surface wave array centres and where Vs profiles are 

determined. Aerial view of central Wellington, present coastline, and the CentrePort area with 

contours of the depth to base layer, major faults (red and dashed black lines), approximate reclamation 

boundary (green line), locations of strong motion stations, locations of deep boreholes, and location of 

Vs profiles (base map from Kaiser et al. (2019) and Vs profiles from Vantassel et al. (2018)). Note that 

detailed splays of the Wellington fault are not shown in the map. 

 

A key challenge in the use of MASW is that the result of the inversion to obtain Vs profiles is 

non-unique. Therefore, information from other in-situ tests is commonly used to constrain the 

inversion to obtain more appropriate Vs profiles. At CentrePort, the > 100 Cone Penetration Tests 

(CPTs) and over 30 borehole logs constrain the shallow Vs profile, and the profiles can be 

corroborated to direct push crosshole tests performed at three locations (Figure 8.10). The Vs profiles 

are then used to find a layer boundary where a significant impedance contrast is observed, which is 

chosen as the depth to the base layer of the 1D analyses models. Upon inspecting the Vs data and 

corroborating with the basin model developed by Kaiser et al. (2019), which utilizes deep boreholes 

available throughout central Wellington as shown in Figure 8.10, a reasonably large impedance 

contrast (and therefore appropriate choice for a base layer) exists at the boundary of deeper alluvial 

deposits (Vs ≈ 750 m/s) and Greywacke basement rock (Vs ≈ 1200 m/s). Depth to this base layer is 

observed at around 60–90 m around the city (at a distance of 200–600 m from the port), and as deep 

as 120 m at CentrePort. POTS is located on the uphill side of the Wellington Fault (1 km west of the 

port) and only has 22 m depth to the base layer, therefore making POTS a nominal rock site. 

Representative Vs profiles at CentrePort are determined using six arrays of seismometers 

measuring active and passive surface-wave data, as reported in Vantassel et al. (2018). The locations 

of the centres of these arrays are approximated in Figure 8.10 and include three in the Thorndon 

reclamation (Cold Store, Main Office, and Thorndon Wharf), one in the old gravelly reclamation (by 

the BNZ building), and two in the hydraulic fill areas (i.e., Log Yard and Aotea Quay). The BNZ and 

Aotea Quay profiles are located at, and therefore representative of the velocity profile for, CPLB and 

PIPS, respectively. Note that a seventh (BIG) array was also deployed specifically to extract low-

frequency dispersion data to constrain the stiffness properties of the deeper layers and hence more 

accurately determine the depth to bedrock at the port. As such, it is not considered a separate Vs 
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profile, but rather to supplement the Vs data at great depths in the other profiles. For each of the six 

locations, a suite of velocity profiles is considered the best-estimate to reflect the non-uniqueness of 

the inversion of MASW data, given it provides consistent interpretation with nearby borehole and 

CPT data. According to Vantassel et al. (2018), the suite of almost 500–1000 profiles for each of the 

six reference locations agree quite well, with the biggest differences observed in the depth and 

stiffness of bedrock. Therefore, only one profile that represents the approximate median depth and 

stiffness of the bedrock layer are shown in Figure 8.11 for all six reference locations at CentrePort. 

Note, however, that when performing 1D site response analyses whereby the Vs profile is the primary 

source of calibration (e.g., total-stress analysis), a sensitivity study was performed investigating the 

effects of different impedance contrast and bedrock depth on site response analysis results to account 

for the uncertainty in the Vs profile. The results of the sensitivity analyses showed essentially no 

change in results to the possible combinations of impedance contrasts and bedrock depths, and hence 

the details of this study are omitted for brevity. 

 

 

Figure 8.11: Vs profiles (top row in linear scale and bottom row in log scale) determined using MASW 

(Vantassel et al., 2018) centred at several locations around CentrePort and constrained by data from 

boreholes, CPTs, direct push crosshole, for the following locations labelled in Figure 8.10: (a) Aotea 

Quay (AQ), (b) Log Yard (LY), (c) BNZ Building (BNZ), (d) Main Office (MO), (e) Cold Store (CS), 

and (f) Thorndon Wharf (TW). 

 

For most of the velocity profiles at CentrePort (Figure 8.11), the Vs data increases gradually 

from 150 m/s to approximately 750 m/s, which represents weathered alluvial soil. Below this is then 

the bedrock (Vs ranging from 1150 m/s to 1550 m/s). Interestingly, the depth to the bedrock is the 

shallowest in the Cold Store, in the southwest corner of the Thorndon reclamation (92 m; Figure 
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8.11a), while in the rest of the profiles it varies from 110 m to 137 m. The profiles in the gravelly 

reclamations (Thorndon and old G-S-S fill) generally contain Vs data in the range of 180–300 m/s in 

the top 20 m, whereas in the hydraulic fills, the Vs data in the shallow (top 10 m) is smaller (125–

180 m/s), reflecting softer, fine-grained soils in the hydraulic fills. 

In addition to CPLB and PIPS in CentrePort, representative Vs profiles for the four SMS sites 

in the Thorndon basin near CentrePort (VUWS, TFSS, WEMS, and POTS) are also determined and 

shown in Figure 8.12, based on the MASW data of Vantassel et al. (2018) with constraints from the 

surrounding in-situ tests. Only one Vs profile has been developed near TFSS and WEMS, and the 

profile is based on a MASW array centred approximately half-way between these two SMS sites. 

Therefore, TFSS and WEMS share the same Vs profile with overall similar profile characteristics to 

CPLB and PIPS, though with the bedrock layer characterized by a slightly lower Vs value (900 m/s) 

according to the MASW inversion profiles, encountered at a similar depth of 118 m. The Vs profile 

characteristics are similar at VUWS, though the bedrock layer is encountered at a much shallower 

depth (86 m). Finally, POTS (the nominal rock site) is characterized by a gradually increasing Vs 

profile from 210 m/s to approximately 400 m/s. At 19 m depth is then the bottom-most alluvial layer 

(Vs = 800 m/s) which sits atop the bedrock (Vs = 1300 m/s) at approximately 23 m depth. 

 

 

Figure 8.12: Vs profiles (top row in linear scale and bottom row in log scale) determined using MASW 

(Vantassel et al., 2018) centred near strong motion station sites in central Wellington and constrained 

by data from boreholes and the Kaiser et al. (2019) basin model: (a) CPLB (same as BNZ in Figure 

8.11c), (b) PIPS (same as AQ in Figure 8.11a), (c) VUWS, (d) TFSS & WEMS, and (e) POTS. 
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8.3 Numerical Procedure 

The ESA in the present research focuses on 1D site response analyses performed using a fully 

coupled (solid-fluid phase) nonlinear analysis of saturated soil. The primary purpose of the analyses is 

to accurately depict the liquefaction response of the shallow reclaimed fill soil units under realistic 

earthquake ground motions such as those experienced in recent earthquakes. Cubrinovski (2011) 

identified that several important steps need to be considered when performing numerical analyses, 

which is summarized as a schematic in Figure 2.27. This section briefly explains the key 

consideration regarding the first of these steps (i.e., the definition of the numerical model). The 

second and third steps, pertaining to calibration of soil constitutive models and definition of input 

ground motions, are discussed in Section 8.5 and Section 8.4, respectively. 

It is important to first start with an appropriate choice of modelling software capable of using 

sophisticated constitutive models developed for the purpose of liquefaction analysis via ESA. This 

study investigates the use of both FLAC (Itasca, 2016) and DIANA-J (Taisei Corporation., 1997) and 

finds both can adequately perform 1D ESA for liquefaction problems, as also verified with numerous 

case studies in the literature (Cubrinovski et al., 1996, Ishihara and Cubrinovski, 2005, Cubrinovski et 

al., 2008, Ziotopoulou et al., 2012, Montgomery and Boulanger, 2017). In anticipation of the two 

primary constitutive models being implemented in modelling liquefaction (details in Section 8.5), one 

(PM4Sand) is well-established in FLAC, while the other (the Stress-Density Model) is well-

established in DIANA-J. Although implementing ESA in both softwares using the two different 

constitutive models provide similar outputs and can result in consistent outcomes (Appendix F), it is 

generally undesirable to compare results of analyses performed in two different softwares, particularly 

given FLAC performs calculations in a finite difference scheme and DIANA-J in a finite element 

scheme. Therefore, this study focuses on performing ESA in FLAC mainly using a constitutive model 

written and well-established in FLAC for liquefaction modelling (i.e., PM4Sand), with only a minor 

focus on the Stress-Density Model applied in DIANA-J. FLAC is chosen for primary study as it is a 

widely used geotechnical engineering tool, and the analyses performed in this study can be 

reproduced without cost using a readily available trial version. 

In order to accurately simulate free-field ground response, the analyses are performed by 

applying earthquake excitation at the base of a 1D soil column and propagating it through a finite 

difference model comprised of a soil column of 2D quadratic elements constrained to deform in 

simple shear mode of deformation. While the width of the model is arbitrarily fixed at 0.7 m, the 

thickness of the elements is primarily governed by the need to capture the desired details in the profile 

stratification without substantially increasing computational time. In the shallow layers (top 20 m 

depth) where liquefaction is of primary concern, the element thickness should be small enough to 

capture changes in the depositional characteristics, but not smaller than necessary so that it does not 

substantially increase computational demand. A maximum thickness of 0.6 m and minimum element 

size of 0.2 m are chosen as this is consistent with the minimum thicknesses of soil layers in the 

simplified CPT profiles and hence allows for each layer to be modelled according to the expected soil 

behaviour type and density state of the fill, indicated by Ic and qc1Ncs, respectively. The dynamic 

response of the remaining layers is expected to be associated with smaller levels of strains. Therefore, 

the element size is permitted to be larger than 0.6 m, though is limited to 
7𝑉𝑠

1200
 (i.e., governed by Vs 

data of each layer) to allow for accurate transmission of shear-waves up to a maximum frequency of 

15 Hz. The total size (i.e., depth) of the 1D model is governed by the depth to the base layer. At the 
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base layer (Vs ≈ 750–1200 m/s), a 1 m elastic layer with 2% damping is specified for earthquake 

ground motion to be applied. 

The second requirement in the first step of performing ESA, according to Cubrinovski (2011), 

is related to the boundary conditions. To capture simple shear mode of deformation, which is the most 

realistic deformation mechanism for free-field level ground conditions, horizontal nodes at the same 

elevation are tied together. The 1 m base layer is modelled as an elastic element with quiet (i.e., 

absorbing) boundary using dashpots in the normal and shear directions. This boundary condition 

absorbs most of the energy of downward propagating waves approaching the base of the model, 

which minimizes unwanted reflection of waves and “trapping” of energy in the model. In FLAC, the 

earthquake ground motion is applied as a shear stress wave at the base of the model (i.e., bottom of 

the 1 m elastic layer) by integrating the acceleration time history of the desired base layer motion to a 

velocity time history, and then converting it to a shear stress time history for the given stiffness and 

density of the base bedrock layer. A shear stress time history is applied at the base of the model in 

FLAC instead of the commonly adopted approach in other softwares of applying an acceleration time 

history since an acceleration input nullifies the effects of a quiet boundary condition (Mejia and 

Dawson, 2006). A shear stress input is the best workaround to mitigate this problem. Note that an 

acceleration time history can be applied without conversion to stresses in DIANA-J. 

The final requirement in establishing the numerical procedure is the determination of initial 

stress conditions. This is achieved by defining a water table depth, assigning each element appropriate 

values of the mass density, and specifying the K0 conditions (K0 = 0.5 is implemented in this study in 

all analyses except for when the Stress-Density Model is implemented, in which case K0 = 1 is 

adopted). A gravity analysis is then performed where a gravity force is applied to the model and 

solved in static conditions to resolve the initial stress conditions. 

The dynamic analyses that follow the gravity analysis require additional considerations. 

Firstly, since the analyses are performed assuming drained conditions in the vertical direction (i.e., 

allowing for pore water redistribution and vertical water flow through and between layers), 

permeability values for each soil layer also needs to be defined. This study adopts the correlation 

developed by Robertson and Cabal (2015) between permeability and an estimate of soil behaviour 

type using Ic in the simplified CPT profile. Additional nuances for consideration in the dynamic 

analysis also include the use of numerical damping. While material damping is achieved hysteretically 

by the constitutive models assigned in the elements, additional Rayleigh damping is usually 

implemented to provide numerical stability. Trial and error of initial numerical models show that 2.5% 

damping at a frequency corresponding to the mean period of the 1D model provides an adequate 

numerical damping in FLAC analysis. 

8.4 Input Ground Motion Selection 

A key requirement for performing numerical simulations (ESA) for case histories is the 

definition of an appropriate input ground motion for the site and event of interest (Ntritsos and 

Cubrinovski, 2021). In the absence of recorded motions at depth, there are several other approaches 

for determining appropriate input ground motions. For example, some studies use recorded motions 

from case histories that match target ground motion intensity measures such as response spectra 

(Stewart et al., 2014), while others have used a physics-based ground motion model to generate 

realistic motions at depth (de la Torre et al., 2020). 
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This study adopts an alternative approach to these two, where recorded motions at several 

neighbouring SMS sites in the central area of Wellington city from the Kaikōura earthquake are 

propagated downwards to compute motions at depth by means of deconvolution, which are then used 

as candidate reference ground motions for forward 1D analysis at nearby SMS sites in and around 

CentrePort (a similar approach to that adopted by Markham et al. (2016)). Since the input motion 

needs to be defined for a select reference layer (at a specific depth) which provides the link between 

the recording site (i.e., SMS locations) and the analysis site (i.e., CentrePort), the quality of the input 

ground motion is assessed by comparing the computed surface ground motions from the forward 

(convolution) analysis with those recorded at nearby SMS sites. The implicit assumption is that if the 

surface ground motion is well-estimated in the convolution analysis, then the deconvolved input 

motion is appropriate for a 1D analysis in the area of interest (Ntritsos et al., 2021). Findings from this 

type of scrutiny informs the selection of input motions for the 1D ESA in the subsequent chapter. 

Another important benefit of this approach is related to the assumption that neighbouring surface 

ground motions should contain similar geometric effects. This is especially important for the area of 

interest as basin-edge effects have been shown to have prominent influence on ground motion 

characteristics in the Wellington area (Bradley et al., 2018, McGann et al., 2021). As such geometric 

effects cannot be generated in 1D analysis, the use of nearby records with deconvolution and 

convolution analyses will provides means to produce such effects at the site of interest, through the 

recorded ground motion. 

8.4.1 Deconvolution 

Deconvolution describes the process of computing the motion at the base of a 1D soil column 

model given a surface ground motion (Idriss and Akky, 1979, Silva, 1988, Kramer, 1996). The soil-

column geometry (thickness and depth of layers) at the SMS sites is determined using the Vs profiles 

developed in Section 8.2.4, with the reference base layer of the model defined as the bedrock layer. 

This study performs deconvolution using equivalent-linear analysis (ELA) which can relate the 

response at a given layer to any layer in the profile through a transfer function. While a key advantage 

of ELA is its ability to approximate the nonlinear soil response while still performing linear analysis 

in the frequency domain, it is limited to shear strains of up to 0.5%–1% (Stewart et al., 2014). Hence, 

a SMS site is only considered appropriate for deconvolution analysis if the shear strains developed 

during the deconvolution process are less than 0.5%–1%. 

While there is evidence of severe soil liquefaction at parts of CentrePort during the Kaikōura 

earthquake (Section 3.6), which starkly contrasted the absence of liquefaction manifestation for the 

remainder of central Wellington (Orense et al., 2017), the two SMS sites at CentrePort (CPLB and 

PIPS) are not located in these areas of severe liquefaction. The absence of reduced frequency content 

and shaking amplitude, typically observed in liquefied sites (Ntritsos et al., 2021), suggests no effects 

of severe liquefaction. However, given the possibility of liquefaction occurring, and since liquefaction 

is associated with large shear strains in the excess of 1%, CPLB and PIPS are not considered 

appropriate for deconvolution analysis. Indeed, CPLB and PIPS are ideal sites at CentrePort to test the 

appropriateness of the deconvolved motions for use in 1D analyses across CentrePort reclamations. 

Of the remaining six SMS sites outside CentrePort but in central Wellington, two (FKPS and 

TFSS) are located in the Te Aro basin while the rest share the same basin structure (Thorndon) as 

CentrePort (see Figure 8.10). Since different basin structures generate different geometric effects on 

wave propagation, ground motion records from FKPS and TFSS are considered inappropriate for the 
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target sites in CentrePort. This leaves four SMS sites on top of the Thorndon basin as candidate SMS 

sites for selection of a reference input motion: VUWS, WEMS, TEPS and POTS. Note that POTS sits 

on the uphill side of the cliff edge formed by the Wellington fault, and therefore is the nominal rock 

site. The Vs profiles for these four SMS sites (Figure 8.12) reveal that the bedrock base layer is 

encountered at a large depth of 86 m (Vs ≈ 1270 m/s) at VUWS, an even larger depth of 118 m at 

TFSS and WEMS (Vs ≈ 1150 m/s), and a much shallower depth of 23 m (Vs ≈ 1300 m/s) at POTS. 

Note that the base layer is defined at 115 m and 110 m depths, with Vs values of 1540 m/s and 

1290 m/s, at CPLB and PIPS, respectively. 

The ground motions for the Kaikōura earthquake at these SMS sites are recorded in two 

orthogonal directions (north-south and east-west). In order to investigate whether the motion is 

dominated in a particular direction, particle orbital plots of the acceleration traces are shown in Figure 

8.13a-c for a representative SMS site sitting on deep reclaimed fill, shallow reclaimed fill over deep 

native deposits, and the nominal rock site (CPLB, VUWS, and POTS, respectively). The overall 

rotational symmetry in the amplitude of accelerations show there is little directivity effects in all three 

orbital plots, with only single isolated spikes in acceleration at CPLB and POTS showing some 

directional dependency. Due to the overall absence of directivity effects, only the north-south 

components of the recorded ground motions are considered in the deconvolution and choice for input 

ground motion selection. 

 

 

Figure 8.13: Orbital plots of the recorded acceleration motion trajectory for the Kaikōura earthquake 

at (a) CPLB, (b) VUWS, and (c) POTS. 

 

The deconvolution analyses are performed using the 1D ground response analysis program 

STRATA (Kottke and Rathje, 2009) whereby soil nonlinearity is approximated using ELA with 

generic modulus reduction and damping curves recommended by Darendeli (2001) for the case with 

zero plasticity index and zero overconsolidation ratio. These curves are a function of the initial shear 

stiffness and mean effective stress. The former is estimated using Equation (8.1) and the Vs value for 

the layer, and the latter is estimated based on an assumed unit weight of 20 kN/m3 throughout the 

model, estimating ground water level depth based on nearby in-situ test data (generally at about 3 m 

depth), and assuming K0 = 0.5. As Darendeli (2001) modulus reduction curves may not correctly 

represent the shear strength of soils, the strength correction approach adopted by Yee et al. (2013) is 

implemented in this study. The shear strength is estimated assuming a friction angle of 30° in a Mohr-

Coulomb model. 

Results from deconvolution of the Kaikōura earthquake motions for the four SMS sites are 

shown in Figure 8.14 as profiles of maximum shear strain and Figure 8.15 as spectral-acceleration 

plots. The deconvolution analyses all result in maximum shear strains below 0.1%, except for the 

TFSS deconvolution of the Kaikōura earthquake north-south component, which reaches strains of 
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0.15% (Figure 8.14a). These levels of strains are within the acceptable limits for ELA, suggesting the 

resulting ground motions computed at the base are reasonable to use. 

 

 

Figure 8.14: Profiles of the maximum shear strain (max) from deconvolution at SMS sites: (a) TFSS, 

(b) WEMS, (c) VUWS and (d) POTS. 

 

In the spectral acceleration plots, the motions in the base layer for all four SMS sites have 

lower amplification than the ground surface. The PGA of the motions at the bedrock is approximately 

half that of the surface motion. The deamplification is most pronounced at high frequencies (lower 

periods), and the maximum period up to which the deamplification is computed is dependent on the 

site period (which can be estimated using the 1D Vs profiles of Figure 8.12). TFSS (Figure 8.15a) and 

WEMS (Figure 8.15b) have the largest site period of approximately 1.2 s, hence deamplification is 

observed up to 5 s period, whereas the site periods in VUWS (Figure 8.15c) and POTS (Figure 8.15d) 

are lower (0.8 s and 0.2 s), resulting in deamplification only up to 2 s and 1 s periods, respectively. 
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Figure 8.15: 5%-damped spectral accelerations of the recorded motion at the surface of a SMS (blue 

lines) and the deconvolved equivalent outcrop motion (red lines) for SMS sites: (a) TFSS, (b) WEMS, 

(c) VUWS and (d) POTS. 

8.4.2 Forward Analysis for Ground Motion Selection 

The deconvolved motions are then used as input motions in total stress nonlinear analyses at 

five other SMS sites (in the neighbourhood of the deconvolution site) within the Thorndon basin using 

the program DEEPSOIL (Hashash et al., 2017). DEEPSOIL is chosen for the forward analysis 

because it is numerically more stable and it more rigorously models nonlinear stress-strain behaviour 

of soils in the time domain, thus more rigorously reflecting the target stress-strain curves of Darendeli 

(2001) with the Yee et al. (2013) strength modification, as compared to FLAC (Section 8.5.2 shows 

that DEEPSOIL and FLAC tend to show similar results for total stress site response analysis). The 

target hysteretic damping curves are matched closely due to the ability of DEEPSOIL to apply a non-

masing damping rule (Phillips and Hashash, 2009). Note that this is in contrast to the preceding ELA 

performed in the deconvolution, which does not match the curves well since a single representative 

value is adopted for the shear stiffness and damping for computations in the frequency domain, with 

no time-dependent and strain-dependent adjustments. Finally, the desired amount of frequency-

independent damping can be implemented in DEEPSOIL, instead of the conventional approach of 

adopted a frequency-dependent Rayleigh damping formulation. All the abovementioned factors allow 

for more rigorous nonlinear analysis of the dynamic response of the profiles.  

In order to proceed with using these deconvolved motions for forward analyses and 

comparison with motions at other sites, some adjustments generally need to be made. For example, 

there is often a scale factor multiplied to the computed motions accounting for path effects that result 

from a different source-to-site distances, and an adjustment for any time lag between the time at 
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which recording started between the site of deconvolution and the site of forward analysis (Rhodes, 

2017, Ntritsos et al., 2021). However, since the source-to-site distance of the SMS sites are all similar 

(approximately 65 km) and at least an order of magnitude larger than the distances separating the 

SMS sites (< 1 km from each other), path effects are assumed to be similar, and there is a negligible 

time lag between the motions at these neighbouring sites. Hence, negligible differences in the ground 

motion characteristics between these sites at the bedrock of the model is assumed, so no other 

correction factors are applied to these motions. 

Figure 8.16 compares the resulting spectral accelerations at the ground surface of CPLB with 

those computed using the other four SMS sites as the input ground motion. The computed surface 

ground motions correspond reasonably well with the recorded CPLB motion for all the sites. There is 

some underestimation of the spectral acceleration for periods less than 1–2 s, including significant 

underestimation for PGA and periods less than 0.1 s in some cases, and overestimation at longer 

periods. The exception to this is the computed motion at POTS, where there is underestimation across 

all periods. Visual inspection suggests that TFSS and VUWS match the recorded motions the best, 

whereas there is more significant underestimation of spectral acceleration for 0.2–1.5 s periods in 

WEMS and POTS. 

 

 

Figure 8.16: 5%-damped spectral accelerations of the recorded motion at the ground surface of CPLB 

(cyan lines) and calculated motion at the surface of CPLB using the deconvolved motion as input 

(black lines) from SMS sites: (a) TFSS, (b) WEMS, (c) VUWS and (d) POTS. 

 

To better quantify the performance of the input ground motions, the ratio between computed 

and observed intensity measures (IMs) and spectral accelerations for the Kaikōura earthquake (north-

south direction) are presented. The IMs considered in this study, summarized in Table 8.1 with their 
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associated definitions, include traditional amplitude-based measures (i.e., PGA, PGV, and PGD), 

several energy-based measures expressing cumulative intensity (i.e., AI, SED, SAV, ASI, and VSI), a 

measure of the mean ground motion frequency (i.e., Tm), and two measures of strong motion duration 

(i.e., D5-75 and D5-95). The average of the spectral acceleration residuals (R) is also shown to better 

quantify residuals in the spectral accelerations. The residuals are all shown as differences in the 

natural logarithm of IMs or spectral accelerations, where a positive residual indicates overprediction 

by the analysis and a negative residual indicates underprediction. 

 

Table 8.1: Intensity measures (IMs) considered in the evaluation of the forward analysis predictions. 

IM Type IM Notation Definition* 

Amplitude-based Peak ground acceleration PGA max(|𝑎(𝑡)|) 

 Peak ground velocity PGV max(|𝑣(𝑡)|) 

 Peak ground 

displacement 

PGD max(|𝑑(𝑡)|) 

Energy-based 

(cumulative 

intensity) 

Root-mean squared 

acceleration 

aRMS 

√
1

𝑇𝑑

∫ [𝑎(𝑡)]2

𝑇𝑑

0

𝑑𝑡 

 Root-mean squared 

velocity 

vRMS 

√
1

𝑇𝑑

∫ [𝑣(𝑡)]2

𝑇𝑑

0

𝑑𝑡 

 Root-mean squared 

displacement 

dRMS 

√
1

𝑇𝑑

∫ [𝑑(𝑡)]2

𝑇𝑑

0

𝑑𝑡 

 Arias intensity AI 
𝜋

2𝑔
∫ [𝑎(𝑡)]2

𝑇𝑑

0

𝑑𝑡 

 Specific energy density SED 

∫ [𝑣(𝑡)]2

𝑇𝑑

0

𝑑𝑡 

 Cumulative absolute 

velocity 

CAV 

∫ |𝑎(𝑡)|

𝑇𝑑

0

𝑑𝑡 

 Acceleration spectrum 

intensity 

ASI 

∫ 𝑃𝑆𝐴(𝑇, 𝜉 = 0.05)

0.5

0.1

𝑑𝑇 

 Velocity spectrum 

intensity 

VSI 

∫ 𝑃𝑆𝑉(𝑇, 𝜉 = 0.05)

2.5

0.1

𝑑𝑇 

Frequency-based Mean period Tm ∑(𝐴𝑖
2 𝑓𝑖⁄ )

∑ 𝐴𝑖
2  

Duration-based Significant duration (5-

75) 

D5-75 Time between 5–75% of total 

AI 

 Significant duration (5-

95) 

D5-95 Time between 5–95% of total 

AI 

* 𝑎(𝑡)  = acceleration time history, 𝑣(𝑡) = ∫ 𝑎(𝑡)
𝑇𝑑

0
𝑑𝑡 , 𝑑(𝑡) = ∫ 𝑣(𝑡)

𝑇𝑑

0
𝑑𝑡 , 𝑇𝑑  = duration of the motion, 

𝑔 = acceleration due to Earth’s gravity, 𝑃𝑆𝐴 = pseudo-spectral acceleration, 𝑃𝑆𝑉 = pseudo-spectral velocity, 

𝐴𝑖 = Fourier amplitudes, 𝑓𝑖 = discrete Fourier transform frequencies in the range of 0.25–20 Hz. 
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Residuals between the recorded and computed motions are shown for both CPLB (i.e., based 

on Figure 8.16) and PIPS in Figure 8.17 and Figure 8.18, respectively. The results show that analyses 

with input motions obtained from VUWS, TFSS and WEMS have the lowest residuals despite the 

larger depth to the base layer (up to 120 m), while POTS with the shallowest depth to the base layer 

(< 25 m) had the largest residuals. This is particularly pronounced in the energy-based IMs (i.e., AI, 

SED, SAV, ASI, and VSI) and 1.5–4 s period range in the spectral acceleration. While several factors 

may contribute to these differences, the effects of local geometry in the resulting earthquake ground 

motions (e.g., basin edge effects) are considered to have a major role in the ground motions observed 

at CPLB, VUWS, TFSS and WEMS. In contrast, POTS will have ground motions characteristics 

reflecting different local 2D effects as it sits on the outcrop-side of the Wellington fault. These 

differences are reflected in the large residuals between the recorded CPLB and PIPS motions and that 

computed using the deconvolved POTS motion. 

When comparing the remaining three computed motions with the CPLB and PIPS records, 

VUWS appears to perform slightly better (albeit marginally) than TFSS and WEMS. This is reflected 

in Figure 8.17 and Figure 8.18 since VUWS has the lowest residual across the most IMs and generally 

has the lowest residual in the spectral accelerations (R). For completeness, residual plots such as 

those of Figure 8.17 and Figure 8.18 when performing forward analysis at the remaining four SMS 

sites are provided in Appendix G. 

 

 

Figure 8.17: Residuals between the observed and simulated surface motions at CPLB for the Kaikōura 

earthquake (north-south direction) using deconvolved motions from four SMS as input: (a) Intensity 

measures; (b) spectral accelerations. 
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Figure 8.18: Residuals between the observed and simulated surface motions at PIPS for the Kaikōura 

earthquake (north-south direction) using deconvolved motions from four SMS as input: (a) Intensity 

measures; (b) spectral accelerations. 

8.4.3 Selection of Final Input Motions for 1D Site Response Analysis at CentrePort 

Identifying appropriate ground motions to be applied at the base (i.e., bedrock) layer of a 1D 

model at CentrePort is challenging because the motions are affected by the complex Thorndon basin 

structure. Nevertheless, scrutiny of the forward analyses at CPLB and PIPS suggest the deconvolved 

motion at the nominal rock site (POTS) is the least appropriate. The surface ground motions of the 

remaining three SMS sites contain effects of the complex geometry (e.g., basin-edge effects) and 

hence perform significantly better. Therefore, deconvolution of such motions for subsequent 1D ESA 

at CentrePort preserves the basin-edge features present in the original recorded motion, which leads to 

the observed improvement in the quality of the forward simulation and hence compensates for the fact 

that 1D analyses cannot generate such basin-edge effects. The results demonstrate the ability of the 

motions at these three SMS sites to capture key aspects of the ground response, and hence are 

appropriate for use in 1D site response analyses at CentrePort. 

The deconvolved VUWS motion performs the best of the three SMS sites in the Thorndon 

basin despite it being the only SMS site to sit on reclaimed soils (though only 3.5 m thick reclamation 

fills, while TFSS and WEMS are on native deposits), a material that has potential for high nonlinear 

site response. The north-south component of the deconvolved VUWS motion, shown in Figure 8.19, 

is chosen as the reference input motion for 1D ESA. Note that desired intensity of shaking to be 

applied at the base of a 1D soil column can be achieved by scaling the deconvolved VUWS motion to 

the desired amplitude (e.g., scaling to a desired PGA), which is the approach adopted in this study. 
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Figure 8.19: Deconvolved VUWS motion from the Kaikōura earthquake (north-south direction) 

chosen as the reference motion for input at the base bedrock layer for 1D ESA at CentrePort. 

8.5 Calibration of Constitutive Models for Analysis at CentrePort 

The primary goal of the ESA in this study is to understand the liquefaction response of 

reclamations at CentrePort. To achieve this, the soil layers in the 1D soil columns need to be modelled 

appropriately with rigorously calibrated models. The first step in this regard is to define soil layers 

which are liquefiable and hence can be modelled using constitutive models developed to realistically 

simulate liquefaction behaviour. Each layer in the model is associated with Ic and qc1Ncs values from 

the simplified CPT profiles determined using the procedure described in Section 8.2. Layers with 

Ic < 2.6 are deemed liquefiable, with all other layers (including those below the bottom of the CPT 

simplified profile) considered non-liquefiable. Figure 8.2c shows an example of how liquefiable and 

non-liquefiable layers are identified, along with summaries of the modelling approaches for the 

different layer types. The following subsections describe details of the model calibration for 

liquefiable and non-liquefiable soil layers. 

8.5.1 Modelling of Liquefiable Soil Layers 

An important corollary of adopting a CPT-based ESA approach is that it provides insight on 

the usefulness of the CPT for ESA in comparison with its use for liquefaction assessment using semi-

empirical methods. As a result, appropriate constitutive models should be capable of simulating 

complex liquefaction behaviour while still being reliant on a few parameters which can be defined by 

conventional CPT data (Ic and qc1Ncs). Importantly, the liquefaction strength should be defined in a 

consistent manner to the simplified liquefaction triggering procedure to facilitate fair comparison. In 

this study, liquefiable soil layers are analysed in FLAC using PM4Sand and in DIANA-J using the 

Stress-Density Model. Details of the model formulations are provided in Boulanger and Ziotopoulou 

(2017) and Cubrinovski and Ishihara (1998a, 1998b), respectively, and summarized in Section 2.6. A 

key feature of the models is their ability to simulate soil behaviour under drained and undrained 

monotonic and cyclic irregular loading conditions. This translates into a capability of the models to 

accurately simulate the liquefaction response of sandy soils under earthquake loading, while still 

allowing for CPT-based calibration of liquefaction strength. 
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PM4Sand 

PM4Sand is controlled by several governing equations that require input of 19 parameters. 

The model developers recognized that 16 of these parameters are of secondary importance in 

governing the model and can be assigned default values based on generalized calibration to laboratory 

data on sands. Since there is no basis for adjustment of any of these parameters without additional 

laboratory data, the default secondary parameters are adopted. On the other hand, a description of the 

three primary parameters, their role in the model, and two adopted methods for their determination are 

summarized in Table 8.2. 

 

Table 8.2: Calibrated equations for the three primary input parameters for PM4Sand with options for 

calibrating the initial shear stiffness using a generic (method 1) or site-specific (method 2) correlation. 

The relationships are shown as curves in Figure 8.21. 

Input Parameter Notation Calibration Method 1 Calibration Method 2 

Relative density 𝐷𝑅 𝐷𝑅 = 46.5 (
𝑞𝑐1𝑁𝑐𝑠

0.9
)

0.264

− 106.3 ≥ 28% 

Shear modulus 

coefficient 
𝐺𝑜 𝐺𝑜 = 167√46(𝐷𝑅)2 + 2.5 𝐺𝑜 =

1

43
(16.5𝑞𝑐1𝑁𝑐𝑠

0.411𝐼𝑐
0.97)

2
 

Contraction rate 

parameter 
ℎ𝑝𝑜 See Appendix H 

 

In both methods, the relative density (DR) is approximated by qc1Ncs (see Section 2.3.3) and 

hence is computed directly. While the shear modulus coefficient (Go) is directly related to Vs via 

Equation (8.1) and hence better approximated with such data instead of via the cone penetration 

resistance, qc1Ncs can still be used by empirically correlating to Vs, which is then used to estimate Go 

via Equation (8.1). Two empirical equations are considered in this study: (i) the generic correlation of 

Andrus and Stokoe II (2000), and (ii) developing a site-specific correlation between the penetration 

resistance and Vs. The first method uses a correlation between Vs and SPT blow count, which 

inherently has very large scatter, and further requires a conversion from the SPT blow count to CPT 

tip resistance through their expressions with DR, which introduces even greater uncertainty (see 

Section 2.3.4). However, since this is the recommended method in the manual (Boulanger and 

Ziotopoulou, 2017), it is considered the primary approach in this study. The second method does not 

have this second component of uncertainty in the SPT-to-CPT conversion since the CPT data is used 

directly in the development of the correlation. The qc1N – Vs data pairs collected in CentrePort are 

shown in Figure 8.20 for the three major CentrePort reclamation zones. The data shows significant 

scatter over the Thorndon G-S-S, older gravelly, and hydraulic fills. Nevertheless, it is evident that the 

recommended correlation (blue line in Figure 8.20) significantly underestimates the stiffness of the 

soil, while both the Andrus et al. (2007) and Robertson (2009b) qc1N – Vs correlations (red and green 

lines in Figure 8.20, respectively) provide a better estimate of Vs. This study adopts the Robertson 

(2009b) correlation as the site-specific approach to estimating Go. 
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Figure 8.20: CPT-Vs data pairs (shown as Vs in the first column and Vs1 in the second column) at 

CentrePort for the (a) Thorndon G-S-S fill, (b) old G-S-S reclamation, and (c) hydraulic fills 

superimposed with the empirical curves of Andrus and Stokoe II (2000), Andrus et al. (2007), and 

Robertson (2009b), denoted as AS2000, A2007, and R2009, respectively. 
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Lastly, the contraction rate parameter (hpo) is calibrated (details provided in Appendix H) to 

match a user-defined target liquefaction response. Controlling the response of minor details in the 

stress-strain curves (e.g., rate of strain development with each cycle of loading) and effective stress 

paths (e.g., rate of excess pore water pressure development) require calibration of secondary 

parameters, which is beyond the scope of this study. Instead, hpo is used to control the liquefaction 

strength of the model. This is usually expressed by combinations of shear stress amplitude (CSR) and 

number of cycles (Nc) required to cause liquefaction or a certain level of strain in the soil (e.g., 5% 

double amplitude strain), which, when plotted as a single relationship, is referred to as a liquefaction 

resistance curve (LRC). For consistency with the simplified liquefaction triggering analysis, the target 

LRCs are defined for a given qc1Ncs and effective stress consistent with the Boulanger and Idriss (2014) 

triggering model, estimated using the approach described in Cubrinovski et al. (2019b). The ability of 

the model to accurately simulate the target LRCs needs to be demonstrated through a series of 

element test simulations (ETS) whereby the model response can closely match the target LRCs. 

Since the model LRC is dependent on all three primary parameters, hpo needs to be calibrated 

for both methods of estimating Go values specified in Table 8.2. In other words, for a given qc1Ncs, DR 

is uniquely defined, whereas different equations are used to compute both Go and hpo for the two 

methods adopted in modelling of the initial shear stiffness. After several iterations (through a trial-

and-error process), qc1Ncs – hpo relationships were determined such that it closely matches the target 

Boulanger and Idriss (2014) LRCs. A summary of the relationships is provided in Table 8.2 and 

Appendix H, with Figure 8.21 showing curves for these equations. It is important to note that for both 

methods of calibration, all three primary parameters are dependent only on qc1Ncs and mean effective 

stress, both of which uniquely defines the model response. 

 

 

Figure 8.21: Relationships between the three PM4Sand primary parameters and qc1Ncs for both 

methods of modelling initial stiffness, calibrated to meet liquefaction resistance curves according to 

the Boulanger and Idriss (2014) triggering model. 

 

To illustrate the capability of the calibrated primary parameters of Figure 8.18 to accurately 

simulating the target LRCs for a given qc1Ncs value, results from ETS for qc1Ncs = 120 (corresponding 

to DR = 63%, Go = 760, and hpo = 0.22, for method 1 in Table 8.2) and CSR = 0.19 using PM4Sand is 

shown in Figure 8.22a-b. ETS for several combinations of qc1Ncs and CSR are then repeated and 

summarized as red open symbols in Figure 8.22c. Results show that the target LRCs of Boulanger and 

Idriss (2014), shown as black lines in Figure 8.22c, can be accurately simulated. The calibrated input 

parameters of Figure 8.21 are also used to simulate the effects of varying confining stress (i.e., other 

than 101.3 kPa), which the Boulanger and Idriss (2014) triggering procedure describes using the K 
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parameter ( 𝐶𝑆𝑅𝜎𝑣
′ 𝐶𝑆𝑅𝜎𝑣

′=101.3kPa⁄ ). Figure 8.22d compares the target K relationships of the 

triggering method with ETS of PM4Sand with the calibrated input parameters. Evidently, the target 

K curves are well captured. 

 

 

Figure 8.22: Matching Stress-Density Model and PM4Sand element simulations against target curves 

from Boulanger and Idriss (2014): (a) stress-strain curves and (b) effective stress path calibrated for 

an element with qc1Ncs = 120, and the resulting (c) liquefaction resistance curves and (d) K 

relationships for various qc1Ncs.  

Stress-Density Model 

The Stress-Density Model is also an elastic-plastic model specifically tailored for liquefaction 

problems. By utilizing the state-concept for modelling the combined effects of density and confining 

stress on behaviour of sand, it can also simulate the behaviour of a given sand at any density and 

confining stress by using the same set of material parameters (as summarized in Table 8.3). The 

material parameters for a generic sand adopted by Ntritsos and Cubrinovski (2020) calibrates the 

Stress-Density Model to simulate the Boulanger and Idriss (2014) liquefaction resistance, with the 

user only needing to define the void ratio, e, as a function of qc1Ncs, via Equation (8.2). 

 

𝑒 = 0.931 − 0.315(1 + 𝑒−0.128𝑞𝑐1𝑁𝑐𝑠+18.8)−0.142    (8.2) 
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Table 8.3: Stress-Density Model parameters calibrated by Ntritsos and Cubrinovski (2020) for general 

sand behaviour (see Table 2.2 for description of the parameters). 

Elastic A = 310  = 0.25 n = 0.8 

Stress-strain a1 = 0.592 a2 = 291 a3 = 98 

 b1 = 0.021 b2 = 55 b3 = 13 

 f = 4   

Reference lines (eU, pU) = (0.895, 400)   

 (eQ, pQ) = (0.875, 2), (0.874, 10), (0.873, 30), (0.872, 50) 

 (eQ, pQ) = (0.871, 100), (0.868, 200), (0.86, 400) 

Dilatancy 0 = 0.22 M = 0.62 Sc = 0.004 

 0,cyc = -0.02   

 

To illustrate the calibration, results from an ETS for a soil with qc1Ncs = 120 and CSR = 0.19 is 

shown in Figure 8.22a-b. Note that this is the same CPT and demand conditions as the PM4Sand ETS 

in the figure. Results show similar behaviour and capability of both models to slowly degrade the 

stress-strain curve and reduce the effective stress with each cycle of loading, before then completely 

reducing the stiffness and effective stress to almost zero, indicating liquefaction triggering. By 

repeating the ETS for several combinations of qc1Ncs and CSR, LRCs are shown with blue open 

symbols in Figure 8.22c. The LRCs of the calibrated Stress-Density Model are also sufficiently 

accurate in simulating the target LRCs of Boulanger and Idriss (2014). The effects of confining stress 

are also simulated, with results shown as open symbols in Figure 8.22d suggesting the Stress-Density 

Model is sufficiently captures the target K relationships of Boulanger and Idriss (2014). 

Modelling of Layers with Large Penetration Resistance 

As a general rule in the CPT-based ESA approach of this study, soil layers with Ic < 2.6 are 

considered liquefiable and hence modelled with one of the two abovementioned constitutive models. 

It is, however, common to make an exception to this rule whereby layers of soils liquefiable by 

composition (i.e., Ic < 2.6) but with high qc1Ncs (> 170) may not be expected to respond in a strongly 

nonlinear manner (i.e., largely less than 0.1% strains) or develop significant excess pore water 

pressures. Modelling of such soils and conditions must be targeting soil behaviour for smaller levels 

of strains not associated with liquefaction. Note that this approach is consistent with the interpretation 

of the simplified triggering methods, as liquefaction resistance is assumed to be never reached for 

qc1Ncs > 170 in Figure 2.25. In PM4Sand, this is achieved by setting an arbitrarily high value of 4.0 for 

the hpo parameter, which guarantees liquefaction triggering will not occur in these layers while still 

preserving all other general response features of the constitutive model. In the Stress-Density Model, 

no changes are made, though ETS show that liquefaction triggering for qc1Ncs > 170 does not occur for 

realistic levels of shaking experienced during earthquakes. 

8.5.2 Modelling of Non-Liquefiable Soil Layers 

Soil layers are determined to be non-liquefiable if Ic > 2.6 and in layers at large depths (i.e., 

below the bottom of the CPT profile) where the seismic demand tends to be relatively low. Modelling 

of such soils and conditions must be targeting realistic soil behaviour for strains up to 1.0%. Therefore, 

the general modelling strategy is different from that in liquefiable soil layers in that the small-to-

moderate strain response should be accurately captured. Target stress-strain curves for the non-
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liquefiable layers are obtained using generic modulus reduction and damping curves recommended by 

Darendeli (2001), with strength modification in accordance with Yee et al. (2013). For layers with 

Ic > 2.6, target curves corresponding to a plasticity index of 20 are generated, while those for a 

plasticity index of zero generated for the deeper layers. These target curves are a function of the initial 

shear stiffness and mean effective stress. The former is estimated using Equation (8.1) and the Vs 

value for the layer (estimated from the Vs profile located nearest to the CPT site for the locations 

shown in Figure 8.10), and the latter is estimated based on assigning unit weight of approximately 20 

kN/m3 throughout the model, estimating ground water level depth based on Section 5.2.2, and 

assuming K0 = 0.5. 

The constitutive model in non-liquefiable layers need to be simple enough to implement, yet 

still adequately simulate the abovementioned target behaviour of nonlinear stress-strain curves. An 

appropriate choice for this in FLAC is the Mohr-Coulomb model with hysteretic damping (herein 

denoted MChyst). MChyst allows for accurate simulation of the desired nonlinear stress-strain curve 

with no dependency on pore water pressure characteristics, making it appropriate for modelling of the 

non-liquefiable layers. Table 8.4 summarizes all the input parameters required to calibrate the Mohr-

Coulomb model, most of which are generally straightforward to compute. Note that the friction angle 

is the only parameter in the MChyst model uniquely related to CPT data (qc1Ncs), which is used to 

estimate the shear strength of non-liquefiable layers below the CPT profile. 

 

Table 8.4: Mohr-Coulomb parameters computed for modelling non-liquefiable soil layers in FLAC. 

Input Parameter Notation Input equation 

Mass-density 𝜌 𝜌 =
𝐺𝑠

1 + 𝑒
 

Poisson ratio 𝜈 𝜈 =
1 − sin 𝜙

2 − sin 𝜙
 

Bulk modulus 𝐾 𝐾 = 2𝐺
1 − 𝜈

3(1 − 2𝜈)
 

Shear modulus 𝐺 𝐺 = 𝜌(𝑉𝑠)2 

Cohesion 𝑐′ 
𝑐′ =

𝑞𝑐−𝜎0

18
 if 𝐼𝑐 > 2.6 

𝑐′ = 0 otherwise 

Tension 𝑇 𝑇 = 0 

Friction angle 𝜙 𝜙 = 6.12° + 15.84° log10(𝑞𝑐1𝑁𝑐𝑠) ≤ 40° 

Dilation angle 𝜓 𝜓 = 0 

Assumptions 𝐺𝑠 = 2.65, 𝑒 = 0.68, and, if no CPT data, 𝜙 = 40° 

 

Layers with Ic > 2.6 describe soils that have the potential to soften (i.e., some reduction in 

strength and stiffness and pore water pressure build-up with cyclic degradation). While simulating 

such complex behaviour using advanced constitutive models capable of capturing these effects is a 

reasonable approach, this study instead assumes that the softening of these layers does not govern the 

liquefaction response of the fills at CentrePort. Since the goal of modelling layers with Ic > 2.6 is the 

same as deep non-liquefiable layers, where realistic stress-strain behaviour for strains up to 1.0% are 

targeted, the same constitutive model (MChyst) is used. 

A key difference, however, is that the shear strength of the MChyst model is estimated using 

cohesive model parameters as it is more appropriate for soils with Ic > 2.6. The undrained shear 

strength (su) of these layers is estimated from the CPT cone tip resistance (qc) as shown in Table 8.4, 

though upper and lower bounds are placed such that the shear strength ratio (su / ’v) is between 
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approximately 35% and 65% (corresponding to a friction angles of 20° and 40°, respectively, for an 

equivalent cohesionless model). These bounds are important in ensuring that unrealistic stress ratios 

do not develop in these layers, which can then be propagated into nearby liquefiable layers and 

significantly influence the outcome of the model. 

For the hysteretic damping, this study implements the sigmoidal3 model in the MChyst layers, 

which models the target stress-strain and damping curves using Equation (8.3), with associated 

damping calculated using the Masing (1926) damping rule. 

 
𝐺

𝐺𝑚𝑎𝑥
=

𝑎

1−exp(
𝑥0−log10 𝛾

𝑏
)
        (8.3) 

 

Here, the three parameters a, b, and x0 are fitted to match the desired stress-strain curve in the layer. 

To illustrate the capability of the hysteretic damping formulation, target modulus reduction, damping, 

and stress-strain curves for an arbitrary layer with zero plasticity index, Vs = 300 m/s, effective stress 

of 320 kPa, and shear strength of 140 kPa is shown as grey lines in Figure 8.23 and superimposed 

with the MChyst fit shown in red. For the fitted parameters in the sigmoidal3 formulation as specified 

in the figure, there is generally good agreement in the stress-strain relationships when strains are 

below 0.1%, although for some cases such as in Figure 8.23, the model performs better for even larger 

strains up to 0.5%. On the other hand, while the damping tends to be estimated well until 0.01% strain, 

some deviation begins to occur up to 0.1%. Beyond this, the curves depart, thus significantly 

overestimating damping. 

 

 

Figure 8.23: Example target (a) shear modulus degradation, (b) damping ratio, and (c-d) stress-strain 

curves according to Darendeli (2001), denoted D2001 (grey lines), for arbitrarily defined layer 

properties, together with fitted curves from the Mohr-Coulomb model with sigmoidal3 formulation of 

hysteretic damping (dashed red lines). 
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To verify the capability of MChyst to model non-liquefiable soil layers, a series of total stress 

analyses are performed at an arbitrary site and the results are compared with analogous simulations 

using the 1D nonlinear site response analysis program DEEPSOIL. The analysis is performed at the 

TFSS SMS site (location depicted in Figure 8.10) since there is no evidence of liquefaction 

manifestation reported near this site and hence soils are expected to not behave very nonlinearly. Note 

that the Vs profile shown in Figure 8.12d is used to calibrate the soil layers, with assumptions made on 

the shear strength at each layer. The results in Figure 8.24 show that the general soil response from 

both the DEEPSOIL and FLAC analyses are similar. Differences in stress-strain response for strains 

> 0.1% are observed due to its inability to perfectly model the target stress-strain behaviour, 

particularly at larger strains (e.g., Figure 8.23). However, the desired response of non-liquefiable soils 

can be defined given a Vs value and estimates of the soil strength, which can be reasonably modelled 

using MChyst, especially for strains < 0.1%. 

 

 

Figure 8.24: Comparison between total-stress site response analysis results from DEEPSOIL (denoted 

DS; blue lines) and using the Mohr-Coulomb model with the sigmoidal3 hysteretic damping 

formulation in FLAC (red lines): (a) input Vs profile (from Figure 8.12d), (b) resulting maximum 

shear strain (max) profiles, and (c-e) acceleration time-histories at various labelled depths. 

8.6 Summary 

This chapter focuses on key issues and considerations in numerical model determination and 

calibration of constitutive models for performing 1D ESA at CentrePort. The key outputs are: 
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• Simplified profiles for 13 representative CPTs are developed such that each profile 

represents a particular feature in the reclamations of CentrePort including CPT 

characteristics of each reclaimed soil type, reclamation age, and depths and thicknesses of 

the reclaimed soil units. In developing these simplified profiles, modifications were 

proposed to an existing profiling algorithm to better capture some key features for the 

purpose of 1D ESA. 

• The CPT profiles were also supplemented with Vs profiles that were used to describe the 

elastic properties at shallow depth and, more importantly, characterize the deep 

subsurface stratigraphy. The Vs data indicated that a large impedance contrast and 

therefore an appropriate choice for the base layer of 1D models is the Greywacke bedrock 

layer, which can be over 100 m deep in central Wellington and at CentrePort. 

• The above two points illustrate the different purposes and uses of the two different in-situ 

test data type, and how it can complement one another. CPTs focus on capturing large-

strain response of shallow soils and is therefore more appropriate for gaining insight on 

the liquefaction strength of soil layers. Vs is a proxy for small-strain soil response and is 

therefore useful in characterizing deep layers and provides a logical choice for the base 

layer of a 1D soil column model. 

• Once Vs profiles and a base layer are determined, the next step is to identify appropriate 

motions to be used as input at the select base layer in 1D models. Scrutiny of the quality 

of deconvolved motions at several SMS sites around central Wellington in predicting the 

recorded motions in CentrePort for the Kaikōura earthquake show that the motions 

recorded in central Wellington atop > 80 m deep native deposits are more appropriate 

than the nominal rock site motion. The surface ground motions of SMS sites within the 

same basin structure as CentrePort contains the effects of the complex geometry (e.g., 

basin-edge effects) which are not present at the nominal rock site. Therefore, 

deconvolution of motions from nearby SMS sites for subsequent 1D forward analysis 

within the same basin preserves the basin-edge features present in the original recorded 

motion, which leads to the observed improvement in the quality of the forward simulation 

and hence compensates for the fact that 1D analyses cannot generate such basin-edge 

effects. The results demonstrate the ability of the recommended motion to capture key 

aspects of the ground response, which can be used for 1D ESA at CentrePort sites. 

• The simplified CPT profile allows for identification of liquefiable and non-liquefiable soil 

layers, and the modelling approaches for each layer type varies. Modelling of liquefiable 

soil layers focus on simulation of their liquefaction resistance using generic relationships 

governing the stress-strain parameters for sand. The capability of the PM4Sand and 

Stress-Density Model to simulate target liquefaction resistance curves is shown using a 

series of element test simulations, whereby the liquefaction strength is shown to be 

controlled by qc1Ncs, effective stress, and the amplitude of cyclic loading, with all other 

parameters set or uniquely defined via qc1Ncs. 

• Non-liquefiable soil layers are modelled using a Mohr-Coulomb model with hysteretic 

damping. The modelling approach in these layers is to target good cyclic stress-strain 

response at lower levels of strains with reasonable simulation of the damping. Reasonably 

accurate modelling of target stress-strain and damping curves over an expected range of 

shear strains is demonstrated. 
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9.1 Introduction 

This chapter presents and discusses results from one-dimensional (1D) advanced simulation 

of liquefaction using a fully coupled effective stress analysis (ESA) based on the numerical 

procedures described in Chapter 8. An important feature of these analyses is that an advanced 

constitutive model with liquefaction resistance calibrated to match semi-empirical procedures is used. 

Thus, the ESA provides better understanding on the evolution of the liquefaction response in detailed 

dynamic analysis and facilitates direct comparison with results from CPT-based simplified 

liquefaction evaluation procedures. 

It is important to emphasize that the analyses presented in this chapter are considered as a 

preliminary set of results for representative CentrePort profiles, and the results will be refined in 

ongoing research beyond this thesis. As such, the objective of the ESA is limited to gaining insights 

into the key response mechanisms for different reclamation zones and quantify their relative 

liquefaction performance. To achieve this objective, ESA is conducted for the 13 representative 

profiles identified in Section 8.2 with the derived reference input motion (Figure 8.19) scaled to six 

different shaking intensities of equivalent outcrop PGA = 0.05g, 0.1g, 0.2g, 0.3g, 0.4g, and 0.5g (the 

unscaled motion has PGA = 0.11g). This allows for the results to be analysed not only in isolation but 

also quantify the overall hazard in the different areas of the CentrePort reclamations as the seismic 

demand changes. Results are also discussed by quantifying damage severity using several damage 

proxies, facilitating comparison to liquefaction-induced damage observations from the 2016 Mw7.8 

Kaikōura earthquake (summarized in Section 3.6). A brief summary of the sensitivity studies 

investigating the effects of two key modelling choices on the outcomes of ESA are then briefly 

summarized: (i) the CPT simplified profile layering, and (ii) the method of calibrating PM4Sand (see 

Table 8.2). Finally results from ESA are briefly compared to summary of damage indices obtained 

from simplified analyses. 

9.2 General Features of ESA Results 

Chapter 8 identified 13 different areas with numerical models capturing the different 

reclamation zones and variation in the depths, thicknesses, and CPT characteristics of reclaimed soil 

units. Since the ESA modelling is based on the CPT data, modelling decisions are determined using 

only Ic and qc1Ncs, whereby Ic is used to discriminate between liquefiable and non-liquefiable soils, and, 
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for liquefiable soils (Ic < 2.6), qc1Ncs defines the liquefaction resistance. For example, two soil units 

characterized by the same qc1Ncs value are modelled in exactly the same way, with no discrimination 

between different soil units in terms of details of liquefaction behaviour. This essentially mimics the 

use of qc1Ncs in the simplified approach. A more rigorous ESA would include soil-specific details of 

strain-strain response from laboratory tests, but this is beyond the scope of this thesis. This section 

first illustrates typical features in the response of non-liquefiable and liquefiable soil elements of 

different densities (qc1Ncs) in the 1D analyses using the adopted approach. Results for the entire 1D 

column are then discussed using one example profile to provide insights on typical system response 

effects captured in the ESA. Finally, results for different input motion intensities (i.e., motions scaled 

to different PGA values) are shown to illustrate how the profile response can evolve as the seismic 

demand changes. 

9.2.1 Response in Non-Liquefiable Elements 

The models used in the 1D analyses are 80–100 m thick, with majority of the deeper layers 

(below the bottom of the CPT trace) modelled as non-liquefiable (Section 8.5.2). The constitutive 

models are calibrated with the goal to attain stress-strain curves matching target empirical curves. The 

response of typical non-liquefiable elements is summarized below using examples in Figure 9.1: 

• The bottommost bedrock layer is modelled as an elastic layer as shown in Figure 9.1a. 

The input stress time history at the base of this element propagates through the base 

bedrock layer without any damping or nonlinearity and allows for the motion to be 

amplified from the bedrock (with large stiffness, calculated using Equation (8.1) based on 

Vs values of 1150–1550 m/s) to the overlying weather alluvium (Vs < 600). 

• The non-liquefiable layers above this base elastic layer are then modelled as Mohr-

Coulomb with hysteretic damping to consider effects of soil nonlinearity. For example, at 

46.3 m depth in one of the analyses, some nonlinearity can be seen in Figure 9.1b. Note 

that this curve is associated with similar parameters as those shown in the example 

element simulation in Figure 8.23 with stress-strain curves of the ESA matching the target 

curves reasonably well, particularly for strains below 0.5%. Note that this small 

magnitude of strain is usually achieved in these deep layers, with only some elements 

having strains between 0.5% and 1% for analyses with input PGA ≥ 0.4g. 

• Shallower non-liquefiable layers (e.g., Ic > 2.6) also have similar features but with 

generally larger strains, as shown in the example in Figure 9.1c. 

Some layers experience permanent drifts, which can be small in the example in Figure 9.1c 

(~0.01% strain). In liquefiable layers, the drifts can also be as large as a few percent, as illustrated in 

the examples in Figure 9.2 and Figure 9.3. According to Armstrong (2021), the drift is a numerical 

artifact that is commonly observed in 1D site response analysis performed in FLAC and it makes no 

major impact on the motion being propagated to the other layers (such large strain drifts were not 

observed in parallel analyses performed using the Stress-Density Model in DIANA-J). This is 

certainly not a desirable feature of the numerical model, but it is not a subject of further scrutiny in 

this study. Overall, the response of the models in the non-liquefiable layers are characterized by 

empirically calibrated stress-strain curves capturing nonlinearity without any consideration for 

liquefaction, similar to a total stress analysis. 
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Figure 9.1: Stress-strain curves for representative non-liquefiable elements: (a) elastic bedrock layer at 

the base of the model, (b) deep layers below the bottom of the CPT, and (c) shallow layers (e.g., with 

Ic > 2.6). 

9.2.2 Response in Liquefiable Elements 

In contrast to Figure 9.1, liquefiable layers, modelled using PM4Sand (method 1 in Table 8.2) 

and the Stress-Density Model, show a reduction in the effective stress with associated degradation of 

stiffness. Figure 9.2 plots typical responses for elements at four different densities (qc1Ncs) showing 

stress-strain curves (first row) and effective stress paths (second row) when modelled using PM4Sand. 

Figure 9.2a represents typical response for G-S-S fill with qc1Ncs = 68. The effective stresses 

initially reduce slowly when amplitude of shaking is relatively small, which is associated with the 

initial stiff portion of the stress-strain curve with little degradation in the shear modulus. When large 

amplitude pulses are applied to the element, the effective stress rapidly reduces to nearly zero in a few 

cycles and is associated with large stress-strain loops typical for cyclic mobility. When liquefaction 

triggers, large strains in the order of 5% are observed with strong dilation evident in the effective 

stress path. One may argue that such strong dilation is not typical for some loose liquefiable soils. 

Figure 9.2b represents typical qc1Ncs values for shallow, loose sandy fill in the Thorndon 

reclamation, or the sands in the hydraulic fills. The example in Figure 9.2b is for the looser sandy fill 

in the Thorndon reclamation, characterized by qc1Ncs = 90. Generally similar liquefaction response is 

observed as that of Figure 9.2a, though with reduced strains of ~2% as compared to ~5%. Higher 

density fills, such as the deeper, dense Thorndon sandy fill (represented by the response in Figure 9.2c 

for qc1Ncs = 136) tends to not liquefy in low amplitudes of shaking, though some reduction in the 

effective stress and degradation of stiffness is observed. The levels of strains experienced in cases 

where no liquefaction occurs are at least an order of magnitude below that of liquefied layers. Note 

that if the seismic demand is large enough to cause liquefaction in such medium dense to dense layers, 

the rate of strain accumulation with each cycle is generally slower, and the shear stiffness degrades 

more gradually, as compared to the looser fills. However, the response features once the element 

enters cyclic mobility is generally similar to Figure 9.2a-b. 

Finally, very dense layers with qc1Ncs > 170 (e.g., Figure 9.2d) are calibrated to essentially not 

liquefy with only some build-up of excess pore water pressure and degradation of stiffness. This type 

of response is commonly observed in the deeper Wellington alluvium gravel layers. 
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Figure 9.2: Stress-strain curves (top row) and effective stress paths (bottom row) for representative 

liquefiable elements modelled using PM4Sand: (a) low density layers (typical of G-S-S fill in TR, 

TR-S, and OGR sites), (b) low-to-medium density layers (typical of loose sandy fill in the Thorndon 

reclamation and sand-silt hydraulic fills), (c) medium-to-high density layers (typical of dense sandy 

fill in TR-S sites), and (d) very dense layers (typical of the Wellington alluvium gravels). 

 

Results of liquefiable elements modelled using the Stress-Density Model applied in DIANA-J, 

summarised for select elements in Figure 9.3, show similar features as PM4Sand in that there is a 

general reduction in the effective stress with associated degradation of stiffness when liquefied, and 

the response is associated with much smaller strains and small degradation of stiffness when not 

liquefied. However, a key difference is that the Stress-Density Model simulates stress-strain curves of 

liquefied elements for very loose soils (low qc1Ncs values) with no dilation effects, thus resulting in 

very large strains (e.g., Figure 9.3a). Some dilation occurs for denser elements (i.e., larger qc1Ncs 

values) with dilation effects being more pronounced as the density increases. The associated stress-

strain loops during dilation are typical for cyclic mobility (Figure 9.3b). One can argue such 

dependence of soil dilation on the soil density better reflects typical response of liquefiable soils. It is 

worth noting that the Stress-Density Model parameters are calibrated to exhibit pronounced strain 

softening for low densities, which is apparent in Figure 9.3a, and that this aspect of the response also 

may not reflect the actual response of soil, though it can be modified. When liquefaction is not yet 

triggered (e.g., Figure 9.3c-d), the Stress-Density Model induces a slight increase in the effective 

stresses for very low amplitude strains for high qc1Ncs. This is arguably not reflecting typical response 

of dense fills and is a deficiency in the current version of the model used in this study. 

Overall, Figure 9.2 and Figure 9.3 illustrates that the low density fills characteristic of G-S-S 

soil units at Thorndon and OGR, the shallow, loose sandy fills in the Thorndon reclamation, and the 

sandy fill in hydraulic fills tend to liquefy rapidly given sufficient demand. Denser fills can develop 

only some excess pore water pressures if not completely liquefied, though fills with large densities 

(qc1Ncs > 170) are essentially modelled as non-liquefiable. While it appears that results from both 

models in Figure 9.2 and Figure 9.3 are capable of capturing the key response features of liquefiable 

soil layers, analyses presented herein use the PM4Sand constitutive model applied in FLAC. Analyses 

using alternative modelling approaches, such as using the alternative method of calibrating initial 
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shear stiffness in PM4Sand (method 2 in Table 8.2), are presented in Section 9.6 to check for 

consistencies and discrepancies in the results. 

 

 

Figure 9.3: Stress-strain curves (top row) and effective stress paths (bottom row) for representative 

liquefiable elements modelled using the Stress-Density Model: (a) low density layers (typical of G-S-

S fill in TR, TR-S, and OGR sites), (b) low-to-medium density layers (typical of loose sandy fill in the 

Thorndon reclamation and sand-silt hydraulic fills), (c) medium-to-high density layers (typical of 

dense sandy fill in TR-S sites), and (d) very dense layers (typical of the Wellington alluvium gravels). 

9.2.3 System Response for a Representative Profile 

While the previous subsections highlights the typical response of non-liquefiable and 

liquefiable elements at different qc1Ncs values, system response of a profile is dependent on dynamic 

interactions between layers (Cubrinovski et al., 2019b). This subsection illustrates the type of results 

attained from ESA using a representative profile from a TR1 site (CPT058), with results summarized 

as profiles of the input qc1Ncs and Ic in Figure 9.4a-b, respectively, distribution of pore water pressure 

ratio (ru = uE / ’v0; i.e., excess pore water pressure normalized by the initial vertical effective stress) 

at different times in the 80 second analysis (Figure 9.4c), and maximum shear strain (max; Figure 9.4d) 

for the top 20 m (i.e., depth range relevant for typical liquefaction problems). Computed acceleration 

time histories are also shown at the top of the profile (i.e., computed surface ground motion; Figure 

9.4e), at 7.8 m in a layer that liquefies (Figure 9.4f), and one at 20.7 m depth below all liquefiable 

layers (Figure 9.4g). 

The results show liquefaction occurs (with ru reaching 100%) first at depths of approximately 

9 m and 11 m at 48–49 seconds after the start of the dynamic analysis. Over the next 12 seconds, 

liquefied thickness extends over these two depths creating a zone with ru close to 100%. Despite the 

entire zone at 8.5–11 m depth having large excess pore water pressures, the initially liquefied layers 

have noticeably larger maximum strain values (~5%) as compared to the other nearby layers. This 

suggests that the large excess pore water pressures throughout the zone are a result of pore water 

pressure redistribution rather than shear-induced excess pore water pressure development. 
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The effects of liquefaction also manifest in the acceleration time histories. The time history in 

the liquefied layer (Figure 9.2f) contains several spikes after liquefaction triggering (48–49 s) 

associated with dilation (increased shear stress after liquefaction triggering due to phase 

transformation) observed in the elements (Figure 9.2a-b), which is noticeably absent in the deeper 

elements below liquefiable layers (Figure 9.2g). This feature propagates to the top of the fill, where 

the computed surface ground motion (Figure 9.2e) has some dilation spikes caused by liquefaction at 

depth approximately 49 seconds after the start of the dynamic analysis. 

 

 

Figure 9.4: Results from the 1D ESA performed for a TR1 site (CPT058) showing profiles of (a) qc1Ncs, 

(b) Ic, (c) max, and (d) the maximum ru and ru at different times, and acceleration time histories (e) at 

the top of the profile, (f) at a liquefied layer, and (g) below all liquefiable layers. G-S-S denotes 

gravel-sand-silt mixture, MS denotes marine sediments, and WA denotes Wellington alluvium. 

9.2.4 Evolution of Response for Different Seismic Demands 

Recall that the derived input motion for 1D ESA is the deconvolved north-south motion at the 

VUWS strong motion station site from the Kaikōura earthquake. Results in the previous subsection 

are therefore only indicative of the response of the profile for the seismic intensity of the derived input 

motion (equivalent outcropping PGA = 0.11g). Response features can evolve differently as seismic 

intensity changes, which can trigger or inhibit certain mechanisms in the system response and 

liquefaction occurrence (Ntritsos, 2021). For the same representative TR1 (CPT058) profile shown in 

Figure 9.4, ESA results are shown for input PGA (equivalent outcrop) of the reference motion at the 

base of the model of 0.05g, 0.1g, 0.2g, and 0.4g in Figure 9.5a-d, respectively. Results are shown as 

profiles of induced seismic demand (PGA) and resulting maximum ru (denoted ru,max) and max for the 

top 20 m. Labels depicting delineation between the primary reclamation soil unit (Thorndon G-S-S fill) 

and the underlying native soils (marine sediments and Wellington alluvium) are also indicated. 

 



Chapter 9. Effective Stress Analysis Results 

 

204 

 

Figure 9.5: Profiles of the induced PGA and resulting ru,max and max in the top 20 m for a 

representative TR1 site (CPT058) for an input PGA of (a) 0.05g, (b) 0.1g, (c) 0.2g, and (d) 0.4g. G-S-

S denotes gravel-sand-silt mixture, MS denotes marine sediments, and WA denotes Wellington 

alluvium. 

 

Results indicate that an input seismic demand of PGA = 0.05g (Figure 9.5a) is not sufficient 

to trigger liquefaction in the profile, though there is some excess pore water pressure development 

with ru up to 30%. Computed max remains very low (< 0.2%) as there is no mechanisms for major 

degradation of stiffness without large reduction in effective stresses. For a larger seismic demand with 

input PGA = 0.1g, some liquefaction is triggered in the G-S-S fills in the top 13 m of the profile. 

Generally, for a thick layer of liquefiable soil, liquefaction is initially localized in a select element, as 

shown in Figure 9.5b, with strains usually in the range of 1–4% and sometimes as large as 5% in 

liquefied layers. 

For larger seismic demands with input PGA = 0.2g (Figure 9.5c), liquefaction occurs over 

more elements between 8 m to 13 m depths, and also in an element at a shallower depth of 4.6 m, 

which essentially connects the entire fill from 4.6 m 13 m depths to form a thick zone of high excess 

pore water pressures. The max profile reveals that strains are still generally 1–5%, except for one 

element with 15%, all of which are significantly larger than that of nearby elements (even those with 

partial pore water pressure generation at 5 m to 8 m depth). The effects of liquefaction triggering on 

PGA is shown by large PGA values due to strong soil dilation. Note that the amplification in PGA at 

large seismic demands is a result of spikes caused by dilation occurring at depth in liquefied layers. 
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Once widespread liquefaction such as that of Figure 9.5c occurs, analyses for larger seismic demands 

(e.g., Figure 9.5d) are essentially similar, with key differences being that a few more elements tend to 

liquefy (though no major changes in the ru,max profile), and strains tends to increase with more 

elements experiencing strains above 5%. Interestingly, there is amplification by a factor of 

approximately two in the computed surface motion PGA as compared to the base of the model for an 

equivalent outcrop input PGA of 0.05g and 0.1g. This amplification reduces as the site softens, 

eventually causing some deamplification at 0.4g input. 

Overall, Figure 9.5 illustrates how development of the excess pore water pressures evolve 

from being localized in select elements near the threshold of triggering to a large, connected zone of 

high excess pore water pressure when exposed to larger seismic demands. Liquefied layers tend to 

exhibit strains below 5% when near the threshold for triggering, and the amplitude of the strains can 

increase to > 15% for larger seismic demands. 

9.3 Results in the CentrePort Thorndon Reclamation 

9.3.1 Results for All Representative Profiles 

The ESA results presented for the representative TR1 site (CPT058) in the previous section is 

repeated for three representative TR sites in the Thorndon reclamation. The TR1 site is representative 

of profiles with 12–20 m thick G-S-S fill with Ic = 2.0–2.3, TR2 site depicting profiles with some G-

S-S layers characterized by Ic = 2.3–2.6, and TR3 site describing profiles with ~10 m thick G-S-S fill 

with several layers of Ic > 2.3–2.6. The ESA results are summarized for all three TR sites in Figure 

9.6 as profiles of ru,max and max in the top 20 m for four input PGA (equivalent outcrop) at the base of 

the model of 0.05g, 0.1g, 0.2g, and 0.4g. Labels depicting delineation between the primary 

reclamation soil unit (Thorndon G-S-S fill) and the underlying native soils (marine sediments and 

Wellington alluvium) are also indicated. 

ESA results show no liquefaction is triggered for an input PGA of 0.05g (black lines in Figure 

9.6), though some development of excess pore water pressures is evident (ru reaching up to 40%). An 

input PGA of 0.1g (blue lines in Figure 9.6) is large enough to trigger liquefaction in localized depths 

in all three of the profiles. As discussed previously, the TR1 profile liquefies in the G-S-S fill at 8.5–

9.0 m and 10–11 m depths, while the TR2 profile liquefies at three different depths (6.4 m, 10.5–12 m, 

and 15.3 m). The TR3 profile liquefies only at 9 m depth, though contains a thick layer of generally 

high excess pore water pressures (5–8.5 m depth), thus forming a large thickness (5–10 m) of 

generally large water pressures. The strains at input PGA = 0.1g are as large as 5% in the TR1 and 

TR3 sites, though up to 9% in the TR2 site. Overall, more cumulative thickness of liquefied soil and 

larger strains in TR2 suggests it performs the worst near the seismic demand near the threshold of 

liquefaction occurrence, with TR3 performing reasonably well with only some liquefaction at great 

depth. 

For larger seismic demands with input PGA = 0.2g (red lines in Figure 9.6) and beyond 

(e.g., green lines in Figure 9.6), only a couple more layers liquefy in the TR1 site (one shallow layer 

at 4.5 m and one deeper layer at 12.5 m), and one deep layer in the TR2 site (12.5–15.5 m depth). The 

TR3 site has thicker cumulative layers of liquefaction since the seismic demand is now large enough 

to also trigger liquefaction at 5–8.5 m depth. The strains in the liquefied layers generally increase for 

larger demands for all three profiles, reaching above 15% in many layers for input PGA = 0.4g. The 

cumulative thickness of liquefied soil in all three profiles is 5–6 m. However, the response 
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characteristics of the TR1 and TR2 sites are distinctly different from TR3. The TR1 and TR2 sites 

have liquefaction concentrated over approximately 6 m thickness, with the depth to the top of 

liquefied fill at large depths of ≥ 8 m and ≥ 10 m, respectively (shallow liquefaction is only 

concentrated at 4.5 m and 6 m depths, respectively). However, large zones of high excess pore water 

pressures are still evident throughout most of the G-S-S fill due to pore water pressure redistribution. 

The liquefaction in these sites is evidently concentrated in the deeper G-S-S fill layers with lower 

qc1Ncs values (60–80), with no liquefaction in a thick zone of high qc1Ncs (80–120) in both TR1 and 

TR2 sites preventing liquefaction of the entire G-S-S deposit. In contrast, the TR3 profile contains 

slightly thinner cumulative thickness of liquefied fill (approximately 5 m) but is concentrated in a 

shallower depth range (5–10 m). 

 

 

Figure 9.6: Profiles of ESA results (ru,max and max in the top 20 m) at four seismic intensities (input 

PGA of 0.05g, 0.1g, 0.2g, and 0.4g) for three representative TR sites: (a) TR1 (CPT058), (b) TR2 

(CPTC2-02), and (c) TR3 (CPT037). G-S-S denotes gravel-sand-silt mixture, MS denotes marine 

sediments, and WA denotes Wellington alluvium. 

 

The ESA results for the three representative TR-S sites, which describe the different fill 

characteristics of the Thorndon reclamation profiles with G-S-S fill overlying sandy fill, are shown in 

Figure 9.7. The TR-S1 site characterizes G-S-S fill overlying 7–10 m thick sandy fill with depth to the 

top of sandy fill of 7–9 m. TR-S2 describes similar profiles with G-S-S reclamations overlying sandy 

fill, but with a thinner (up to 5 m) sandy fill at greater depth (> 11 m to top of the sandy fill). TR-S3 is 

represented by one CPT characterized by a thick layer of silty fill forming non-liquefiable (Ic > 2.6) 

crust (7–8 m depth). It is worth emphasizing here that the modelling approach for the G-S-S and sand 

layers are the same, meaning that any differences in the model parameters for these layers are due to 

differences in the qc1Ncs values of these soil units. The ESA results are summarized as profiles of ru,max 

and max in the top 20 m for four input PGA at the base of the model (0.05g, 0.1g, 0.2g, and 0.4g). 



Chapter 9. Effective Stress Analysis Results 

 

207 

Labels depicting delineation between the primary reclamation soil units (Thorndon G-S-S, sandy, and 

silty fill) and the underlying native soils (marine sediments and Wellington alluvium) are also 

indicated. 

 

       

Figure 9.7: Profiles of ESA results (ru,max and max in the top 20 m) at four seismic intensities (input 

PGA of 0.05g, 0.1g, 0.2g, and 0.4g) for three representative TR-S sites: (a) TR-S1 (CPTA2-06), 

(b) TR-S2 (CPTA2-01), and (c) TR-S3 (CPT018). G-S-S denotes gravel-sand-silt mixture, MS 

denotes marine sediments, and WA denotes Wellington alluvium. 

 

The response of the G-S-S fill in the TR-S1 site (Figure 9.7a) is similar to the TR sites in 

which liquefaction is concentrated in a localised depth of approximately 6.2 m. However, liquefaction 

occurs for the entire thickness of the loose, shallow sand fill at 8–11 m depth, which triggers at input 

PGA = 0.1g and dominates the liquefaction for all seismic intensities considered. The dense sand 

below 11 m only liquefies at very large seismic demands (input PGA = 0.4g). The response of the 

sand fills in the TR-S2 site (Figure 9.7b) is different to the TR-S1 site, as the sand layer 

(approximately 16.5–18.5 m depth) does not liquefy for all seismic demands considered. Furthermore, 

the TR-S2 response in the G-S-S fill is also different to the TR sites as liquefaction occurs throughout 

most of the G-S-S fill (at 6–14 m depth), even for input PGA = 0.1g, instead of the localised 

liquefaction at particular depths as observed in the TR sites. The dense sand in the TR-S3 profile 

(Figure 9.7c) also does not liquefy for all seismic intensities. However, the G-S-S fill at 7–14 m depth 

has similar response features as TR sites with liquefaction localising at select elements, however with 

the key difference being that triggering occurs at larger input PGA of 0.2g. As input PGA increases, 

the cumulative thickness of liquefied G-S-S fill increases (approximately 5–6 m thick for input 

PGA = 0.4g). Overall, liquefaction appears to be concentrated in the loose, sand fill in the TR-S1 site, 

but G-S-S fill for the TR-S2 and TR-S3 sites. TR-S1 and TR-S2 triggers liquefaction the earliest and 

rapidly develops to larger thicknesses even for a moderate seismic demand, while TR-S3 more 
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gradually deteriorates in performance and maintains less cumulative thickness of liquefied soil and 

lower strains in the liquefied layers. 

This study considers an input PGA = 0.1–0.2g (equivalent outcrop) to be representative of the 

seismic demand of the Kaikōura earthquake (recall that the deconvolved motion has an equivalent 

outcrop PGA of 0.11g), and results of the analyses at this range of input shaking intensity are 

appropriate for comparison with observed liquefaction manifestation characteristics. Though 

comparisons could also be made with the Cook Strait and Lake Grassmere earthquakes by considering 

an input PGA = 0.05–0.1g (equivalent outcrop) to be representative of the seismic demand of these 

two events, this is not within the scope of the thesis. There is an interesting link between the 

liquefaction observations regarding the ejecta manifestation after the Kaikōura earthquake and the 

ESA results for PGA = 0.1–0.2g in the three TR-S sites. This is explained using a schematic of the 

important fill characteristics in the three TR-S sites illustrated in Figure 9.8. 

• TR-S1 (Figure 9.8a): The ESA for PGA = 0.1–0.2g results for in liquefaction triggering 

concentrating in the loose sand fill due to the low qc1Ncs values in this layer. While the 

ESA still results in liquefaction triggering in the G-S-S fills, liquefaction throughout the 

entire loose sandy fill layer likely creates large enough pore water pressures to fluidize 

the loose sand fill and therefore seep upwards. This mechanism likely exacerbated the 

liquefaction manifestation with sandy ejecta at the ground surface, which is consistent 

with the severe liquefaction of sandy ejecta observed during the Kaikōura earthquake. 

• TR-S2 (Figure 9.8b): The ESA for PGA = 0.1–0.2g results in liquefaction triggering 

throughout the G-S-S fill, with no liquefaction being triggered in the deeper sandy fill. 

This is consistent with observations in the Kaikōura earthquake of severe liquefaction 

with gravelly ejecta. 

• TR-S3 (Figure 9.8c): Despite the G-S-S fill liquefying in the ESA for PGA = 0.1–0.2g, the 

thicker layer of non-liquefiable soil prevents liquefaction occurring at shallow depth 

below 7 m depth. The G-S-S fill is also characterized by larger qc1Ncs values (100–110) as 

compared to the rest of the Thorndon reclamation (60–80), which therefore limits the 

thickness of liquefied fill to only a few metres. Therefore, ESA suggests liquefaction only 

occurred in a limited capacity at great depth, with a large non-liquefiable crust preventing 

manifestation of soil ejecta. This is generally consistent with the performance of the TR-

S3 site in the Kaikōura earthquake, as it is located 35 m away from the closest reported 

ejecta manifestation and in the only area in the Thorndon reclamation reported to have 

moderate damage. Note that the analyses for this profile result in liquefaction triggering 

in the deeper Wellington alluvium layer, and it is unclear the effects of the deeper 

liquefaction on the response of the shallower fills. Calibration of all soil layers was based 

on the deterministic Boulanger and Idriss (2014) triggering curve (16% probability of 

liquefaction) rather than the less conservative 50% probability of liquefaction, which 

could underestimate the liquefaction resistance of the alluvial layers. Further analyses by 

modelling the deeper Wellington alluvium layer with higher liquefaction resistances are 

warranted. 
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Figure 9.8: Simplified soil profiles for sites (a) TR-S1, (b) TR-S2, and (c) TR-S3. 

9.3.2 Damage Indices from ESA Results 

In the commonly adopted simplified liquefaction evaluation procedure, semi-empirical 

triggering analyses often only give qualitative insight on the severity of expected damage. It is 

standard practice to therefore quantify the damage using computed strains and damage indices by 

supplementing triggering results with other relevant empirical relationships and weight functions. In 

the same manner, the severity of expected damage from the ESA results has been qualitatively 

described based on general system response effects and interpretation of possible mechanisms for 

liquefaction manifestation, however, there are no well-established damage indices to quantitatively 

describe and compare the expected liquefaction performance of soil profiles. This subsection attempts 

to quantify the severity of damage in the representative sites of the Thorndon reclamation with select 

damage indices developed to describe the relative liquefaction performance of the six representative 

sites in the Thorndon reclamation for a range of input seismic demands. 

Four ESA damage indices are considered in this study. Firstly, the cumulative thickness of 

liquefied soil is calculated by summing the thickness of all elements that exhibited ru,max > 95% and 

max > 1%. While ru,max > 95% normally implies liquefaction, a max requirement is also used to ensure 

that only elements which liquefied due to shear-induced deformation are considered instead of 

elements with large excess pore water pressures due to seepage from adjacent elements, or averaging 

of pore water pressures from the nodes of adjacent liquefied elements (see Appendix E discussing this 

feature in FLAC). This damage index is referred to as CLTESA (cumulative liquefied thickness from 

ESA; which is akin to the variable CLT used for simplified procedures by Ltd. (2015)). 
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The second damage index considered is the Ejecta Potential Index (EPI), which is developed 

by Hutabarat and Bray (2021a) as a useful index to estimate potential for ejecta manifestation from 

1D ESA, with its capability demonstrated by Hutabarat and Bray (2021b) using well-documented 

field case histories from Christchurch, New Zealand. While a detailed breakdown on the development 

of this damage index is omitted for brevity (the reader is referred to the abovementioned two 

references for further details), its calculation is performed using Equation (9.1). 

 

𝐸𝑃𝐼 = ∫ ∫ (ℎ𝑒𝑥𝑐 − ℎ𝐴)2𝑑𝑧
𝑧𝐺𝑊𝐿

𝑧0
𝑑𝑡

𝑡𝑓

𝑡0
      (9.1) 

 

Here, 𝑡0 = initial time when input acceleration reaches 0.05g, 𝑡𝑓 = final time, 𝑧 = depth, 𝑧𝐺𝑊𝐿 = depth 

to groundwater table at the time of shaking, 𝑧0 = 10 m (since the upper 10 m of the profile is assumed 

to contribute most to ejecta), ℎ𝑒𝑥𝑐 = excess pore water pressure normalized by unit weight of water, 

and ℎ𝐴 = ℎ𝑒𝑥𝑐 required to initiate upward flow (= 𝑧). This damage index essentially states that for 

thicker zones with high excess pore water pressure head above ℎ𝐴, and the longer the pressures are 

sustained, the greater the potential for ejecta manifestation. Since this damage index integrates over 

time, the longer the analysis are run for, the larger the calculated EPI values. The original model 

proposes using 𝑡𝑓 = 150 s to represent the approximate time after strong seismic shaking for which 

ejecta can manifest. Since this proposed 𝑡𝑓 is larger than the 80 s for which the analyses are computed, 

𝑡𝑓 = 80 s is chosen in this study so additional analyses with longer time are not required in these 

preliminary analyses. It is therefore important to note that this study only uses EPI as a relative index 

of damage to compare potential for ejecta between different sites, and that the EPI values themselves 

are not comparable to those of the original study used in the model development. For clarity, the 

parameter used in this study is denoted EPI*. 

The final set of damage indices considered in this study are proxies for the levels of excess 

pore water pressures and strains developed in the liquefied layers of the profile. The ru,max and max for 

each element are multiplied by a weight function (
1

𝑧
)  that is then integrated with depth (i.e., 

∫
𝑟𝑢,𝑚𝑎𝑥

𝑧
𝑑𝑧 and ∫

𝛾𝑚𝑎𝑥

𝑧
𝑑𝑧, respectively). Note that only elements where ru,max > 95% and max > 1% 

conditions are met are considered in the integration, as these are the layers which liquefied and should 

be the only contributing layers to the damage indices. The reason for the choice of the weight function 

(
1

𝑧
) is two-fold. Firstly, shallower layers with large excess pore water pressures or strains contribute 

more to the damage indices than deeper layers, which better reflects the fact that liquefaction of 

shallow layers tend to contribute more to the observed surficial damage. Secondly, the normalization 

results in unitless damage indices, hence mitigating any possibility of misinterpreting the calculated 

damage indices as any physical quantity. 

Results from the ESA for the six representative profiles in the Thorndon reclamation (three 

TR and three TR-S sites) are summarized in Figure 9.9 as the abovementioned four damage indices 

plotted against the equivalent outcrop PGA of the input acceleration at the base of the model. While 

the circles show the six input PGA values used in the analyses, lines are drawn between the calculated 

values from the analyses to help identify general trends. The shaded zone indicates the range of input 

PGA relevant for the Kaikōura earthquake. 
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Figure 9.9: Damage indices from the ESA of six profiles representative of sites in the Thorndon 

reclamation for different input seismic demands: (a) CLTESA, (b) EPI*, (c) ∫
𝑟𝑢,𝑚𝑎𝑥

𝑧
𝑑𝑧, and (d) 

∫
𝛾𝑚𝑎𝑥

𝑧
𝑑𝑧. The shaded zone indicates the range of input PGA relevant for the Kaikōura earthquake. 

 

There is general similarity in the interpretation of the damage index results for three of the 

four computed indices (Figure 9.9a, Figure 9.9c, and Figure 9.9d). For these three damage indices at 

low seismic demands near the triggering threshold (0.05–0.2g), the TR-S2 site performs the worst as 

it has the sharpest increase in the damage index values (particularly between 0.05g and 0.1g). The 

remaining five sites all have otherwise similar values for the low demands. For these three damage 

indices at higher seismic demands (0.3–0.5g), the computed values increase the largest in the TR1 and 

TR-S1 sites, eventually reaching similar or larger values than the TR-S2 site. The TR2, TR3, and TR-

S3 sites are generally slightly lower than the remaining three profiles. The exception to the above 

trend is the EPI* estimates (Figure 9.9d). The EPI* values in TR3 are exceptionally larger than the 

rest of the sites due to the much shallower liquefied fill with large thickness in the top 10 m (i.e., 

depth range considered for EPI* calculations) as compared to the remaining five sites. Note that the 

TR2 site generally has lower EPI* estimates than most of the other Thorndon sites for PGA = 0.3–

0.5g, and the EPI* estimates of TR-S3 are almost zero for all seismic demands due to liquefaction 

occurring at large depth. Overall, TR-S3 is expected to perform the best in the Thorndon reclamation, 

TR-S2 expected to perform the worst, and TR3 have the greatest potential for ejecta manifestation. 

When comparing the observations at these sites during recent earthquakes with the results of 

Figure 9.9, there is general agreement. Given liquefaction is triggered, as is the case for the Kaikōura 

earthquake, all sites are expected to have comparable severity of liquefaction damage as the damage 

indices are in a similar band and generally close to their peak for input PGA as low as 0.2g (recall 
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almost all of the Thorndon reclamation is classified as severe liquefaction damage). The seismic 

demand for the Kaikōura earthquake also appears to be near this threshold of liquefaction triggering 

for these sites, suggesting that smaller amplitude of shaking is likely to not induce liquefaction-

induced damage. This explains the lack of damage observed during the lower intensity events in 2013. 

Interestingly, the site that performed the best in the Kaikōura earthquake is TR-S3, which evidently 

has the lowest damage index values of the six representative sites. In particular, EPI* is significantly 

lower than the remaining profiles, which reflects the lack of ejecta manifestation near this site. A 

disagreement between ESA results and observations is in the EPI* calculations of TR3, which is a site 

located in areas of less ejecta manifestation, yet the analyses estimate the greatest potential for ejecta. 

While CentrePort has not experienced any earthquakes in its recent history with shaking 

intensities larger than that of the Kaikōura earthquake, future earthquake scenarios with larger seismic 

demands are expected to cause more damage, particularly in the poorest performing areas (all sites 

except TR-S3). For example, the damage index values for the TR-S1 site almost doubles when the 

input PGA values increase from 0.2g to 0.5g, indicating earthquakes with shaking intensity much 

larger than the Kaikōura earthquake might result in even worse performance in the Thorndon 

reclamation. 

9.4 Results in the CentrePort Old Gravelly Reclamation 

9.4.1 Results for Representative Profiles 

This section discusses the results from ESA for the two sites in the old gravelly reclamation: 

OGR-L (CPT048) and OGR-NL (CPT038). Recall that OGR-L sites tend to have 3–5 m thick layers 

of liquefiable (Ic < 2.6) soil with qc1Ncs < 100 in the top 10 m (as compared to > 7 m liquefiable soil in 

Thorndon), while OGR-NL characterizes profiles containing < 2 m thick layers of liquefiable soil 

with qc1Ncs < 100 in the top 10 m. The ESA results are summarized for both OGR sites in Figure 9.10 

as profiles of ru,max and max in the top 20 m for four input PGA (equivalent outcrop) at the base of the 

model (0.05g, 0.1g, 0.2g, and 0.4g). Labels delineating between the primary reclamation soil unit (old 

G-S-S fill) and the underlying native soils (marine sediments and Wellington alluvium) are also 

indicated. 

The evolution of the response in the OGR-L profile (Figure 9.10a) based on the ESA shows 

that liquefaction is triggered for an input PGA of 0.1g in one localized depth at the bottom of the G-S-

S fill (7.7–8.0 m depth) where the density is the lowest (qc1Ncs = 50). Note that the low density of this 

layer contributes to the large strains (> 15%) observed as compared to the TR profiles that had strains 

of < 5% near the liquefaction triggering threshold. Slightly larger input PGA of 0.2g causes 

liquefaction in this depth to extend to a 1 m thick layer of liquefaction, with liquefaction at a 

shallower depth of 6.5 m. Only for larger seismic demands (i.e., PGA = 0.4g) does the thickness of 

liquefied G-S-S fill substantially increase at 4.2–8 m depth. 

In contrast, the G-S-S fill in the OGR-NL site (Figure 9.10b) is above the water table depth, 

so the liquefiable soil layers are encountered in the gravelly Wellington alluvium layers characterized 

by larger qc1Ncs values of 120–170 at 4.1–7.7 m depth. The greater density of the liquefiable layers 

result in no liquefaction being triggered for input PGA up to 0.2g. Only for larger input PGA of 0.4g 

is liquefaction triggered in the alluvium layer, yet with smaller thickness of liquefied soil (~2.5 m) as 

compared to the OGR-L profile (~4 m). It is evident that OGR-L performs poorly compared to OGR-
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NL in the ESA as it triggers liquefaction at lower seismic demands, and forms thicker cumulative 

thickness of liquefied soils with greater strains for large seismic demands. 

 

    

Figure 9.10: Profiles of ESA results (ru,max and max in the top 20 m) at four seismic intensities (input 

PGA of 0.05g, 0.1g, 0.2g, and 0.4g) for two representative OGR sites: (a) OGR-L (CPT048), and 

(b) OGR-NL (CPT038). G-S-S denotes gravel-sand-silt mixture, MS denotes marine sediments, and 

WA denotes Wellington alluvium. 

9.4.2 Damage Indices from ESA Results 

Results of the ESA for the two representative OGR profiles are also shown in Figure 9.11 as 

damage indices plotted against PGA of the input acceleration at the base of the model, with the shaded 

zone indicating the range of input PGA relevant for the Kaikōura earthquake. The grey lines in the 

background are the curves from the Thorndon reclamation profiles (Figure 9.9), which have been 

added for comparison. Liquefaction is estimated to trigger for the OGR-L profile at input PGA 

between 0.05g and 0.1g and increase in damage severity as the seismic demand increases. In contrast, 

the OGR-NL profile triggers liquefaction damage at larger seismic demands between input PGA of 

0.2g and 0.3g. The damage index calculations for both profiles generally increase with increasing 

seismic demand at the same rate (i.e., slope of the curves in Figure 9.11 are essentially parallel), 

though the damage indices for the OGR-NL profile always remain below that of OGR-L. 
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Figure 9.11: Damage indices from the ESA of two profiles representative of sites in the old gravelly 

reclamation for different input seismic demands: (a) CLTESA, (b) EPI*, (c) ∫
𝑟𝑢,𝑚𝑎𝑥

𝑧
𝑑𝑧, and (d) 

∫
𝛾𝑚𝑎𝑥

𝑧
𝑑𝑧. The shaded zone indicates the range of input PGA relevant for the Kaikōura earthquake. 

 

Observations at these sites during the Kaikōura earthquake differed greatly, as the OGR-L site 

had severe liquefaction while the OGR-NL site had no liquefaction manifestation. The results from 

the ESA in terms of the damage indices are generally in agreement with these observations. The ESA 

identifies that the thicker and lower density liquefiable G-S-S fill in OGR-L is a key feature in its poor 

performance, whereas the G-S-S fill is above the water table in the OGR-NL site and therefore the 

seismic demand during the Kaikōura earthquake was not large enough to trigger liquefaction in the 

liquefiable, dense Wellington alluvium. Furthermore, moderate values for the EPI* are also calculated 

for input PGA = 0.1–0.2g, suggesting some potential for ejecta manifestation, which is also consistent 

with the observed gravelly ejecta at the OGR-L site. 

When comparing the results in the OGR sites (black and blue curves in Figure 9.11) to the 

Thorndon reclamation (grey curves in Figure 9.11), it is evident that the OGR sites have lower 

damage index values (with the exception of Figure 9.11d) and are therefore expected to perform better. 

The range of CLTESA (Figure 9.11a) for both profiles are lower than all the Thorndon profiles for all 

seismic intensities, which is unsurprising since OGR profiles have generally less thickness of 

liquefiable fill. The ∫
𝑟𝑢,𝑚𝑎𝑥

𝑧
𝑑𝑧 and ∫

𝛾𝑚𝑎𝑥

𝑧
𝑑𝑧 damage indices (Figure 9.11c-d) are also lower than the 

Thorndon reclamation for lower seismic demands with input PGA ≤ 0.2g, and among the lowest of 

those in the Thorndon reclamation for larger input seismic intensities. The only damage index 

calculation of the OGR-L profile that is comparable to the Thorndon profiles (with the exception of 
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TR-S3) is EPI* (Figure 9.11b), reflecting the thick gravelly ejecta observed near the profile similar to 

the observations in Thorndon. Overall, ESA results from the OGR sites as compared to TR and TR-S 

sites reflect overall damage observations for the Kaikōura earthquake. 

The ESA results of Figure 9.11 illustrate that, if exposed to seismic demands greater than 

those experienced during the Kaikōura earthquake, the OGR-L profiles are expected to have 

significantly greater severity of damage. This is illustrated by all four damage index values increasing 

by more than two times when input PGA increases from 0.2g to 0.5g. While the OGR-NL site did not 

liquefy in the Kaikōura earthquake, larger intensity of earthquake shaking can cause damage to occur, 

including some potential for liquefaction in the Wellington alluvium layers and manifestation of 

liquefaction in the form of ejecta. Future earthquake scenarios with larger seismic demands are 

expected to cause noticeably more damage in the old gravelly reclamation, though the poorest 

performing site among the two investigated remains OGR-L. 

9.5 Results in the CentrePort Hydraulic Fill 

9.5.1 Results for Representative Profiles 

This section discusses the results from ESA for the five representative sites in the CentrePort 

hydraulic fills. Three representative profiles of sites in the Log Yard are selected for analyses, which 

include one LY1 (CPTB1-01) site, characterized by 3–4 m thick liquefiable sand-silt fill with Ic = 2.0–

2.3 at 3–4 m, and two LY2 sites (CPT055 and CPT011), composed of non-liquefiable soils with 

Ic ≈ 3.0 containing shallow but thin liquefiable layers of 0.5 m to 1.0 m thickness. The ESA results are 

summarized for all three LY sites in Figure 9.12 as profiles of ru,max and max in the top 20 m for four 

input PGA (equivalent outcrop) at the base of the model (0.05g, 0.1g, 0.2g, and 0.4g). Labels 

depicting delineation between the primary reclamation soil unit (hydraulic fill) and the underlying 

native soils (marine sediments and Wellington alluvium) are also indicated. 

Liquefaction is triggered in the LY1 profile (Figure 9.12a) for input PGA = 0.1g at one 

location (12 m depth) and for no layers in the two LY profiles (Figure 9.12b-c). For the larger seismic 

demand of PGA = 0.2g, liquefaction is also triggered in the LY1 site for a thick, shallow layer (3.5–

8.5 m depth), whereas the LY2 profile of Figure 9.12b only has liquefaction for a 1-m thick layer in 

the fills while the LY2 profile of Figure 9.12c has no liquefaction in the fill (note there is liquefaction 

triggering in the deeper Wellington alluvium gravels). Larger seismic demands (i.e., PGA = 0.4g) 

induce liquefaction in a few more layers in the fills for the LY2 profiles, however the thickness of 

liquefaction is still significantly less than that of the LY1 profile. 
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Figure 9.12: Profiles of ESA results (ru,max and max in the top 20 m) at four seismic intensities (input 

PGA of 0.05g, 0.1g, 0.2g, and 0.4g) for three representative LY sites: (a) LY1 (CPTB1-01), (b) LY2 

(CPT055), and (c) LY2 (CPT011). HF denotes hydraulic fills, MS denotes marine sediments, and WA 

denotes Wellington alluvium. 

 

Results are also shown for the two representative profiles in the AQ sites in Figure 9.13. The 

AQ2 site (Figure 9.13a) represents a typical profile along Aotea Quay that comprises predominantly 

of non-liquefiable (Ic > 2.6) silt-clay fill, while the AQ1 profile (Figure 9.13b) represents one area 

containing > 5 m thick layers of G-S-S hydraulic fill mixtures. ESA results shows that the AQ2 

profile does not trigger any liquefaction in the hydraulic fills until very high seismic demands of input 

PGA = 0.4g, with some liquefaction only occurring in the gravel layers of the deeper Wellington 

alluvium (11 m to 13.2 m depths). In contrast, liquefaction is triggered in the hydraulic fill of the AQ1 

site (at 8–10 m depth) for input PGA as low as 0.1g. Only for larger seismic demands with input 

PGA = 0.4g do shallower hydraulic fill layers liquefy, forming a thick zone of fill with high pore 

water pressures from 6 m to 10 m depth. Like in the other hydraulic fill profiles, some liquefaction in 

the Wellington alluvium layers is also estimated to occur. Compared to the LY1 profile (Figure 9.12a), 

there is less thickness of liquefiable fills at larger depths in the AQ profiles, suggesting AQ sites 

perform generally better than LY1 sites (and more comparable to LY2 sites), across the range of 

seismic demands considered. 
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Figure 9.13: Profiles of ESA results (ru,max and max in the top 20 m) at four seismic intensities (input 

PGA of 0.05g, 0.1g, 0.2g, and 0.4g) for two representative AQ sites: (a) AQ2 (CPTD1-04), and 

(b) AQ1 (CPT001). HF (G-S-S) denotes hydraulic fills comprised of gravel-sand-silt mixtures, MS 

denotes marine sediments, and WA denotes Wellington alluvium. 

9.5.2 Damage Indices from ESA Results 

Results of the ESA for the five representative profiles in the CentrePort hydraulic fills (LY 

and AQ sites) are shown in Figure 9.14 as damage indices plotted against the PGA of the input 

acceleration at the base of the model, with the shaded zone indicating the range of input PGA relevant 

for the Kaikōura earthquake. The grey lines in the background are the curves from the Thorndon 

reclamation profiles (Figure 9.9), which have been added for comparison. When focusing on the LY 

sites alone (black, blue, and red lines), the LY1 site starts performing poorly near the threshold of 

liquefaction triggering (damage index increases very rapidly between input PGA of 0.1g to 0.2g). 

Beyond an input PGA value of 0.2g, the damage indices in LY1 are relatively similar (with gradual 

increase). The trend in the LY2 profiles is generally similar but with generally lower damage index 

values calculated for all seismic demands (with the exception of Figure 9.14d). The estimated EPI* 

values (Figure 9.14b) remain larger for the LY1 site, for all seismic demands considered, suggesting it 

has the greatest potential for ejecta manifestation. The key contributing factor to the large damage 

indices in LY1 is triggering of liquefaction at shallow depths (top 5–6 m) connecting with the deeper 

liquefied layers and forming a larger thickness of liquefied fill. 
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Figure 9.14: Damage indices from the ESA of five profiles representative of sites in the CentrePort 

hydraulic fills for different input seismic demands: (a) CLTESA, (b) EPI*, (c) ∫
𝑟𝑢,𝑚𝑎𝑥

𝑧
𝑑𝑧, and (d) 

∫
𝛾𝑚𝑎𝑥

𝑧
𝑑𝑧. The shaded zone indicates the range of input PGA relevant for the Kaikōura earthquake. 

 

Observations on the severity of liquefaction-induced damage in the Kaikōura earthquake 

differed between LY1 and LY2 sites. The LY1 site is classified as an area of severe liquefaction, 

compared to the moderate liquefaction of the LY2 sites. ESA results for the relevant PGA range (0.1–

0.2g) in Figure 9.14 suggests liquefaction triggers with greater severity of damage in LY1 (i.e., in 

agreement with observations), with greatest potential for ejecta manifestation according to EPI* 

(indeed, sand ejecta is observed in the LY1 site location). Interestingly, ESA results also suggest that 

seismic intensities beyond those experienced during the Kaikōura earthquake can cause damage in the 

LY2 sites of more similar severity as the LY1 site including the greater potential for ejecta 

manifestation that was noticeably absent in the Kaikōura earthquake. Furthermore, general damage in 

the Log Yard could be comparable to the Thorndon reclamation for seismic intensities beyond that of 

the Kaikōura earthquake. 

Among the two AQ sites (green and purple lines in Figure 9.14), the damage index values 

calculated for the AQ2 site remains very low for all input seismic intensities since liquefaction in this 

profile occurs mainly in the deep Wellington alluvium gravel layers, which contribute very little to the 

expected liquefaction damage. Generally minor-to-moderate damage was observed which starkly 

contrasted the severe damage in parts of the Log Yard, old gravel reclamation, and the Thorndon 

reclamation. Therefore, these results generally explain the reduced damage observed in Aotea Quay. 

On the other hand, the AQ1 profile estimates liquefaction to trigger at input PGA = 0.1g with much 

higher computed damage indices for all seismic intensities. Based on the damage index calculations, 
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similar severity of liquefaction-induced damage is expected in the AQ1 profiles as compared to the 

LY1 profiles. Liquefaction-induced damage in the AQ1 site was, however, classified as minor, with 

only some ground cracking present. Therefore, the damage indices calculated for the 1D ESA alone 

appear to be unable to capture the observed levels of damage in the AQ1 site. One factor that possibly 

mitigated manifestation of liquefaction in the AQ1 profile is that liquefaction is only estimated to 

occur at great depths (> 7.5 m) for the Kaikōura earthquake seismic demand. The thick layer of non-

liquefied soil may have formed a crust strong enough to inhibit deep liquefaction manifesting at the 

ground surface. This implies the chosen damage indices do not appear to adequately capture all the 

response mechanisms and that some refinement is needed to better represent likelihood of liquefaction 

manifestation. 

9.6 Sensitivity of ESA to Some Key Modelling Decisions 

ESA results can be sensitive to key modelling decisions. Two modelling decisions identified 

in Chapter 8 that are based on subjective choices of the user are associated with the simplified 

profiling of the CPT data, and the modelling approach for the initial shear stiffness (via the Go 

parameter) in the PM4Sand constitutive model. While a detailed investigation of the sensitivity of 

these two modelling decisions are not within the scope of this study, this section briefly summarizes 

the sensitivity of the ESA for one profile to provide insights into the expected amount of sensitivity in 

the outcomes of the analyses. 

The ESA results for the representative TR-S1 site (CPTA2-06) is chosen for the sensitivity 

study as it contains several key soil units (i.e., Thorndon G-S-S, loose sand, and dense sand fill) to 

provide insights on the effects of the modelling choices for different densities as well as on the system 

response of the profile. The simplified CPT profile used in the primary ESA of this chapter is 

reproduced in Figure 9.15a-b, with associated results (profiles of ru,max and max) shown in Figure 

9.15c-d for input PGA (equivalent outcrop) of 0.2g and Figure 9.15e-f for input PGA of 0.4g, all 

shown as black lines. Sensitivity of the results to the simplified profile is investigated by repeating the 

ESA using the same input motion, methodology, and calibration process, but with the Ntritsos and 

Cubrinovski (2020) simplified profiling algorithm applied with minimum layer thickness set to 1 m 

(as opposed to 0.5 m in the original model). The resulting profile is shown by the blue lines in Figure 

9.15a-b. The sensitivity of the results to PM4Sand modelling is also investigated by repeating the 

ESA using the alternative method of calibrating Go (i.e., method 2 in Table 8.2) for the original profile 

(black lines in Figure 9.15a-b). 

Results of the analyses, shown in Figure 9.15c-f, have generally similar outcomes. The 1 m 

thickness simplified profile shows more averaged qc1Ncs values throughout the G-S-S fill, whereas the 

original profile captures small fluctuations, including some small elements of low qc1Ncs < 70. These 

low-density layers are key in triggering liquefaction for input PGA = 0.2g, whereas averaging the 

qc1Ncs profile with thicker layers causes no liquefaction in the 1 m thickness layering profile. This 

difference is only observed near the liquefaction triggering threshold for the G-S-S fill, since if the 

seismic demand is large enough (e.g., PGA = 0.4g), the liquefied layers estimated to liquefy are all in 

agreement. For the alternative Go modelling in PM4Sand, generally similar outcomes are observed for 

both input PGA. This is due to both models being calibrated to the same liquefaction strength, thus the 

timing and onset of liquefaction is generally consistent. Noticeable differences are only observed in 

the level of strains exhibited, particularly in the liquefied layer at 6.2 m depth, whereby the original 

model has significantly lower strains as compared to the alternative Go calibration method. 
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Figure 9.15: Profiles of the original ESA (black lines) and analyses with different PM4Sand 

modelling (red lines) and simplified profile (blue lines) for the TR-S1 site (CPTA2-06): (a) qc1Ncs, (b) 

Ic, (c) ru,max and (d) max for input PGA = 0.2g, and (e) ru,max and (f) max for input PGA = 0.4g. 

 

The results from Figure 9.15 are also summarized in terms of damage indices in Figure 9.16 

with input PGA values ranging from 0.05g (i.e., before the onset of liquefaction) up to 0.5g (i.e., very 

large seismic demand). The general trends in the damage indices are also similar, with almost same 

damage index values for the two PM4Sand Go modelling approaches. This essentially means that the 

impact of different Go values on the response are relatively small, given the model is calibrated to 

have identical liquefaction resistance, since the large degradation of stiffness due to effective stress 

reduction dominates the response. There is slight difference when using the alternative simplified 

CPT profile, however, the overall shapes of the damage index curves are similar. Therefore, the 

overall outcomes and key findings of the ESA are largely insensitive to these two modelling aspects, 

at least for the chosen profile. 
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Figure 9.16: Damage indices from the ESA for the TR-S1 site (CPTA2-06) for different input seismic 

demands with three different modelling approaches: (a) CLTESA, (b) EPI*, (c) ∫
𝑟𝑢,𝑚𝑎𝑥

𝑧
𝑑𝑧, and 

(d) ∫
𝛾𝑚𝑎𝑥

𝑧
𝑑𝑧. The shaded zone indicates the range of input PGA relevant for the Kaikōura earthquake. 

9.7 Comparative Evaluation of Damage Indices from ESA and Simplified 

Methods 

This section briefly compares the outcomes of the ESA to that of the simplified liquefaction 

evaluation procedure. To provide a basis for direct comparison, Figure 9.17 plots the ∫
𝛾𝑚𝑎𝑥

𝑧
𝑑𝑧 and 

∫
𝑟𝑢,𝑚𝑎𝑥

𝑧
𝑑𝑧 proxies for damage calculated from the ESA, and LSN and LPI damage indices calculated 

based on the simplified assessment methodology outlined in Section 5.2.1 (i.e., using results from the 

Boulanger and Idriss (2014) triggering method), against varying input seismic intensities. The input 

seismic intensity in the ESA is defined using the equivalent outcrop PGA of the ground motion 

applied at the base of the 1D soil column (i.e., the deconvolved north-south motion at the VUWS 

strong motion station site from the Kaikōura earthquake). The input seismic demand in the simplified 

assessment is varied by changing PGA in the calculation of CSR (Equation (2.6)), with Mw = 7.8 for 

all analyses. As shown by the shaded regions in Figure 9.17, PGAbase outcrop = 0.1–0.2g and 

PGAsurface = 0.2–0.3g are representative of the Kaikōura earthquake demand for the ESA and 

simplified methods, respectively. 

Before comparing the results from the two approaches, it is important to emphasize that 

liquefaction assessment using ESA and simplified methods have different objectives, and thus provide 

different insights. The simplified methods of calculating damage indices are developed to 
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approximate expected severity of liquefaction-induced damage based on empirical data with key 

assumptions, whereas ESA is utilized for rigorous simulation of dynamic effects to understand 

mechanisms of liquefaction triggering/inhibition and damage manifestation. Since insights from ESA 

is generally best gained by examining various details of the response and behaviour at several 

locations of the deposit, there are virtually no well-established damage indices for ESA, and hence, 

Figure 9.17 only shows some damage proxies that are based on similar reasoning as the simplified 

methods to facilitate some comparison. 

 

 

Figure 9.17: Damage indices from ESA (first and second column) and the simplified liquefaction 

evaluation procedure (third and fourth column) for 13 representative profiles for different input 

seismic demands in the (a) Thorndon reclamation (TR and TR-S sites), (b) old gravelly reclamation 

(OGR sites), and (c) hydraulic fills (LY and AQ sites). The shaded zones indicate the seismic demand 

for the Kaikōura earthquake. 

 

There is overall good agreement between the two approaches in the relative liquefaction 

performance of the CentrePort sites. For example, both approaches capture the good performance of 

the TR-S3 site, and the slightly better performance of the TR3 site, relative to the rest of the Thorndon 

reclamation. Both analyses also capture the different performances of the OGR and LY sites. The 

damage indices in the two OGR sites for both approaches are very different, reflecting the starkly 

contrasting performance between these sites during the Kaikōura earthquake (severe and no 

liquefaction manifestation for OGR-L and OGR-NL, respectively). The damage indices in the LY1 

and LY2 sites are only slightly different, reflecting the smaller variation in the damage severity 

observed in the Kaikōura earthquake (severe and moderate manifestation, respectively). Some 

discrepancies are also observed, such as in the TR2 and AQ1 sites, for both of which the simplified 
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approach estimates significantly more damage across the range of seismic demands as compared to 

damage proxies from the ESA. Further work is needed to scrutinize reasons for these discrepancies. 

Interestingly, both approaches generally have similar interpretation of the level of damage 

observed in the Kaikōura earthquake relative to larger seismic demands. The two ESA-based damage 

proxies, and LPI from the simplified approach, all suggest the Kaikōura earthquake resulted in 

seismic demands in the range where damage is very sensitive to the shaking intensity (i.e., in the “cliff” 

of the damage index curves). Hence, changes in the seismic demand significantly affect the associated 

damage estimates. For example, the damage indices increase by more than double for seismic 

demands beyond the Kaikōura earthquake (i.e., PGA = 0.4–0.5g) in some of the poorer performing 

sites. The exception to this is in the LSN estimates from the simplified approach, which estimates the 

liquefaction performance in the Kaikōura earthquake to be close to the worst performance possible at 

these sites (e.g., approximately only 10–20% increase in LSN for demands beyond the Kaikōura 

earthquake). This is due to the nature of the empirical relationships used in determining strains in the 

calculation for LSN. Empirical methods are based on laboratory tests with data limiting the expected 

level of strain computed in the correlations, whereas the ESA is allowed to deform to much larger 

strains beyond those estimated in the simplified methods. 

9.8 Summary 

This chapter summarizes results from CPT-based 1D ESA using the adopted approach 

outlined in Chapter 8. Results in the non-liquefiable layers show they adequately capture soil 

nonlinearity in the stress-strain response (with strains below 0.5%) and match reasonably well target 

curves defined based on empirical data. Liquefiable layers are modelled using PM4Sand and the 

Stress-Density Model with the input parameters dependent only on qc1Ncs. Low density liquefiable 

layers are shown to require a few cycles of large amplitude shaking to rapidly build up pore water 

pressures, degrade shear stiffness, and develop shear strains in excess of 5%. Once liquefaction occurs 

(associated with ru > 95% and max > 1%), strong dilation is present in the PM4Sand layers which 

preserves large shear stresses to be propagated through the 1D soil column. Results from the Stress-

Density Model are generally similar, though with reduced dilation (particularly when qc1Ncs values are 

low). Higher density soil layers can also liquefy, though the build-up of excess pore water pressures is 

less rapid, with more gradual increase in strains. 

The results from the ESA for the entire soil column of a representative profile from the 

Thorndon reclamation is also shown to illustrate key system response effects and mechanisms of 

liquefaction occurrence. Liquefaction tends to first trigger at a localised depth, usually in a weak layer 

among the lowest qc1Ncs values in the profile. Adjacent elements, and other localised weak elements in 

the profile, then progressively liquefy as the shaking intensity (i.e., seismic demand) increases. Since 

the Thorndon G-S-S fills are relatively uniform over depth, eventually the seismic demand is large 

enough to liquefy a large proportion of the fills to form a thick zone (5–10 m thickness) of large 

excess pore water pressures. The liquefaction at depth generally causes some spikes in acceleration 

caused by soil dilation to propagate to the computed surface ground motions. 

Since system response effects can change for different intensities of shaking, the 13 

representative profiles at CentrePort are all analysed with six different intensities of shaking input at 

the base of the model (scaled to equivalent outcrop PGA values of 0.05g, 0.1g, 0.2g, 0.3g, 0.4g, and 

0.5g). To quantify the results, some damage index parameters are also computed. The following are 
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the key results for each of the reclamation sites relative to their observations during the Kaikōura 

earthquake: 

• TR: The seismic demand of the Kaikōura earthquake is estimated to be large enough to 

trigger substantial liquefaction-induced damage due to the combination of the low qc1Ncs 

values (60–80) and the thick fills forming a 5–10 m thick connected zone of large excess 

pore water pressures in the G-S-S fill. While the ESA generally capture the severe 

liquefaction damage observed during the Kaikōura earthquake for all three profiles, the 

TR3 site is estimated to have the greatest potential for ejecta manifestation due to 

liquefaction at shallower depths (5–10 m depth) in the G-S-S fill despite noticeably less 

ejecta in this reclamation zone as compared to the other TR sites. Note that significant 

liquefaction-induced damage is estimated to occur for all three TR sites if exposed to 

even larger seismic intensities, with TR1 profiles (southern end Thorndon) expected to 

perform the worst. 

• TR-S: Liquefaction is concentrated in the shallow, loose sand fills (qc1Ncs = 80–100) in the 

TR-S1 site, which likely contributed to the manifestation of sand ejecta at this site for the 

Kaikōura earthquake. In contrast, liquefaction occurs throughout the thick G-S-S fill in 

the TR-S2 site, likely contributing the observed gravelly ejecta observed for the Kaikōura 

earthquake. The reduced liquefaction severity in the Kaikōura earthquake for the TR-S3 

site is also captured in the ESA. The larger qc1Ncs values (> 100) and 7-m thick non-

liquefiable crust prevents the liquefied G-S-S fill at depth from manifestation at the 

ground surface. 

• OGR: Damage indices calculated based on the ESA are lower in the OGR sites as 

compared with the Thorndon reclamation profiles, indicating generally better liquefaction 

performance. The OGR-L site captures the severe liquefaction observed during the 

Kaikōura earthquake with liquefaction triggering in the ESA for shallow G-S-S layers 

(4.2–8.0 m depth) under the seismic demand of the Kaikōura earthquake due to the low 

qc1Ncs values of the fill (50–80). The lack of liquefaction manifestation in the OGR-NL 

profiles are also captured by the ESA since the liquefiable layers are characterized by the 

high qc1Ncs values (120–170) of the dense Wellington alluvium layers. The Kaikōura 

earthquake seismic demand is not large enough to trigger liquefaction in these dense 

layers, though some damage is expected to occur if exposed to larger seismic demands. 

• LY and AQ: ESA in the LY1 profiles, located in severe liquefaction in the Kaikōura 

earthquake, results in significant liquefaction due to the entire 4–5-m thick sand-silt fill 

with low qc1Ncs values (80–100) triggering liquefaction and forming a large zone of high 

pore water pressures. While a thick layer of liquefaction also forms in the G-S-S mixtures 

of the hydraulic fills in the AQ1 site, an 8-m thick crust layer that did not liquefy likely 

inhibited manifestation during the Kaikōura earthquake. Larger seismic demands are 

expected to reduce the thickness of non-liquefied crust in the AQ1 site. The remaining 

profiles in the hydraulic fills (LY2 and AQ2) all had no more than 1 m continuous 

thickness of liquefiable fill, so no large zone of liquefaction forms. Therefore, 

liquefaction is localized at certain depths, reflecting the reduced damage observed in these 

sites during the Kaikōura earthquake. 

This chapter illustrates the use of the CPT for liquefaction assessment using ESA as a viable 

means to investigate important mechanisms of the liquefaction response which are beyond the 

capacity of the simplified procedures, which only provides a pseudo-static factor of safety, including 
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the timing and onset of liquefaction and dynamic interaction between different layers. Comparison of 

well-established damage index calculations from the simplified methods and damage indices 

developed in this study as a potential means for quantifying the liquefaction performance of 

CentrePort from ESA show general agreement in the relative liquefaction performance between most 

of the sites across CentrePort, though ESA allows for certain response mechanisms to be better 

explained, including the source-layer of ejected soils manifesting in different areas of CentrePort.  

Discrepancies exist for one profile in the Thorndon reclamation and one profile in Aotea Quay. 

Results of the ESA for one profile were also found to be insensitive to some key modelling decisions, 

such as the choice of simplified profile or modelling of initial shear stiffness in PM4Sand, though 

further work is required for more conclusive findings. 

  



Chapter 10. Conclusions and Recommendations 

 

226 

10.1 Challenges in the Liquefaction Assessment of Reclaimed Soil 

This research sets out to advance the current understanding of liquefaction behaviour and 

analysis of reclaimed soils by scrutinizing the performance of existing liquefaction assessment 

methods when applied to the well-documented case history of CentrePort (Wellington, New Zealand). 

When applying existing liquefaction assessment methods to reclaimed soils, challenges primarily 

stem from the fact that current understanding of liquefaction is derived from laboratory tests on sandy 

soils, making it difficult to extrapolate the interpretation to reclaimed soils with complex composition 

and fabric (structure). Reclaimed fills can be comprised of gravel-sand-silt mixtures, as in the case of 

CentrePort, and the presence of gravel soils has been shown to significantly affect the liquefaction 

response through the effects of particle size and packing of the soil. As a result, well-graded gravel-

sand-silt (G-S-S) mixtures may show varying types of behaviour ranging from that of silty sand to 

that of clean gravel depending on the proportion and role of different fractions in the soil mixture. On 

the other hand, reclaimed hydraulic fills, such as those encountered at CentrePort, can be comprised 

of sands with varying fines content (FC) from 0% to 100%, and the nature of these fines with regards 

to their plasticity can range from non-plastic (PI = 0) to highly plastic (PI > 20%). Therefore, the 

CentrePort hydraulic fills may behave either sand-like or clay-like, and the response of these two soil 

types to cyclic loading can be substantially different. 

With the above challenges in mind, this study first examines the features of liquefied 

reclaimed fills in historically well-documented case studies. The liquefaction case histories of gravelly 

fills all have an important similarity in that they typically contain 30–80% fine-to-medium gravels and 

20–70% finer silty sand fractions (i.e., they are G-S-S mixtures). Compared to naturally deposited 

gravels, reclaimed gravelly deposits that liquefied in past earthquakes have relatively low penetration 

resistance, which reflects the effects of a low-energy depositional environment and lack of ageing 

effects due to their relatively recent construction and young age. With regards to historical case 

studies of reclaimed hydraulic fills, the typical fills are comprised of 50–95% fine sands with 5–50% 

non-plastic or low-plasticity fines. The depth, thickness, and proportion of loose sand and silty sand 

layers relative to non-liquefiable layers are key fill characteristics that discerns different severities of 

liquefaction manifestation. CentrePort was shown to also contain the same features as these historical 

case studies, making it appropriate for an in-depth scrutiny of the beforementioned issues as it is an 

extremely well-documented case history including recorded ground motions for several earthquakes 

within the port, detailed liquefaction observations, and comprehensive high-quality subsurface 
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investigations. Since the primary test data collected for CentrePort is the CPT, the focus in this study 

is on the applicability of CPT-based liquefaction assessment methods. 

Current liquefaction databases are dominated by case histories of sandy soils, and hence, 

empirical field-based test methods lack a robust database for liquefaction assessment of reclaimed 

gravelly soils or hydraulic fills. Therefore, this study applies the simplified CPT-based liquefaction 

evaluation procedure, developed primarily using case histories of naturally deposited sands and silty 

sands, to the reclaimed G-S-S mixtures and hydraulic fills of CentrePort. Their applicability to 

gravelly soils is based on the premise and evidence that the finer silty sand fraction, when exceeding 

30% in G-S-S mixtures, have a governing role in the soil matrix including the penetration resistance 

and liquefaction resistance of the fills. However, the empirical nature of the simplified procedures 

introduces significant challenges with the material and state characterization of reclaimed soils. 

Furthermore, gravels and plastic fines have a significant impact on the penetration resistance and on 

the evaluation of relative density, which are key parameters in the liquefaction assessment. Proper 

consideration of grain-size effects on the correlation between relative density and penetration 

resistance is not included in existing methods. 

An alternative approach to the simplified CPT-based liquefaction assessment is to use 

dynamic effective stress analysis, which can provide insights beyond the capability of simplified 

methods such as the timing, onset, and evolution of liquefaction, including dynamic interaction 

throughout the deposit. Such analyses require careful consideration in the definition of the numerical 

model, selection of a realistic input ground motion, and calibration of an appropriate constitutive 

model. No formal procedures have yet been established on conducting such complex analyses for 

non-standard soils such as reclaimed fills. Furthermore, it is unclear the exact added value such 

advanced analyses can provide in comparison to simplified liquefaction evaluation procedures for 

reclaimed soils. 

10.2 Applicability of the Simplified Liquefaction Evaluation Procedure to 

Reclaimed Soils 

Having identified the challenges in the liquefaction assessment of reclaimed soils, the focus 

of the study was first placed on applying and scrutinizing the applicability of the simplified 

liquefaction evaluation procedures to the reclaimed fills of CentrePort before performing subsequent 

advanced numerical analyses. Key findings regarding principal steps in the CPT-based simplified 

liquefaction assessment are summarized in the following subsections. 

10.2.1 Geotechnical Site Characterization 

The reclaimed land at CentrePort and wider area of the Wellington waterfront are a result of 

several construction efforts in which large volumes of soil were used, with different materials and 

construction methods resulting in different fill characteristics (i.e., thickness and depth of liquefiable 

reclamation fills). The documentation of the reclamation process is often poor from a modern 

engineering perspective, and as such, spatial variability cannot be readily identified from design 

documents and construction records. Therefore, it is important to first characterize the fills in detail 

using comprehensive field and laboratory investigations prior to performing liquefaction assessment. 

The first step in the characterization is to develop high-quality in-situ testing procedures that 

can be readily performed throughout the reclaimed land of interest. Provided it can be successfully 
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performed, the CPT is preferred as it provides a nearly continuous reading of the subsurface fills. 

These data can then be used to identify and characterize the different fill types and their geometry 

(depths and thicknesses over the area of interest). Following this, boreholes can be targeted at 

representative locations to collect soil samples of all key reclamation fill units for further index testing 

(grain-size distribution and Atterberg limits). Following in-situ and laboratory characterization of 

reclaimed fills, representative profiles capturing the variation in the subsurface reclaimed fill features 

should be developed. This allows for in-situ tests located in the same reclamation zone and within 

close proximity to other tests, often consisting of soil units at similar depths, thicknesses, and density 

states, to be grouped together and represented by a single profile. Subsequent liquefaction assessment 

can then be performed for the representative profiles to gain insights in the performance of key 

reclamation areas. 

10.2.2 Liquefaction Susceptibility 

There are two approaches for determining liquefaction susceptibility in the current state-of-

practice: from laboratory-based index testing (i.e., determining FC and PI), and based on CPT data 

and criterion (Ic < 2.6). The G-S-S fills in CentrePort (characterized mostly with Ic of about 2.0 and 

parts with 1.8–2.0) are comprised of 5–20% non-plastic fines and are generally considered susceptible 

to liquefaction by both criteria. The extensive CPT data and Ic < 2.6 criterion are used to capture 

pockets of non-liquefiable soils in these fills. In the hydraulic fills, comparisons between the CPT-

based and lab-based susceptibility criteria, with a focus on correlating Ic estimates from a CPT with 

lab-based estimates of FC and PI, showed general agreement in identifying the sand-silt 

(characterized by Ic = 2.0–2.4) hydraulic fills as liquefiable, and the silt-clay soil units (characterized 

by Ic = 2.9–3.2) as non-liquefiable. While a CPT-based criterion is practical for these two soil units, 

hydraulic fills can also contain several thick layers of these units that contain thinly interbedded 

portions of these two soil units, resulting in Ic values close to and hovering around 2.6, and FC and PI 

stretching across the non-liquefiable to liquefiable range. Sensitivity studies showed that varying the 

CPT-based susceptibility criteria from (Ic cut off between 2.5 and 2.7) has limited impact on the 

general outcomes of the overall liquefaction evaluation method. Therefore, capturing the 

susceptibility of these transitional soil units to great detail are not of primary importance in the 

application of simplified methods at CentrePort. Overall, the Ic = 2.6 criteria is sufficient for the 

investigated reclaimed soils. 

10.2.3 Liquefaction Triggering 

Results from the liquefaction triggering method for the Kaikōura earthquake, plotted against 

the conventional triggering charts of Boulanger and Idriss (2014), show low factors of safety (mostly 

FSL = 0.5–0.8), generally capturing the widespread damage observed throughout the port in this event. 

Critical layers for most CPT profiles have low qc1Ncs (45–100; predominantly 60–90), so there are no 

significant differences between various fill units with regards to the triggering assessment outcomes 

within the critical layers alone. However, key differences in the thicknesses and locations of the 

liquefied fills are better indicators of the liquefaction-induced damage and potential for manifestation 

at the ground surface. For example, the Thorndon reclamation profiles comprise of 6–18 m thick 

cumulative thickness of G-S-S fills estimated to trigger liquefaction, while the G-S-S fill in the older 

reclamation has much smaller estimated total liquefied thickness (1–4 m). In the hydraulic fills, the 
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different liquefaction performances are likely a result of the different deposit characteristics 

(i.e., variation in the depths and thicknesses of liquefied reclaimed soil units). The large thickness and 

shallow depth of sand-silt hydraulic fill estimated to liquefy is a key feature explaining the severe 

liquefaction-induced damage in parts of the Log Yard during the Kaikōura earthquake. In contrast, 

thinner and smaller proportion of liquefiable sand-silt fill is a key feature describing the western half 

of the Log Yard and Aotea Quay where less severe damage was observed. 

The procedure estimates no triggering of liquefaction for almost all the CPTs in CentrePort 

under the seismic demand of the Lake Grassmere earthquake. This is consistent with the lack of 

damage observed following this event. Therefore, the simplified triggering assessment is in general 

agreement with field observations for the higher and lowest seismic demands of the Kaikōura and 

Lake Grassmere earthquakes, respectively. In contrast, triggering of liquefaction is overestimated for 

over 80% of the CPTs under the seismic demand of the Cook Strait earthquake, which experienced 

none-to-minor damage (with some localized exceptions). The Cook Strait event produced a seismic 

demand relatively close to the liquefaction triggering thresholds for the fills, therefore the results are 

more sensitive to the accuracy of the simplified method in correctly estimating liquefaction triggering. 

The effects of material characterization through a single parameter (FC or Ic) on the 

subsequent correction of the measured tip resistance and computed FSL is flagged as a major source of 

uncertainty in the triggering assessment and is investigated through a sensitivity study of two 

commonly adopted CPT-based triggering procedures. The following key observations are made with 

regards to the two primary approaches for estimating FC: 

• User-defined FC based on laboratory data (Boulanger and Idriss, 2014): This is the 

preferred approach in the Boulanger and Idriss (2014) method if the FC values can be 

defined for each principal soil unit. Generalizing FC estimates throughout a fill composed 

of different soils could be problematic as it may result in unrealistic FC-based estimates 

for some parts of the deposit. For example, the sensitivity of the triggering FSL can be six 

times greater for denser sandy fills than loose sandy fill or G-S-S mixtures due to the 

calculation of FSL being more sensitive to qc1N corrections for the large qc1N values. 

• Estimating FC based on Ic data (Boulanger and Idriss, 2014): The use of either a generic 

or site-specific FC – Ic correlation in the Boulanger and Idriss (2014) method can change 

FSL calculations by up to 50% in loose fills (qc1N < 100) with Ic ≈ 2.0. However, it has 

negligible effects on denser fills due to the low Ic values (< 1.5) correspond to FC < 5% 

for the range of FC – Ic correlations considered. 

• Directly applying an Ic-based correction (Robertson and Wride, 1998b): The modelling 

uncertainty can result in up to 50% difference in the triggering FSL estimates as compared 

to Boulanger and Idriss (2014) due to interpretation of material effects. 

• In comparison to the sensitivity of FSL on the interpretation of material effects for a well-

defined layer over a limited depth, the sensitivity to PGA is two to three times larger. 

Hence, the seismic demand dominates the uncertainty in the calculation of FSL for a well-

defined layer. Note that the choice of material characterization can still dominate the 

uncertainty for associated damage index calculations beyond the triggering method. 

10.2.4 Evaluation of Liquefaction-Induced Settlement 

Following the triggering assessment, liquefaction-induced ground deformations are 

conventionally estimated using relationships based on laboratory tests on clean sand. The key issue 
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explored in this research with regards to settlement estimates is the effect of the uncertainty in 

estimating DR from CPT penetration resistance on the settlement estimates for G-S-S fills. Settlement 

estimates based on DR – qc1Ncs relationships developed for sands, as is the conventional approach, is 

compared with estimates using another well-established DR – qc1Ncs relationship developed for a wide 

range of soils including gravelly soils, for a seismic demand represented by the Kaikōura earthquake. 

While conventional sand-based relationships produce similar settlement estimates for sand-dominated 

profiles, they tend to slightly underestimate settlement for the G-S-S fill as compared to the observed 

settlements (i.e., the relationships derived for gravels performed slightly better). However, for G-S-S 

fill with relatively low qc1N values, as in the case of CentrePort, the associated settlement 

underestimation is relatively small since the estimated DR remains in the range of loose to medium 

dense soil. Hence, conventional CPT-based procedures using sand-based corrections generally 

provide reasonable settlement estimates for the loose CentrePort G-S-S fills that have a dominant silty 

sand fraction in the soil matrix, with some underestimation. However, it is important to note that the 

underestimation of settlements can be significant in the case of denser G-S-S fills. 

When comparing computed settlements with observations for multiple earthquakes, the 

simplified methods perform better for the Lake Grassmere and Kaikōura earthquakes, where 

liquefaction triggering results are generally in agreement with observed damage (with a slight 

underestimation in settlement for the Kaikōura earthquake). For the Cook Strait earthquake, the 

overestimation of liquefaction triggering results in an overestimation of settlements. Simplified 

evaluation of settlement therefore tends to perform reasonably well given the prior triggering 

assessment accurately depicts the occurrence of liquefaction in the reclaimed soils with the caveat that 

this outcome may change for denser fills. 

10.2.5 Estimates of Liquefaction Severity based on Calculated Damage Indices 

Calculation of damage indices (LPI and LSN) matched reasonably well with the general 

trends in the severity of damage observed for all three earthquakes across most of CentrePort. 

However, some key limitations in estimating the damage severity from damage index calculations are 

as follows: 

• The damage index values provide lesser degree of variation in the ground performance as 

compared to actual observations. In other words, the simplified assessment has difficulty 

in discriminating good from poor performance, with underestimation of damage in areas 

of poor performance, and overestimation of damage in areas of good performance. 

• Damage index calculations do not capture the irregular patterns of liquefaction 

manifestation and liquefaction severity. This is particularly noticeable in the old gravelly 

reclamation, where the observed damage ranged from areas of no liquefaction 

manifestation to severe. 

• The damage indices are not capable of discriminating between some subtle changes in the 

liquefaction severity. For example, damage index calculations are similar throughout the 

hydraulic fill reclamations in the Log Yard, thus not able to discriminate between the 

slightly different performances of the western (moderate damage) and eastern (severe 

damage) halves. 



Chapter 10. Conclusions and Recommendations 

 

231 

10.3 Findings on the Seismic Effective Stress Analysis of Reclaimed Soils 

An important feature of the effective stress analyses performed in this study is that 

liquefaction resistance in the advanced analyses matches the one derived from the semi-empirical 

triggering relationships used in the simplified liquefaction assessment procedure. Therefore, results 

from the CPT-based advanced analyses can be compared to the previously described performance and 

insights gained from the simplified liquefaction evaluation procedures. It is also important to perform 

dynamic analyses for different shaking intensities to capture the evolution of the dynamic response as 

the seismic demand changes. 

Results showed that liquefaction tends to first trigger in a weak layer of the fill (i.e., among 

the lowest qc1Ncs values in the profile). For seismic demands slightly above the threshold of 

liquefaction triggering, most of the weak fill layers liquefy, and the associated damage estimated from 

the analyses is dependent on the relative depth, thickness, and vertical continuity of liquefied soils. In 

profiles with relatively uniform weak layers over large thicknesses (e.g., Thorndon G-S-S fill and 

thick sand-silt fill in parts of the Log Yard), a thick zone of liquefaction develops and is associated 

with greater severity of estimated damage, which is generally in agreement with observations from the 

Kaikōura earthquake. In other areas of the CentrePort reclamation, fills of larger qc1Ncs values (such as 

in parts of the old gravelly reclamation), or liquefiable fills interbedded with non-liquefiable layers 

(such as in the hydraulic fills), either prevent liquefaction rapidly occurring over large thicknesses, or 

require very large seismic demands to trigger liquefaction. The analyses capture the reduced 

liquefaction damage in the Kaikōura earthquake for these areas, including differentiating between 

areas of severe liquefaction and no liquefaction manifestation in the old gravelly reclamation, and 

discriminating between the moderate and severe liquefaction manifestation in the Log Yard hydraulic 

fills. Overall, the dynamic effective stress analyses provide greater insight on the mechanisms of 

liquefaction, provides insights on important dynamic interactions within the deposit, and explains 

some of the discrepancies between the observed performance and simplified methods. The 

comparison of damage index calculations from the advanced and simplified approaches also reveals 

reasonable agreement in the relative liquefaction performance for most sites across CentrePort, with 

only some small discrepancies identified. 

10.4 Recommendations for Future Research 

This study illustrates the benefit of assessing the applicability of existing liquefaction 

assessment methods for a well-documented case study with comprehensive data collected despite the 

lack of representation in existing semi-empirical liquefaction databases. Therefore, for future 

liquefaction case histories in soils that are not well-represented in liquefaction databases, such as for 

reclaimed fills, emphasis should be placed on documenting liquefaction observations in detail and 

collecting comprehensive high-quality in-situ data to allow for the applicability of existing methods to 

be assessed. If a similar well-documented case history of reclaimed soils is available, it presents a 

valuable opportunity to expand on the work of this thesis. 

The overall major focus in this study is more weighted towards the G-S-S fills, with several 

gaps in better understanding the hydraulic fills. Some areas of further research related to the 

applicability of simplified methods to hydraulic fills can be researched, including the effects of 

plasticity on liquefaction resistance, penetration resistance, and DR – qc1Ncs relationships, and the 

applicability of existing methods for estimating settlements. There are currently ongoing efforts to 
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perform laboratory monotonic and cyclic triaxial tests on undisturbed samples of the hydraulic fills at 

CentrePort that are providing insightful preliminary results, which can expand on the work of this 

thesis. With regards to the applicability of the simplified methods for G-S-S mixtures, a recommended 

area of further study is in the simplified evaluation of liquefaction-induced settlements. There are two 

key relationships governing the estimate of settlements in the simplified approach, both of which are 

derived for sandy soils: v – DR and DR – qc1N (or qc1Ncs). This study explores the latter issue for G-S-S 

mixtures with the implicit assumption that sand-based v – DR relationships are applicable to 

reclaimed G-S-S mixtures despite there being no direct evidence of their appropriateness for G-S-S 

mixtures. Development of specific v – DR relationships for G-S-S mixtures with different 

characteristics will address this deficiency. Furthermore, in addition to the laboratory strength testing 

of the hydraulic fills, tests on reconstituted samples of CentrePort G-S-S are also ongoing. These tests 

can be used to supplement the study of this thesis by comparing the results to laboratory tests on 

sandy soils, laboratory tests on other reclaimed G-S-S fills (e.g., Masado gravels in Kobe Port Island), 

and interpretation from the simplified methods for liquefaction assessment. 

With regards to advanced dynamic effective stress analyses for liquefaction assessment of 

reclaimed soils, the following areas of improvement and further research are recommended: 

• This study used deconvolution of recorded surface ground motion from one site to define 

the input ground motion for the analyses. This could be further expanded through the use 

of deconvolved motions from other sites, or deconvolved motions from other earthquake 

events (i.e., Cook Strait and Lake Grassmere earthquakes), to account for the relatively 

large variability in ground motion characteristics. 

• An alternative approach for calibration of constitutive models for liquefiable layers is to 

use data from abovementioned cyclic laboratory tests. This can facilitate comparison of 

the different approaches for constitutive model calibration: (i) calibrated to the CPT-based 

triggering curves, (ii) calibrated to laboratory tests of other similar soils (e.g., Masado 

gravels), (iii) calibrated to results of cyclic strength tests on CentrePort soils. Such a study 

can be used to identify key advantages of each approach and make additional 

recommendations on the appropriate use of these methods in practice. 

• Although shallow layers with high Ic values are modelled as non-liquefiable, there is no 

consideration of cyclic softening of clay-like layers and its effects on the overall response 

of the profiles. This might be a particularly important issue in the hydraulic fills where 

profiles can be dominated by clay-like layers. Therefore the analyses can be repeated 

using sophisticated constitutive models capable of capturing the soft, non-liquefiable 

layers, such as PM4Silt (Boulanger and Ziotopoulou, 2018). 

• This study focused on analyses with liquefiable layers modelled using PM4Sand since the 

use of the Stress-Density Model in FLAC is currently in the final stages of verification. 

Comparison of these results with the Stress-Density Model can provide an opportunity to 

quantify epistemic uncertainty, and such a study should be carried out once the Stress-

Density model is implemented in FLAC with all model verifications completed. 

• The present study should be followed by 2D analyses of cross-sections and important 

structures to provide further insights on the liquefaction performance and soil-structure 

interaction of key buildings and infrastructure at CentrePort. 
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APPENDIX A. SPATIALLY DISTRIBUTED STANDARD DEVIATION 

OF PGA AT CENTREPORT 

 

Figure A.1: Conditional standard deviation values of PGA predicted in and around CentrePort for the 

2013 Cook Strait earthquake. 

 

 

Figure A.2: Conditional standard deviation values of PGA predicted in and around CentrePort for the 

2013 Lake Grassmere earthquake.  



 

 

APPENDIX B. SIMPLIFIED LIQUEFACTION ASSESSMENT OF 

CENTREPORT CPT, DPT AND VS DATA 

Electronic Supplement 1 (appended at the end of the thesis) summarize results when applying 

the simplified liquefaction evaluation methodology described in Section 5.2.1 to all 71 CPTs 

considered for free-field liquefaction assessment. Results of the triggering, settlement, and damage 

index calculations are shown for all three earthquakes considered in the study (2016 Kaikōura, 2013 

Cook Strait, and 2013 Lake Grassmere earthquakes). 

 

  



 

 

APPENDIX C. SENSITIVITY OF THE CPT LIQUEFACTION 

ASSESSMENT TO SLEEVE FRICTION DEPTH CORRECTION 

Introduction and Overview 

The cone penetration test (CPT) is an in-situ test which provides near-continuous readings of 

the cone tip resistance (qc) and sleeve friction resistance (fs) measured using strain gauge load cells at 

the tip and sleeve of the cone, respectively. Both qc and fs are used in geotechnical characterization, 

using soil classification charts (Robertson, 2009b), and liquefaction triggering assessment (Robertson 

and Wride, 1998b, Robertson, 2009a). 

However, when performing CPTs, data acquisition systems often record the cone tip and 

sleeve friction resistances at the same time. At any point in time, there is a physical difference in the 

depth between the cone tip and friction sleeve locations (usually 8–10 cm for a standard 10 cm2 cone). 

Therefore, the recorded values of qc and fs, and hence the inferred soil classification and liquefaction 

analysis, are incorrect unless a depth offset correction is applied. Moreover, while fs is a measure of 

the average stress of soil in direct contact with the sleeve gauge, qc is influenced by a zone of soil 

below and above the cone tip. The extent of the zone of soil contributing to the measured qc is a 

function of several factors such as cone diameter, soil rigidity, and soil stratigraphy (Teh and Houlsby, 

1991). Therefore, it is difficult to ascertain the true depth correction. There are currently two methods 

for correcting the depth offset between qc and fs readings: 

1. Based on the physical distance between the tip of the cone to the mid-point of the friction 

sleeve (Schmertmann, 1978, Campanella et al., 1983). 

2. Adopting a statistical technique called the cross-correlation function (CCF) (Jaksa et al., 

2000, Jaksa et al., 2002). 

In this Appendix, the several high-quality CPTs performed in the CentrePort reclaimed fill are 

used to investigate the applicability of these two methods, followed by a parametric study on the 

sensitivity of soil characterization and liquefaction assessment parameters to the two fs depth offset 

correction methods. 

Cross-Correlation Function (CCF) 

The CCF is a measure of the similarity of two data series (e.g., qc and fs) as a function of a 

shift applied to one of them (Box et al., 2015). This method allows qc and fs to be compared at each 

possible depth correction value to determine at which positions there are strong correlations. Consider 

qc and fs as a discrete data series with measurements at each depth, denoted as qc,i and fs,i, as shown in 

Equations (C.1a) and (C.1b), respectively. 

 

𝑞𝑐 = 𝑞𝑐,1, 𝑞𝑐,2, 𝑞𝑐,3, … , 𝑞𝑐,𝑛       (C.1a) 

𝑓𝑠 = 𝑓𝑠,1, 𝑓𝑠,2, 𝑓𝑠,3, … , 𝑓𝑠,𝑛       (C.1b) 

 

The cross-covariance coefficients between qc and fs at lag k (denoted as 𝑐𝑞𝑐𝑓𝑠
), and between fs 

and qc at lag k (denoted as 𝑐𝑓𝑠𝑞𝑐
), are given by Equations (C.2a) and (C.2b), respectively. 

 



 

 

𝑐𝑞𝑐𝑓𝑠
(𝑘) = 𝐸[(𝑞𝑐,𝑖 − 𝑞𝑐̅̅̅)(𝑓𝑠,𝑖+𝑘 − 𝑓�̅�)]      (C.2a) 

𝑐𝑓𝑠𝑞𝑐
(𝑘) = 𝐸[(𝑓𝑠,𝑖 − 𝑓�̅�)(𝑞𝑐,𝑖+𝑘 − 𝑞𝑐̅̅̅)]      (C.2b) 

 

Here, 𝑞𝑐̅̅̅ and 𝑓�̅�  denote the means of qc and fs, respectively. For a discrete-depth process 

applied to CPT data, k is either a positive or negative integer. Since the CCF exhibits conjugate 

symmetry (i.e., 𝑐𝑞𝑐𝑓𝑠
(𝑘) = 𝑐𝑓𝑠𝑞𝑐

(−𝑘)), shifting qc by -k yields the same cross-covariance coefficient 

as shifting fs by +k. This means only 𝑐𝑞𝑐𝑓𝑠
 needs to be determined by shifting fs data relative to qc for 

k = 0, ±1, ±2, etc. Since the true 𝑐𝑞𝑐𝑓𝑠
 is estimated by means of a sample population, the sample cross-

covariance coefficient at lag k, denoted 𝑐𝑞𝑐𝑓𝑠

∗ , is given in Equation (C.3). 

 

𝑐𝑞𝑐𝑓𝑠

∗ (𝑘) = {

1

𝑛
∑ (𝑞𝑐,𝑖 − 𝑞𝑐̅̅̅)(𝑓𝑠,𝑖+𝑘 − 𝑓�̅�);  𝑘 ≥ 0𝑛−𝑘

𝑖=1

1

𝑛
∑ (𝑓𝑠,𝑖 − 𝑓�̅�)(𝑞𝑐,𝑖−𝑘 − 𝑞𝑐̅̅̅)𝑛+𝑘

𝑖=1 ;  𝑘 < 0
    (C.3) 

 

The estimate of the sample cross-correlation coefficient at lag k, denoted 𝑟𝑞𝑐𝑓𝑠
, which ranges 

from -1 to 1, is defined in Equation (C.4). 

 

𝑟𝑞𝑐𝑓𝑠
(𝑘) =

𝑐𝑞𝑐𝑓𝑠
∗ (𝑘)

𝑠𝑞𝑐𝑠𝑓𝑠

        (C.4) 

 

Here, 𝑠𝑞𝑐
= √𝑐𝑞𝑐𝑞𝑐

∗ (𝑘 = 0) and 𝑠𝑓𝑠
= √𝑐𝑓𝑠𝑓𝑠

∗ (𝑘 = 0) are the sample standard deviations of qc 

and fs, respectively. When applying the CCF technique for CPTs, a 𝑟𝑞𝑐𝑓𝑠
 – k relationship is commonly 

plotted, and the value of k which results in the highest 𝑟𝑞𝑐𝑓𝑠
 value, herein denoted kCCF, is the 

calculated fs depth correction. An example of the CCF technique applied to qc and fs data from a CPT 

is shown in Figure C.1. 

The formulation in this paper is the same as both the crosscorr function in MATLABTM and 

the one applied in CPeT-IT version 3.6.1.5 (Geologismiki, 2020), a software commonly used for 

processing and interpreting CPT data. For depths associated with measured qc values, a positive k 

implies that all measured fs should be shifted to a shallower depth, so it aligns with depth where qc is 

measured. Only peaks in 𝑟𝑞𝑐𝑓𝑠
 for k > 0 are considered in this study since only an upwards shift in the 

fs measurement are appropriate. For the example shown in Figure C.1, the fs depth correction can be 

either kCCF = 11 cm, based on the CCF technique, or 13 cm based on the physical distance from the tip 

of the 15 cm2 cone to the mid-point of the friction sleeve. 

 



 

 

 

Figure C.1: Cross-correlation function applied on qc and fs data from a CPT to determine the fs depth 

correction, kCCF. The inset shows a schematic representation of the qc and fs measurements with the 

two possible fs depth correction methods. 

Issues in the CCF for CPTs 

An important assumption in applying the CCF is the two datasets are stationary. In other 

words, this method assumes the mean and standard deviation of qc and fs are constant with depth. 

However, this assumption is seldom true for CPT data for two main reasons: 

1. qc and fs values are different for different soil behaviour types (Robertson, 2016). 

Therefore, the average qc and fs values for inhomogeneous profiles are not constant with 

depth. 

2. It is well understood that penetration resistance increases with in-situ vertical effective 

stress, which in turn increases with depth. Even for a homogeneous profile (i.e., constant 

density state, soil composition, fabric, overconsolidation ratio and ageing), the CPT 

readings are depth dependent. 

The above issues pertaining to the theoretical basis of the CCF question its applicability for 

CPT sleeve friction depth correction. Indeed, Jaksa et al. (2000) and Jaksa et al. (2002) showed 

several cases where the CCF did not produce reliable estimates of the fs shift. While several reasons 

for such results were shown, such as data measurements which were negative, zero or beyond the 

limits of the measuring apparatus, the theoretical issues outlined above were not addressed. 

Furthermore, studies have shown that fs data, used in the application of the CCF, is generally the least 

reliable of all the CPT measurements as it shows the most variation in repeated testing (Tigglemann 

and Beukema, 2008, Lunne, 2010). Recorded fs values are even more unreliable for gravelly soils 

because larger gravel-sized particles can roll around the sleeve causing damage to the sleeve friction 

gauge by overloading the sensor (Mitchell et al., 2010). As a result, the shift in fs calculated by the 

CCF can vary considerably. 

Accordingly, there are issues to consider before using the CCF approach to estimate the depth 

offset between qc and fs readings. As it is used in engineering practice, the potential implications of 

using the CCF approach should be investigated. It is often assumed that the commonly observed slight 



 

 

differences in the two depth correction methods make little difference in the overall profile 

interpretation, with only significant changes in friction ratio, Fr (= fs/qc) and with little impact on soil 

behaviour index parameters (Robertson, 2018). However, no parametric studies have yet been 

published investigating the effects of different fs shift distances on soil classification and liquefaction 

analysis. This paper attempts to fill this gap using a well-documented case study. 

Test Data for Investigation 

The study presented in this Appendix utilizes data from the reclaimed land at CentrePort. 

Readers are referred to the main body for background on CentrePort (CHAPTER 3), summary of the 

damage observed during the 2016 Kaikōura earthquake, and the subsequent site investigation program 

conducted (CHAPTER 4). The site investigation consisted of performing 121 CPTs using 10 cm2 and 

15 cm2 I-cones with physical distances between the cone tip and the midpoint of the friction sleeve of 

10 cm and 13 cm, respectively. Despite pre-collaring (with casing) the top 3 m of the compacted crust 

layer before beginning the CPT to maximize penetration depth, early refusal was still encountered 

during several of the tests in the gravelly fill. In 20 of the tests where early refusal at depths less than 

~10 m occurred, the CPT casing was extended beyond the refusal depth and cone testing was then 

continued. However, Jaksa et al. (2000) and Jaksa et al. (2002) demonstrated, with several examples, 

that advancing the CPT in two stages lead to elastic rebound of the soil (which was termed as the 

“rebound phenomenon”), which can cause issues in the application of the CCF. While this issue is 

generally worse for clays than it is for gravels, and while there are methods to dealing with such 

issues, these 20 CPTs are not considered in this study to avoid problems in the application of the CCF. 

The remaining 101 CPTs, and the ground motion recorded during the Kaikōura earthquake at the 

CPLB strong motion station, are considered in this Appendix. 

Application of the CCF 

Negative qc and fs readings and values beyond the limits of the apparatus are first removed 

before applying the CCF technique to determine kCCF for each of the 101 CPTs. In this study, kCCF 

values in the range of 6–20 cm is considered reasonable (Jaksa et al., 2000, Jaksa et al., 2002). In 

general, a clear peak in 𝑟𝑞𝑐𝑓𝑠
 at a reasonable value of kCCF is calculated for deeper profiles which 

encounter several soil layers. An example CCF of such a case is shown in Figure C.1, for which the 

associated qc and fs profiles are shown in Figure C.2a and Figure C.2b, respectively. In contrast, either 

a poor correlation (i.e., low values of 𝑟𝑞𝑐𝑓𝑠
) or a peak in 𝑟𝑞𝑐𝑓𝑠

 at an unreasonable value of kCCF is 

usually calculated for shallower profiles which terminate within the fill, such as for the qc and fs 

profiles shown in Figure C.2c and Figure C.2d, respectively (associated CCF shown in Figure C.3 as a 

red line). This suggests the CCF performs better for layered deposits rather than homogeneous 

profiles, which has also been suggested by Mitchell et al. (2010). 

 



 

 

 

Figure C.2: Profiles of raw qc and fs data where (a, b) kCCF = 11 cm is calculated in a layered CPT 

profile, and (c, d) kCCF = 0 cm is calculated in a homogeneous CPT profile. 

 

The 101 CPTs are then grouped into five different categories based on how well-defined the 

peak values of 𝑟𝑞𝑐𝑓𝑠
 are, and whether the associated kCCF values are reasonable. CPTs with a relatively 

well-defined peak in 𝑟𝑞𝑐𝑓𝑠
 are categorized into group A. CPTs with a moderately-well-defined peak in 

𝑟𝑞𝑐𝑓𝑠
 is categorized into group B. Finally, CPTs with poor or no clear peak in 𝑟𝑞𝑐𝑓𝑠

 is categorized into 

group C. CPTs in categories A and B are further subdivided based on the kCCF value. CPTs are 

categorized as A1 or B1 if kCCF is considered reasonable (6–20 cm), and A2 or B2 if kCCF is 

considered unreasonable. Examples of typical CCFs for each of the five categories are illustrated in 

Figure C.3. The example CPT profile in Figure C.2a and Figure C.2b is in category A1 with the 

associated CCF shown as a black line in Figure C.3, and the example CPT profile in Figure C.2c and 

Figure C.2d is in category A2 with the associated CCF shown as a red line in Figure C.3. Table C.1 

summarizes typical values and variation in kCCF for CPTs in all five categories. 

For CPTs in categories A1 and A2, the presence of a well-defined peak in 𝑟𝑞𝑐𝑓𝑠
 makes the 

choice of kCCF straightforward, as shown by the examples in Figure C.3. However, in the case of A1, 

the choice of kCCF are reasonable values (7–17 cm), whereas in the case of A2, the kCCF are not 

reasonable (0–5 cm). For CPTs in categories B1 and B2, the CCF peak is not as well-defined (though 

it can still exist), so there is subjectivity in the choice of kCCF. In the B1 example in Figure C.3, a 

relatively good correlation in the CCF is calculated for fs depth corrections between 10 cm and 30 cm, 

with no well-defined peak like the A1 and A2 categories. A local maximum in 𝑟𝑞𝑐𝑓𝑠
 at a reasonable 

value of kCCF is chosen for the B1 example in Figure C.3. CPTs in the B2 category generally have 

kCCF = 0. CPTs in category C have no clear peak in the CCF, and hence no value of kCCF can be 

determined. 

The 62 CPTs in categories A1 and B1 generally resulted in kCCF values -1 cm to 2 cm greater 

than the physical separation distance (10 cm or 13 cm). Use of a depth correction slightly greater than 

the physical distance separating the cone tip and friction sleeve is consistent with cavity expansion 

theory (Vesić, 1972, Teh and Houlsby, 1991). Values of kCCF less than the physical separation 



 

 

distance has also been found in some cases by Jaksa et al. (2000), Jaksa et al. (2002) and Mitchell et al. 

(2010), suggesting that the centroid of the failure region associated with qc (illustrated in the inset of 

Figure C.1) can be above the probe tip. 

 

 

Figure C.3: Example CCFs for the five CPT categories. 

 

Table C.1: Statistics of kCCF based on the CCF for different CPT categories. 

Category No. of CPTs Mean kCCF (cm) Std. kCCF (cm) Range of kCCF (cm) 

A1 40 11.9 2.6 7 to 17 

A2 21 1.3 2.0 0 to 5 

B1 22 11.6 2.9 6 to 17 

B2 12 0.0 0.0 0 to 0 

C 6 N/A N/A N/A 

 

The physical distance separating the cone tip and friction sleeve is the only basis for the fs 

depth offset correction for the CPTs in categories A2, B2, and C, because a reasonable kCCF is not 

calculated for these CPTs. The fs depth correction for CPTs in categories A1 and B1 can be either 

based on the physical distance separating the cone tip and sleeve (10 cm or 13 cm) or kCCF (6–17 cm). 

The sensitivity of characterization and liquefaction assessment parameters on the two possible fs depth 

correction methods for the CPTs in categories A1 and B1 are the subject of the subsequent section. 

Sensitivity Study 

Soil Classification Parameters 

15 CPTs in categories A1 and B1 either terminated due to a shallow gravel layer, or the pre-

drill depth was too deep and possibly missed shallow liquefiable layers. Therefore, such CPTs are 



 

 

omitted herein as they aren’t considered for the liquefaction analysis. For the remaining 47 CPTs in 

categories A1 and B1, a parametric study is presented where the sensitivity of calculated soil 

classification and liquefaction analysis parameters on the two fs depth correction methods 

(i.e., physical offset distance and kCCF) are investigated. 

For all 47 CPTs, the normalized friction ratio (Fr), cone tip resistance corrected for 

overburden stress (Qtn), and soil behaviour type index (Ic) are calculated at each depth using both fs 

depth offset correction methods. The absolute difference at each depth using the two fs correction 

methods, denoted |Fr|, |Qtn| and |Ic|, are averaged over the entire CPT profile and plotted against 

the absolute difference in the two fs depth correction values, |fs
shift| (= |kCCF – physical separation 

distance|), in Figures 4a, 4b and 4c, respectively. |Fr|, |Qtn| and |Ic| as a percentage of the value 

obtained using the physical distance fs depth correction (Fr
Phy, Qtn

Phys and Ic
Phys) are also averaged over 

the deposit and plotted against |fs
shift| in Figure C.4d, Figure C.4e and Figure C.4f, respectively. 

 

 

Figure C.4: Sensitivity studies on 47 CPTs showing the average absolute difference in (a) Fr, (b) Qtn 

and (c) Ic at each depth as a function of |fs
shift|. The associated average absolute differences are shown 

as a percentage on (d), (e) and (f), respectively. 

 

In Figure C.4, the average change in all three parameters (|Fr|, |Qtn| and |Ic|) increase for 

larger |fs
shift|. The average |Fr| can be as large as 100% for a CPT profile (Figure C.4d), whereas Qtn 

and Ic are not as strongly linked to fs, and therefore the changes in these parameters are relatively 

smaller. Qtn (Figure C.4e) is weakly linked to fs, resulting in average changes of < 2% even for |fs
shift| 

as large as 6. Ic (Figure C.4f) is slightly more sensitive to changes in fs, though not as sensitive as Fr. 



 

 

Average changes in Ic can be as large as 0.12, particularly for larger |fs
shift| values, which is associated 

with approximately 6% change in Ic. 

The larger values of |Fr|, |Qtn| and |Ic| in Figure C.4 are generally for CPTs in gravelly fill 

which have several spikes in qc and fs readings reflective of the cone interaction with larger gravel 

particles. To illustrate the effects of these spikes on the sensitivity of soil classification, the Ic profile 

for a CPT within gravelly fill (CPT020), with a relatively large |Ic| (≈ 4%) value as annotated in 

Figure C.4c and Figure C.4f, is shown in Figure C.5a. The spikes in qc and fs creates spikes in the Ic as 

well. Therefore, for the different fs depth correction values, the positions of the spikes are offset by a 

few centimetres which results in the large |Ic| at each depth. However, actual CPT data, such as the Ic 

profile in Figure C.5a, is often not used for rigorous characterization of soil deposits and certain 

aspects of liquefaction assessment (e.g., identification of critical soil layers). Simplified soil profiles 

with distinct soil layers are instead required. While several methods to develop simplified soil profiles 

using CPT measurements are available, this paper applies the algorithm developed by Ntritsos and 

Cubrinovski (2020). The resulting simplified Ic profiles are shown in Figure C.5b. 

 

 

Figure C.5: CPT020 profile of (a) actual Ic, (b) layered Ic, (c) actual Qtncs, and (d) layered Qtncs data 

using fs depth corrections based on the physical separation (black line) and the CCF (red line) for 

reclaimed gravelly fill. 

 

Despite the change in Ic at each depth being > 5% on average (Figure C.4f), the change in the 

average values of Ic for a particular soil layer in the simplified profile is largely < 2%. Similar results 

are observed when applying the Ntritsos and Cubrinovski (2020) algorithm to the Ic profiles of the 

remaining 46 CPTs. Therefore, while large differences in soil classification parameters can be 

observed at a particular depth, the average Ic values within soil layers are not sensitive to the choice of 

fs depth correction. 



 

 

Liquefaction Triggering Parameters 

This subsection investigates how the small differences in soil classification for the 47 CPTs 

affect the liquefaction triggering analysis by investigating the sensitivity of liquefaction triggering 

results on the two possible depth correction methods. Liquefaction triggering is evaluated for the 

seismic demand of the Kaikōura earthquake (Mw7.8 and PGA = 0.25g) using the Robertson and Wride 

(1998b) CPT-based procedure with the Robertson (2009a) update. In this method, the penetration 

resistance is first normalized by overburden pressure to obtain Qtn which is then corrected to a clean-

sand equivalent cone tip resistance (Qtncs) using Ic calculated from the CPT. The resulting Qtncs value is 

then empirically correlated to liquefaction resistance. Therefore, studying the effects of different fs 

depth offset correction on Qtncs incorporates the combined effects of Qtn and Ic on the triggering results. 

The absolute difference between Qtncs obtained using both methods is calculated for each 

depth, denoted |Qtncs|, and then averaged over the entire profile. This is plotted against |fs
shift| in 

Figure C.6a for all 47 CPTs, while Figure C.6d shows the same data as a percentage of the value 

calculated using the physical distance fs depth correction (Qtncs
Phys). Like in Figure C.4, |Qtncs| tends 

to increase as |fs
shift| increases. The average change in Qtncs values due to the different fs depth 

correction methods can be generally as high as 5 to 15%, which is significantly larger than for Qtn and 

Ic (Figure C.4e and Figure C.4f). 

Like in Figure C.4, the largest values of |Qtncs| shown in Figure C.6a and Figure C.6d are for 

CPTs in gravelly fill with several spikes in qc and fs. As shown by the CPT profile of Qtncs in 

Figure C.5c (same CPT as Figure C.5a), which has a relatively large |Qtncs| (≈ 13%) value as 

annotated in Figure C.6a and Figure C.6d, the spikes in qc and fs also creates spikes in the calculated 

Qtncs. Again, these spikes are offset by a few centimetres for the different fs depth correction values, 

resulting in large |Qtncs| of approximately 12. In contrast, profiles of hydraulic fill which do not 

exhibit such spikes in the CPT readings generally have |Qtncs| < 10%. When applying the Ntritsos 

and Cubrinovski (2020) algorithm, the change in the average values of Qtncs for a particular soil layer 

in the simplified profile reduces to < 5%, as shown in Figure C.5d. Hence, despite the change at each 

individual depth reading potentially being as large as 5 to 15% (typically), there is a much smaller 

change in the average Qtncs values within a soil layer. 

To better understand the cumulative-depth effect of these changes to liquefaction triggering 

results, the sensitivity of two damage indices on the two fs depth correction methods are also 

investigated. Damage indices considered in this study are the Cumulative Liquefied Thickness (CLT), 

which is the total thickness of the deposit where liquefaction is estimated to trigger, and Liquefaction 

Potential Index (LPI) (Iwasaki et al., 1981). The difference between the CLT calculated using the kCCF 

correction and the physical separation correction, denoted CLT, is shown in Figure C.6b, and 

reproduced in Figure C.6e as a percentage difference. The difference between the LPI calculated 

using the kCCF correction and the physical separation correction, denoted LPI, is shown in 

Figure C.6c, and reproduced in Figure C.6f as a percentage difference. 

With the exception of one CPT, CLT and LPI change by less than 20 cm and 0.4, respectively, 

which is associated with < 5% change. Both the absolute and relative changes for CLT and LPI are 

small suggesting little sensitivity of these parameters to the fs depth correction methods. The one CPT 

with > 5% |CLT| and |LPI| has very low base values of CLT and LPI of 1.6 m and 5, respectively, 

so the overall calculated damage index is still expected to remain at the same (minor) level. 

 



 

 

 

Figure C.6: Sensitivity studies on 47 CPTs showing (a) the average absolute difference in Qtncs at each 

depth, (b) difference in CLT and (c) difference in LPI as a function of |fs
shift|. The associated 

differences are shown as a percentage on (d), (e) and (f), respectively. 

 

Results from the sensitivity study have shown that even when the fs depth offset correction 

differs by as much as 6 cm, the soil classification and liquefaction triggering results are not 

significantly affected for a given soil layer. Therefore, it is recommended that a method that can be 

consistently applied across all CPTs be used. As reasonable fs depth corrections using the CCF 

technique could not be calculated for 40% of the 101 CPTs at this site, the physical vertical distance 

separating the cone tip and midpoint of the friction sleeve should be used when applying the fs depth 

offset correction to achieve consistency. 

Final Conclusions 

The applicability of the CCF for 101 CPTs are first assessed for the reclaimed gravelly and 

hydraulic fills of CentrePort. The CCF produces reasonable shift distances (6–20 cm) for only 60% of 

the profiles. The CCF shift distances are generally -1 to 2 cm greater than the physical distance from 

the tip of the cone to the mid-point of the friction sleeve for these cases. The remaining 40% of the 

CPTs either have no clear cross-correlation peaks or have a peak at an unreasonable fs shift distance 

(0–5 cm), and therefore the physical distance separating the cone tip and sleeve is the only basis for 

applying the fs depth correction. 



 

 

47 CPTs with reasonable CCF depth corrections are then used to investigate the sensitivity of 

key soil classification and liquefaction triggering assessment parameters based on two possible fs 

depth correction methods (i.e., physical distance between the cone tip and sleeve, or the CCF). While 

there can be a significant change to calculated parameters, such as Fr, Ic and Qtncs, at a particular depth, 

the average values for given soil layers change by < 5%. In liquefaction triggering assessment, small 

differences in the calculated damage indices such as CLT and LPI do not cause changes to the 

outcomes of the assessment. A consistent fs depth correction method that can be consistently applied 

across all CPTs should be used. Therefore, the depth offset correction should be made using the 

physical distance separating the cone tip and the midpoint of the friction sleeve. 

 

  



 

 

APPENDIX D. COMPARISON OF THE BOULANGER AND IDRISS 

(2014) CLEAN-SAND EQUIVALENT CORRECTION METHODS 

The sensitivity study of Section 6.2 highlights an important feature of the Boulanger and 

Idriss (2014) (BI14) method in that the clean-sand equivalent correction (qc1N) is dependent on the 

correction method applied (choice of FC, as a user-defined input, or CFC, to correlate FC with Ic), 

which then produces different CRRB estimates. This section compares the three different methods for 

the qc1N correction in the BI14 method (i.e., user-defined FC, site-specific FC – Ic correlation with 

CFC = -0.28, and generic FC – Ic correlation with CFC = 0). Since a key conclusion from the sensitivity 

study of Section 6.2 is that applying a single FC value throughout depth is inappropriate for a 

heterogeneous profile, comparisons are made for specific soil layers with consistent traces of qc and Ic 

and for which soil samples from adjacent boreholes have been collected and tested to obtain 

representative FC values for the layers. Figure D.1 shows profiles of qc, Ic and qc1N for three selected 

layers in CentrePort containing G-S-S mixtures alongside the qc1N corrections and resulting qc1Ncs 

traces. The depth and FC values of soil samples collected at an adjacent borehole is indicated in the qc 

profile. All three layers have Ic values of approximately 2.0, with some variation in qc1N and FC. 

When focusing on the FC-based corrections only (black lines in Figure D.1), CPT001 and 

CPTA2-01 (Figure D.1a and Figure D.1b, respectively) have a large correction of qc1N ≈ 20 for 

FC = 15%, while CPTA2-03 (Figure D.1c) has essentially no correction for the lower FC = 6%. 

Hence, the lower qc1N values of CPT001 (30–50) compared to CPTA2-03 (50–100) are compensated 

by the larger qc1N correction in CPT001, such that two profiles have similar FC-based qc1Ncs 

estimates. Despite CPTA2-01 having both the largest qc1N values and FC-based qc1N correction 

(FC =15%), the resulting estimated FC-based qc1Ncs values are essentially indiscriminable compared to 

the other two layers. These results show that for low-density fills of qc1N values, the overall sensitivity 

of qc1Ncs to the range of laboratory-based FC estimates in the G-S-S fills is very minor. 

The Ic-based qc1N correction (red and blue lines in Figure D.1) can yield either higher or 

lower qc1N values than the FC-based correction (black lines in Figure D.1) depending on the choice 

of the site-specific (CFC = -0.28) or generic (CFC = 0) correlation. The site-specific correlations are by 

and large estimating little corrections to qc1N. In contrast, the highest estimates of qc1N, and therefore 

the highest qc1Ncs values, are obtained using the generic correlation with CFC = 0 for all three layers. 

Corrections of qc1N by up to 60 are significantly higher than those estimated by the site-specific 

correlation and FC-based interpretation. For example, the generic correlation yields qc1N ≈ 40 at 8.5–

9 m depth in CPTA2-03 (Figure D.1c), which appears unrealistically high for a base qc1N value of 

approximately 50, and lab-based FC estimate of 6%. Such a correction is unconservative and 

highlights the issue in using a generic correlation for the G-S-S fills of CentrePort, which does not 

reflect well the characteristics of a particular soil layer. 

 



 

 

 

Figure D.1: Traces of cone tip resistance (qc), soil behaviour type index (Ic), tip resistance corrected 

for overburden pressure (qc1N), and clean-sand equivalent cone tip resistance (qc1Ncs) using BI14 

material correction methods for G-S-S layers with FC values from soil samples collected at boreholes 

near (a) CPT001, (b) CPTA2-01 and (c) CPTA2-03. 

 

  



 

 

APPENDIX E. THIN NON-LIQUEFIABLE LAYERS INTERBEDDED 

BETWEEN LIQUEFIABLE LAYERS IN FLAC 

The effective stress analyses (ESA) performed in this study models non-liquefiable layers to 

not generate excess pore water pressures. Therefore, it is expected that effective stresses do not reduce 

significantly apart from a slight reduction due to water inflow caused by liquefaction of nearby layers 

(though this seepage-induced increase in water pressures should not be significant due to the low 

permeabilities in the models). However, FLAC calculates water flow at grid points and then computes 

the pore pressure for an element by taking the average of the corner grid points. This means that a 

non-liquefiable layer that is only one-element thick sandwiched between a liquefied element above 

and below use pore water pressures corresponding to liquefaction, irrespective of the zone 

permeability (the relevant excerpt from the Itasca (2016) Fluid-Mechanical Interaction manual for 

FLAC explaining this technique is shown in Figure E.1). While modelling non-liquefiable soils with 

total stress conditions using an elastic or Mohr-Coulomb model mitigates this problem, this unrealistic 

increase in pore water pressures due to grid point averaging of surrounding liquefied layers may cause 

issues when using more advanced stress-dependent models (e.g., PM4Silt). 

To investigate whether the effects of this artificial increase in pore water pressure can be 

minimized by using multiple non-liquefiable elements, instead of one, to “average out” the pore water 

pressure readings, four simple 1D analyses are performed on a 7 m profile shown in Figure E.2. The 

profile consists of two PM4Sand elements from 0 m to 2 m and three from 3 m to 6 m (modelled 

using qc1Ncs = 70 and model parameters according to method 1 in Table 8.2), a non-liquefiable layer 

from 2 m to 3 m modelled as an elastic layer (layer properties are  = 1400 kg/m3, K = 75 MPa, and 

Vs = 230 m/s), and an elastic base layer from 6 m to 7 m ( = 1700 kg/m3, K = 585 MPa, and Vs = 400 

m/s). All four analyses are performed with the same material properties but dividing the number of 

elastic elements at 2–3 m depth to one, two (2–2.5 m and 2.5–3 m depths), three (2–2.3 m, 2.3–2.7 m, 

and 2.7–3 m depths), and four (2–2.25 m, 2.25–2.5 m, 2.5–2.75 m, and 2.75–3 m depths). The input 

ground motion is a modified (deconvolved and amplified) version from the SHLC strong motion 

station recording during the 22 February 2011 Christchurch earthquake (Bradley and Cubrinovski, 

2011), which is used instead of the motions at Wellington since the duration of strong ground motion 

is significantly shorter (24 seconds). Figure E.2 plots the pore water pressures at different times for 

each of the four analyses, with a fifth profile of the maximum shear strain from each analysis also 

shown. 

Results show that when only one non-liquefiable elastic element is used at 2–3 m depth, the 

pore water pressure is taken as the average between the PM4Sand elements above and below. 

However, when the number of elastic elements increase, only the bottom-most element (adjacent to 

the PM4Sand element with high pore water pressures) develop some excess pore water pressures, 

while the remaining elements do not. When three or four elastic elements are used, the top elements 

have approximately hydrostatic pore water pressures (the desired response), while only the bottom-

most element has some excess pressures develop. Therefore, to minimize the effects of the artificial 

increase in water pressures in non-liquefiable layers interbedded between two liquefiable layers, each 

thin non-liquefiable soil layer needs to be sub-divided to at least three layers. 

 



 

 

 

 

 

Figure E.1: Excerpt from the Itasca (2016) Fluid-Mechanical Interaction manual for FLAC, 

highlighting the parts relevant for the thin-layer problem. 

 



 

 

 

Figure E.2. Pore water pressures (PWP) at 0, 7, and 24 seconds when using (a) one, (b) two, (c) three, 

and (d) four non-liquefiable elastic elements at 2–3 m depth, and (e) a profile of the resulting 

maximum shear strain computed in each analysis. 

  



 

 

APPENDIX F. ON THE COMPARISON OF CONSTITUTIVE MODELS 

The objective of this section is to illustrate whether the two advanced constitutive models 

considered in this study, implemented in two different numerical modelling programs, have similar 

capability in simulating liquefaction behaviour. This study considers one-dimensional (1D) dynamic 

effective stress analysis (ESA) performed using the Stress-Density Model in DIANA-J and PM4Sand 

in FLAC. For background of the model and its features, readers are referred to Sections 2.6 and 8.5.1 

(along with the associated references mentioned in these sections), and for background on the 

numerical modelling technique and ground motions used in the analyses, readers are referred to 

Sections 8.3 and 8.4.3. 

Firstly, the key parameters in the two models are calibrated to match one another as closely as 

possible, so as to minimize the differences in behaviour of the two models. Hence, any differences in 

the ESA results using these two models should be due to nuances associated with implementation of 

1D ESA in the two numerical modelling programs, except for the cases of known differences in the 

modelling governing equations. 

Like the analyses presented in Chapter 9, the two models are calibrated as closely as possible 

for a given CPT penetration resistance (qc1Ncs). There are three primary features of the two models 

considered for calibration. First is the definition of the soil initial state relative to the critical state line 

(CSL; see Section 2.2.2 for description of the critical state concept). The CSL is defined in different 

ways for the two models. The Stress-Density Model defines CSL explicitly in the e – p’ plane based 

on laboratory test results of Toyoura Sand, whereas PM4Sand defines the CSL in the DR – p’ space 

using the dilatancy relationship of Bolton (1986), calibrated to laboratory test results on sands. The 

relationships to estimate e and DR for the Stress-Density Model and PM4Sand are shown in 

Equations (F.1) and (F.2), respectively. 

 

𝑒 = 0.931 − 0.315(1 + 𝑒−0.128(𝑞𝑐1𝑁𝑐𝑠)+18.8)
−0.142

    (F.1) 

 

𝐷𝑅 = 46.5 (
𝑞𝑐1𝑁𝑐𝑠

0.9
)

0.264

− 106.3       (F.2) 

 

Since both models have been calibrated to laboratory tests on sands (albeit different types of 

sands), Equations (F.1) and (F.2) result in similar initial state conditions, since the user has control 

over the position of the CSL in each model. To illustrate this similarity, for a given qc1Ncs value, e (in 

the case of the Stress-Density Model) or DR (in the case of PM4Sand) is calculated and converted to 

the state parameter, , which defines the state of the soil relative to the CSL. The result for qc1Ncs 

values between 50 and 170 is shown in Figure F.1. The default critical state line in the Stress-Density 

Model, defined by Ntritsos and Cubrinovski (2020) for general sands, and the default CSL in 

PM4Sand, defined by Boulanger and Ziotopoulou (2017), result in similar descriptions of the initial 

state of the soil relative to its CSL. 

 



 

 

 

Figure F.1: State parameter for the Stress-Density Model (denoted SDm) and PM4Sand for the 

relationships adopted in Equations (F.1) and (F.2), respectively. 

 

The second component for calibration is the small-strain behaviour. The Stress-Density 

Model adopts Equation (F.3), whereas PM4Sand adopts Equation (F.4). 

 

𝐺𝑒 = 𝐴𝑝𝐴
(2.17−𝑒)2

1+𝑒
(

𝑝

𝑝𝐴
)

𝑛
       (F.3) 

 

𝐺𝑒 = 𝐺𝑜𝑝𝐴 (
𝑝

𝑝𝐴
)

0.5
        (F.4) 

 

To equate these two and obtain similar small-strain response, the Stress-Density Model adopts 

n = 0.5. One can see that these two equations can now be combined with no pressure-dependency to 

form Equation (F.5). 

 

𝐺𝑜 = 𝐴
(2.17−𝑒)2

1+𝑒
         (F.5) 

 

Therefore, for a given value of A in the Stress-Density Model (310 according to Table 8.3), 

the small strain stiffness in PM4Sand can be calibrated to be the same as the Stress-Density Model 

based on the value of e adopted from Equation (F.1). 

Finally, and most importantly for liquefaction problems, the two models must exhibit similar 

liquefaction strengths. This is usually shown by expressing the Liquefaction Resistance Curves (LRCs) 

attained by the calibrated models, for the range of qc1Ncs values of interest. For consistency with the 

simplified liquefaction triggering analysis, the target LRCs are defined for a given qc1Ncs and effective 

stress consistent with the Boulanger and Idriss (2014) triggering model, estimated using the approach 

described in Cubrinovski et al. (2019b). The ability of the model to accurately simulate the target 

LRCs, and (for the sake of comparison) to each other, is demonstrated by the results from a series of 



 

 

element test simulations (ETS) summarized in Figure F.2. The calibration process in this study is a 

similar process to that of Appendix H. The resulting calibrated hpo values can be calculated from 

Equation (F.6). 

 

ℎ𝑝𝑜 = 1.48 − 0.025(𝑞𝑐1𝑁𝑐𝑠) + 0.000104(𝑞𝑐1𝑁𝑐𝑠)2    (F.6) 

 

The results from this calibration (Figure F.2) are different from that of the analysis in the 

main body of the thesis, as illustrated by the calibrated LRCs presented in Figure 8.22c. The primary 

reason for this difference is that the ETS in Figure 8.22c are performed for Ko = 0.5, whereas all 

analyses in this Appendix are for Ko = 1.0. 

 

 

Figure F.2: Matching the liquefaction resistance curves of the Stress-Density Model and PM4Sand to 

each other, and to the target curves from Boulanger and Idriss (2014). The blue and green symbols are 

results of the simulations for the models calibrated in this Appendix (Ko = 1.0), whereas the red 

symbols are for the simulations with Ko = 0.5. 

 

The 1D soil columns analysed herein is for three idealised homogeneous profiles with a 

constant qc1Ncs value between 0 m and 19 m depth, over a base elastic layer of 1 m thickness where 

ground motion is inputted. Three profiles are considered, each with qc1Ncs values of 50, 100, and 140, 

representing loose, medium dense, and dense liquefiable deposits. The associated definitions of e, DR, 

Go, and hpo for the two calibrated models, as a function of the three qc1Ncs values considered in the 

analyses, are summarized in Table F.4. The soil column in each model is discretized into elements of 

0.6 m thickness to be consistent with the analysis methodology in the main body of this thesis (see 

Section 8.3), resulting in approximately 32 elements in the top 19 m of the models. Note, however, 

that all 32 elements of a given profile are modelled in the same way. The analyses are performed 

using the ground motion shown in Figure 8.19 scaled to different amplitudes (equivalent outcrop 

PGA = 0.1g and 0.4g). 

 



 

 

Table F.1: Input parameters for the Stress-Density Model (e) and PM4Sand (DR, Go, and hpo). 

qc1Ncs e DR Go hpo 

50 0.877 28% 276 0.54 

100 0.797 55% 325 0.12 

140 0.666 70% 421 0.16 

 

Results of the analyses for a select element in all three models are presented in Figure F.3 and 

Figure F.4 for input equivalent outcrop PGA values of 0.1g and 0.4g, respectively, showing both the 

stress-strain curves (first row) and effective stress paths (second row). Both analyses estimate no 

liquefaction triggering in the PGA = 0.1g analyses but triggering to occur in the PGA = 0.4g analyses. 

Furthermore, the levels of strain are generally similar between the analyses, for both the analyses that 

did not liquefy and the ones that did. There are three key points of differences observed: 

1. There are some permanent strain drifts observed in the FLAC analyses using PM4Sand. 

However, such drifts are not considered to influence the analysis (Armstrong, 2021), 

therefore they can be ignored when comparing with the results from the Stress-Density 

Model. 

2. The PM4Sand model tends to exhibit significantly greater soil dilation than the Stress-

Density Model when entering cyclic mobility, for the analyses with lower densities 

(qc1Ncs = 50). The difference in soil dilation of the two models are acknowledged in 

Section 9.2.2. 

3. Unlike in PM4Sand, the Stress-Density Model induces a slight increase in the effective 

stresses for very low amplitude strains (i.e., well below the liquefaction triggering 

threshold). This is particularly pronounced for analyses with larger qc1Ncs values 

(e.g., 140). This is arguable not reflecting typical response of the fills and is a deficiency 

in the current version of the model. 

Despite the above discrepancies, both models adequately capture the most important aspect in 

modelling for liquefaction problems, which is the liquefaction strength for a given soil initial state 

(i.e., qc1Ncs). Both analyses result in the elements liquefying rapidly given sufficient demand and 

developing only some excess pore water pressures if not completely liquefied due to the lower 

demands. 

 



 

 

 

Figure F.3: Stress-strain curves (top row) and effective stress paths (bottom row) of the Stress-Density 

Model (black lines) and PM4Sand (red lines) for the analyses with input equivalent outcrop 

PGA = 0.1g: (a) qc1Ncs = 50, (b) qc1Ncs = 100, and (c) qc1Ncs = 140. 

 

 

 

Figure F.4: Stress-strain curves (top row) and effective stress paths (bottom row) of the Stress-Density 

Model (black lines) and PM4Sand (red lines) for the analyses with input equivalent outcrop 

PGA = 0.4g: (a) qc1Ncs = 50, (b) qc1Ncs = 100, and (c) qc1Ncs = 140. 

 

  



 

 

APPENDIX G. SUPPLEMENTARY RESULTS FROM ANALYSES OF 

DECONVOLVED MOTIONS AT STRONG MOTION STATION SITES 

Electronic Supplement 2 (appended at the end of the thesis) summarize figures of the 

residuals of key ground motion intensity measures and spectral acceleration from the forward total-

stress analyses at all strong motion station (SMS) sites in the Thorndon basin. In each of the figures, 

the text in the top-left specifies the earthquake motion for which deconvolution is performed 

(Kaikōura, Cook Strait, and Lake Grassmere) and the brackets indicate the direction of the motion (00 

denotes north-south; 90 denote east-west). The SMS site labelled in the bottom-left of each figure 

specifies the site at which forward analyses are plotted (CPLB, PIPS, TFSS, VUWS, WEMS, or 

POTS). 

 

  



 

 

APPENDIX H. CALIBRATION OF THE CONTRACTION RATE 

PARAMETER IN PM4SAND 

The process for developing a relationship between the contraction rate parameter (hpo), clean-

sand equivalent cone penetration resistance (qc1Ncs), and the shear modulus coefficient (Go) was as 

follows: 

1. A series of element test simulations (ETS) were performed for qc1Ncs values ranging 

between 50 and 140, in increments of 10, which are converted to relative density (DR) in 

the model using the equation provided in Table 8.2. 

2. An attempt was first made to develop a relationship between hpo and qc1Ncs (or DR) for a 

fixed Go = 1000. For each qc1Ncs considered, the ETS were performed using several hpo 

values to produce a range of responses. A summary of the ETS results for all qc1Ncs and hpo 

values considered are provided in Figures H.1 to H.11. 

3. The results are presented in panel (d) as equivalent liquefaction resistance curves (LRCs), 

which define the number of cycles to 5% double amplitude strain (Nc) plotted against the 

stress load (CSR). The LRCs from the simulations were compared to the target LRCs 

defined for the given qc1Ncs value in the Boulanger and Idriss (2014) triggering model, 

estimated using the approach described in Cubrinovski et al. (2019b). The hpo value which 

had the best fit to the target LRCs were then chosen for each qc1Ncs value (the chosen 

values stated in the figure captions). Figure H.12 plots the chosen hpo value against qc1Ncs. 

4. A reasonably well-fitted line shown in Figure H.12 is used to develop an hpo – qc1Ncs 

relationship for Go = 1000. 

5. As shown in Table 8.2, the actual value of Go in the calibration is not fixed. Therefore, 

Steps 1–4 are repeated for three additional Go values. The hpo values that best fit the target 

LRCs for all qc1Ncs and Go combinations are summarized in Figure H.13. 

6. As evident in the figures, hpo appears to be a linear function of Go for a given qc1Ncs, 

though the gradient of the relationship is a function of qc1Ncs. Thus, a straight line is 

approximated for each hpo – Go relationship (for given qc1Ncs values), with the gradients of 

the approximated lines summarized in Figure H.14. 

7. Therefore, the final set of equations for estimating hpo for given qc1Ncs and Go, calibrated 

to match the Boulanger and Idriss (2014) CPT-based simplified liquefaction triggering 

method, are shown in Equations (H.1)–(H.3). 

ℎ𝑝𝑜,𝐺𝑜=1000 = 6.0941 − 0.1351(𝑞𝑐1𝑁𝑐𝑠) +
1.0344

103
(𝑞𝑐1𝑁𝑐𝑠)2 −

2.6127

106
(𝑞𝑐1𝑁𝑐𝑠)3 (H.1) 

 
∆ℎ𝑝𝑜

∆𝐺𝑜
=

47(𝑞𝑐1𝑁𝑐𝑠)−4778

4×106 ≤ −1.37 × 10−4      (H.2) 

 

ℎ𝑝𝑜 = ℎ𝑝𝑜,𝐺𝑜=1000 −
∆ℎ𝑝𝑜

∆𝐺𝑜
(𝐺𝑜 − 1000)      (H.3) 

 



 

 

 

Figure H.1: Element simulation for qc1Ncs = 50 and Go = 1000 for select hpo values. The best fit to the 

target curves from Boulanger and Idriss (2014) is achieved for hpo = 1.60. 

 

 

Figure H.2: Element simulation for qc1Ncs = 60 and Go = 1000 for select hpo values. The best fit to the 

target curves from Boulanger and Idriss (2014) is achieved for hpo = 1.15. 

 



 

 

 

Figure H.3: Element simulation for qc1Ncs = 70 and Go = 1000 for select hpo values. The best fit to the 

target curves from Boulanger and Idriss (2014) is achieved for hpo = 0.80. 

 

 

Figure H.4: Element simulation for qc1Ncs = 80 and Go = 1000 for select hpo values. The best fit to the 

target curves from Boulanger and Idriss (2014) is achieved for hpo = 0.60. 

 



 

 

 

Figure H.5: Element simulation for qc1Ncs = 90 and Go = 1000 for select hpo values. The best fit to the 

target curves from Boulanger and Idriss (2014) is achieved for hpo = 0.35. 

 

 

Figure H.6: Element simulation for qc1Ncs = 100 and Go = 1000 for select hpo values. The best fit to the 

target curves from Boulanger and Idriss (2014) is achieved for hpo = 0.35. 

 



 

 

 

Figure H.7: Element simulation for qc1Ncs = 110 and Go = 1000 for select hpo values. The best fit to the 

target curves from Boulanger and Idriss (2014) is achieved for hpo = 0.30. 

 

 

Figure H.8: Element simulation for qc1Ncs = 120 and Go = 1000 for select hpo values. The best fit to the 

target curves from Boulanger and Idriss (2014) is achieved for hpo = 0.25. 

 



 

 

 

Figure H.9: Element simulation for qc1Ncs = 130 and Go = 1000 for select hpo values. The best fit to the 

target curves from Boulanger and Idriss (2014) is achieved for hpo = 0.25. 

 

 

Figure H.10: Element simulation for qc1Ncs = 140 and Go = 1000 for select hpo values. The best fit to 

the target curves from Boulanger and Idriss (2014) is achieved for hpo = 0.30. 

 



 

 

 

Figure H.11: Element simulation for qc1Ncs = 140 and Go = 1000 for select hpo values. The best fit to 

the target curves from Boulanger and Idriss (2014) is achieved for hpo = 0.30. 

 

 

Figure H.12: Plot of chosen hpo values for each qc1Ncs element simulations (Go = 1000) with fitted line. 

 



 

 

 

Figure H.13: Distribution of fitted hpo values for varying qc1Ncs and Go input values. 

 

 

Figure H.14: Gradients of the hpo – Go relationship as a function of qc1Ncs. 
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