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Abstract 

Soft-sediment deformation structures caused by pre-historic earthquakes were discovered in volcanic-

ash (tephra) units preserved as discrete layers within soft, organic lake sediments in the Hamilton 

lowlands, North Island, New Zealand. Complementing a broader paleoliquefaction project that involves 

geological and seismological perspectives as well, this PhD research was focused on a geotechnical 

approach in analysing the paleoliquefaction features in the tephra layers across multiple 20 cal-ka-aged 

lakes in the Hamilton lowlands. Aiming to back-analyse pre-historic earthquakes that might have caused 

the palaeoliquefaction features, this thesis also had to address literature and knowledge gaps related to 

cyclic undrained behaviour and liquefaction resistance of pumiceous silts and sand-silt mixtures. Thus, 

the scope of this research covered the following objectives: (1) analyses of the geotechnical properties 

of the tephras of interest in order to define their liquefaction susceptibility, (2) investigation of the 

undrained monotonic and cyclic behaviour of a pumiceous silt (Tuhua silt, from lacustrine Tuhua tephra 

aged 7.6 cal ka) in order to fill knowledge gaps related to potential particle crushing affecting undrained 

cyclic behaviour as well as liquefaction resistance in pumiceous silts, (3) identification of the potential 

threshold of pumice content and/or fines content, at which pumiceous sand-silt mixtures (internal beds 

from lacustrine Mamaku tephra aged 8.0 cal ka) become crushable, and finally (4) developing a 

framework, that extends laboratory obtained liquefaction resistance ratios of three different beds of one 

of the tephras of interest, that provided enough volume for cyclic undrained triaxial testing (Mamaku 

tephra), into the rest of the tephras across the studied lakes (that only provided small volumes for 

sampling). The last objective assisted in reaching the main aim of this thesis which was to obtain the 

equivalent triggering earthquake parameters, i.e., peak ground acceleration, amax and earthquake 

magnitude, M for the tephras across the lakes, based on their estimated liquefaction resistances. It was 

found that the tephras in the lakes are pumiceous and liquefiable within the grain-size range: silts to 

sandy silts to silty sands. The results from undrained triaxial testing on the pumiceous silt showed that 

no particle crushing occurred and that the silty material behaved closer to the typical trends established 

for hard-grained soils than to those associated with pumiceous sands. Furthermore, the undrained cyclic 

triaxial testing program on three different beds, one silt and two silty sands, from one of the tephras of 

interest (Mamaku tephra), suggested a fines threshold below which begin to crush during cyclic triaxial 

testing to be somewhere between 31% and 20%. Empirical correlations used to estimate earthquake 

parameters from liquefaction resistance that are derived for hard-grained soils were, thus, considered 

reasonable for application to the pumiceous materials considered in the current study. The final results 

of this study showed that the tephra layers across the lakes were very sensitive and vulnerable to 

liquefaction at very low peak ground accelerations, i.e. amax ranging from 0.02 to 0.08 g within the range 

of magnitudes, M = 5 to 8.5. The high vulnerability to liquefaction across all the Mamaku tephra layers 

in the Hamilton lowlands (~13 lakes) was considered to be the result of the very low in-situ overburden 

stresses, consequence of their shallow burial depths in the lake environment, as well as the relatively 

low liquefaction resistance in situ. The results presented in this dissertation, (1) supply valuable 

information about the liquefaction potential of pre-historically liquefied tephra layers, assisting local 

paleoliquefaction studies in the Hamilton lowlands area, (2) explore the possibility of applying 

laboratory-based liquefaction resistance analysis in paleoliquefaction studies, and (3) contribute to 

better understanding of the undrained behaviour and liquefaction resistance of pumiceous sand-silt 

mixtures. 
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Roman symbols  

amax  maximum ground acceleration 

Ac  angular coefficient  

Ar  aspect ratio 

D50   median grain size 

D10   grain size at 10% passing 

D90   grain size at 90% passing 

Dr   relative density 

Dr,i   initial relative density  

Dr,c  consolidated relative density  

e   void ratio 

ec  consolidated void ratio 

ei  initial void ratio 

ein-situ  in-situ void ratio 

emax   maximum void ratio 

emin   minimum void ratio 

ess  void ratio at the steady state line  

 f   loading frequency 

FC   fines content 

FSL  factor of safety against liquefaction  

Gs   specific gravity 

Ko  lateral stress coefficient 

M  earthquake magnitude 

NA,pumice number of points over pumiceous particles in SEM images 
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NCL   number of cycles to liquefaction 

p’   mean effective stress 

PC   pumice content 

qdev   deviator stress 
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rd  stress reduction coefficient 
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u  pore pressure 
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σc’   effective consolidation pressure 

σv’  effective vertical stress 

εda   double amplitude axial strain 
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ρdry  in-situ dry density  

ρsat  in-situ saturated density  

ρp  particle density  

ρwater  density of water 
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CPT  cone penetration test 

CRR   cyclic resistance ratio 

CSL   critical state line 

CSR   cyclic stress ratio 
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EPWP   excess pore water pressure 

PI  plasticity index 

SD  standard deviation 

SEM  scanning electron microscope 

SSDS  soft sediment deformation structures 

SPT  standard penetration test  

MSF  magnitude scaling factor  



 
 

 

 

 

 

1. Chapter 1. Introduction  

1.1. Previous research and motivation  

Paleoliquefaction studies are a branch of paleoseismology that focuses on analysing soft-

sediment deformation structures preserved in geological deposits caused by earthquake-

induced liquefaction (Tuttle et al. 2019). For regions where the recorded seismic case studies 

are poor, as well as regions where active faults might be difficult to identify, paleoliquefaction 

studies provide insight into pre-historical earthquakes, and help scientists understand fault 

zones and seismic sources better as well as minimize uncertainties in seismic hazard 

assessments (Obermeier 1998; Saucier 1991; Tuttle et al. 2002). Lacustrine environments have 

been studied in the context of paleoliquefaction before, as the calm nature of the lakes provides 

good geological preservation of past sediment disturbances (Ghazoui et al. 2019; Gladkov et 

al. 2016; Monecke et al. 2007; Rodríguez-López et al. 2007; Rodríguez-Pascua et al. 2010; 

Shilts and Clague 1992; Üner 2014; Vardanyan et al. 2018).  

Very recently, in southern New Zealand, the 2010-2011 Canterbury earthquake sequence 

created extensive scientific data in the paleoliquefaction area as it was found that a system of 

crustal faults, some of which did not rupture the surface, produced the earthquakes (Villamor 

et al. 2016). Considering the lessons learned from the Canterbury earthquakes, which redefined 

the seismic hazard of the Canterbury region (Van Dissen et al. 2021), as well as the relatively 

short seismic catalogue of New Zealand, other regions in the country, such as the Hamilton 

lowlands and the Waikato area became a subject of interest for seismic geologists. In fact, the 

primary recommendation of the Royal Commission (2012) into the Canterbury earthquakes 

was that research should be continued into the location of active faults in population centres in 

New Zealand (additional to Christchurch), and that areas of low to moderate seismicity be 

examined to discover if hidden active faults lie under or near major cities to provide realistic 

assessments of earthquake hazards and risks. 

In 2015, newly discovered faults (Moon and Lange 2017) within the Hamilton lowlands 

(also known as the Hamilton Basin) and the subsequent identification of liquefaction features 

within the 20,000 calendar-year-old volcanogenic alluvial sediments infilling the lowlands in 
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part (Hinuera Formation), the latter indicating that at least one earthquake had probably taken 

place within the past 20,000 years to generate the liquefaction structures (Kleyburg et al. 2015), 

led to a re-evaluation of an earlier study of pumiceous volcanic-ash (tephra) layers preserved 

in lake sediments in the Hamilton lowlands (Lowe 1988). Tephra deposits are the explosively-

erupted, unconsolidated, pyroclastic (fragmental) products of a volcanic eruption of any grain 

size or composition (Lowe 2011). They include volcanic ash, which is used both as a technical 

term for grain size (particles < 2 mm in diameter) in volcanological studies and also more 

broadly as a term encompassing fine grained pyroclastic material. In his previous 

tephrochronology studies, Lowe (1988) documented structural deformation features (voids, 

ash-filled ‘cracks’) in some tephra-fall layers (mainly comprising volcanic ash) preserved in 

lake sediments in the Hamilton lowlands cored in the late 1970s to mid-1980s. An earlier 

tentative hypothesis was that the deformation features may have been the result of bioturbation 

(Lowe 1988). A possible seismic origin, although considered, was disregarded because there 

were no known active faults in the Hamilton Basin at that time (David J. Lowe, person 

communication 2024). A similar reasoning (lack of known active faults) was applied to the 

interpretation of liquefaction structures observed within the fine alluvium of the Hinuera 

Formation (Hume et al. 1975), which were instead explained at that time by sedimentary 

mechanisms (Cam S. Nelson, personal communication 2023). However, the “bioturbation” 

hypothesis was subsequently discarded because the so-called ‘burrows’ did not have rounded 

ends. Another hypothesis, that the deformation features represented desiccation features, was 

also discounted because paleolimnological evidence shows that the lakes had never dried out 

(Green 1979; Green and Lowe 1985, 1994, 2024). Hence it was realized that the deformation 

features, for which the term ‘tephra seismites’ was created, must represent the effect of shaking 

because of seismic activity on one or more nearby faults, either within the Hamilton Basin or 

in the adjacent Hauraki Basin/lowlands (or elsewhere) (Persaud et al., 2016). Moreover, the 

deformation structures have been found in multiple locations (lakes) with similar geological 

and ground water settings, and so seismically induced liquefaction was considered the most 

probable cause to explain the deformations (Fig. 1.1).  

A multidisciplinary project that analysed the paleoliquefaction features in the tephra 

layers across the lakes in the Hamilton lowlands was thus initiated and included (1) a spatial 

and temporal analysis of the deformation features as well as (2) a geotechnical approach to 

study the liquefaction potential of the tephra materials. The presented PhD thesis focuses on 

the latter aspect, and studies the tephras from a geotechnical point of view in order to estimate 

file:///C:/Users/DCHA/Downloads/tephra-seismites.com
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the potential pre-historic earthquakes (i.e. amax and M) that might have caused the seismically-

induced deformation structures. The deformation structures were described in meticulous detail 

by Kluger et al. (2023), where their seismic origin was confirmed as most likely, after 

considering all other possible causes. (Kluger et al. 2023, see Appendix D). 

 

Fig.  1.1 (Left) Map showing how lakes are scattered amidst the newly-identified faults in the 

Hamilton lowlands (after Moon and de Lange, 2017; Kluger et al., 2023). (Right) Photograph 

of a lake sediment core and the stratigraphy and ages of the main tephra layers (mainly pale 

layers in the dark organic sediment) in Lake Rotoroa (Hamilton Lake). Photo of core by D.A. 

Speirs; stratigraphy/ages (in calendar [cal] years ago) after Lowe (2024) 

Please note that where ages are reported in the thesis, they are usually reported in calendar 

or calibrated (cal) years before present (BP), ‘present’ in the radiocarbon (14C) timescale being 

1950 AD/CE. Sometimes the abbreviation, ka, is used – meaning x1000 years.  

The next section of this chapter (1.2) presents a review of the key aspects from the 

literature that helped (1) identify the research gaps that need to be addressed and overcome, (2) 

establish the research objectives that will fill the research gaps, and (3) define the main aim of 

the thesis after identifying existing methodologies that would be most applicable and 

appropriate to use. The literature review starts by defining the liquefaction phenomenon, as 
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well as presenting the most common (laboratory and in situ) methods for liquefaction triggering 

assessment. It then continues into summarizing the methodologies and tools used in 

geotechnical paleoliquefaction studies, in order to back-estimate pre-historic earthquake 

parameters. Finally, the addition of an overview of published research and findings related to 

soil mixtures containing pumiceous particles, funnels this introductory chapter into the main 

research aim and research objective section - 1.3. Pumiceous particles are volcanically-derived, 

vesicular, lightweight glassy particles of grain-sizes varying between gravel (lapilli), sand 

(coarse to medium volcanic-ash), and fines (fine ash) (White, J.D.L. and Houghton, 2006). 

They are characterized by rough texture, high angularity, and in general higher potential to 

crushing than hard-grained (e.g. quartzitic) particles. 

1.2. Liquefaction 

1.2.1. Liquefaction definitions  

The term liquefaction has been used in reference to a variety of failure mechanisms in soils. 

The first liquefaction phenomena definition was described in the early research and work of 

Casagrande and his student, Castro, about soils and their unique behaviour characteristic to 

change volume when sheared (Castro 1969, 1975). Note that throughout the thesis, the term 

‘soil’ is used in the broad engineering sense (e.g., see Holtz 1969) rather than pedological sense 

(e.g., see (Hewitt et al. 2021). The research following the two devastating earthquakes of 1964 

(M = 9.2 in Alaska, USA and M = 7.5 in Niigata, Japan) that caused earthquake-induced 

liquefaction failures (Ishihara and Koga 1981; Seed and Idriss 1971), however emphasized the 

need for a technical understanding between liquefaction definitions related to soil failure. 

Today, the scientific and engineering community recognizes two main definitions of 

liquefaction, i.e., flow liquefaction and cyclic liquefaction (Ishihara 1993; Kramer 1996; 

Robertson et al. 2000). Flow liquefaction can be triggered by both monotonic and cyclic 

loading and is characterized with strain-softening response in undrained loading when the in-

situ shear stress is greater than the undrained shear strength. Cyclic liquefaction, also 

commonly referred to as seismic liquefaction, is exclusively triggered by cyclic loading and is 

characterized with pore water pressure build-up leading to effective stress reversal to zero. 

1.2.2. Liquefaction susceptibility analysis 

The liquefaction potential analysis starts with a liquefaction susceptibility analysis. It has long 

been recognized that relatively “clean” sandy soils, with few fines, are potentially vulnerable 
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to seismically-induced liquefaction (Seed et al. 2003). Today the susceptibility of a soil to 

liquefaction can be evaluated using a combination of different sets of criteria, such as historic, 

geologic, compositional and state criteria (Kramer 1996).  

Historical criteria are a simple consideration of whether or not the type of soil in 

consideration has liquefied in the past (Youd 1984). One way that this can be evaluated is via 

documented case histories and physical evidence of previous liquefaction manifestations such 

as sand boils or mud spouts on ground.  

The geological setting, i.e., depositional and hydrological environment, as well as the 

age of the deposit have all been found to contribute to the liquefaction susceptibility of a soil 

deposit and are typically considered in the geological liquefaction susceptibility criteria (Youd 

and Hoose 1977; Youd and Perkins 1978). 

The state set of criteria refers to the initial state of the soil by means of its initial void 

ratio and effective consolidation stress in relation to the critical state line, CSL values (Been 

and Jefferies 1985). The state parameter, ψ, that describes the initial state of a soil sample is 

defined as the difference between a given void ratio, e, and the corresponding void ratio of the 

critical or steady state line, ess, for the effective consolidation stress of interest, and it 

incorporates the combined effect of both the void ratio and the effective consolidation stress. 

Positive values of the state parameter indicate a loose and contractive soil, susceptible to 

liquefaction, whereas negative values indicate a dense and dilative soil, susceptible to cyclic 

mobility - a failure mechanism where the applied shear stress is not greater than the shear 

strength of the material, meaning stress reversal and zero effective stress is not reached.  

The compositional set of criteria, that consider physical soil properties, such as particle 

shape, fines content, gradation, and plasticity are the most thoroughly investigated and updated 

and thus most commonly used for evaluating liquefaction susceptibility today. For example, 

round particle soils are known to densify more easily than soils with angular grains, and so 

they are considered more susceptible to liquefaction (Kramer, 1996). Furthermore, poorly 

graded soils have been considered to be less compact than well-graded ones and thus 

considered of a more liquefying nature (Fig. 1.2) (Japanese Technical standards, 2020). The 

most conclusive method for analysing liquefaction susceptibility today, however, is the one 

based on the plasticity of the fines portion of the soil mixture. In this context several authors 

had proposed criteria that were mostly empirical (Andrews and Martin 2000; Bray et al. 2004), 

until Boulanger and Idriss suggested a different approach in 2006. Their view was proposing 
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an estimation of the potential strength loss and large strain development depending on the type 

of the fine-grained soils. In other words, it should be differentiated what type of fine-grained 

soils should be evaluated using procedures that are similar to those that are appropriate for 

sands, as opposed to ones that are similar to those appropriate for clays. Soils that exhibit clay-

like behaviour are considered non-susceptible to liquefaction, conversely, soils that exhibit 

sand-like behaviour are considered liquefiable. Their results are expressed through the 

plasticity index, (PI). Fine-grained soils with a PI > 7, can confidently be considered to exhibit 

clay-like behaviour and are thus non-liquefiable. Note that the soil classification in this thesis 

was after the Unified Soil Classification System (ASTM-D-2487 2018). 

 

Fig.  1.2 Example of grain-size distribution of liquefaction prone sandy soils (Japanese 

Technical Standards, 2020) 

1.2.3. Liquefaction triggering analysis 

While liquefaction susceptibility is dependent on soil properties mainly, such as grain-size 

properties, plasticity, and initial state by means of the state parameter, the liquefaction potential 
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of soils takes into account the input load characteristics, such as earthquake magnitude and 

ground motion characteristics. 

Generally, there are two approaches when assessing the liquefaction potential in soils, 

(1) cyclic strain-based methods, and (2) cyclic stress-based methods.  Both methods have their 

advantages and disadvantages, but the fact that it is often difficult to measure the strain in a 

soil subjected to earthquake loading (Seed 1979a), has made the cyclic stress-based methods 

more commonly used in practice.  

The liquefaction potential in the cyclic stress-based methods is commonly expressed 

through the Factor of Safety (FSL) against liquefaction:  

𝐹SL =  
𝐶𝑅𝑅

𝐶𝑆𝑅
                                                                                                                             (1.1) 

where CRR is the cyclic resistance ratio, representing the soil resistance against liquefaction, 

and CSR, the cyclic stress ratio, is the stress component, representing the cyclic loading 

characteristics.   

The liquefaction potential can be evaluated (1) experimentally, through laboratory tests, 

or (2) by in-situ based methods.  

1.2.3.1. Laboratory-based methods for liquefaction triggering analysis  

In the group of laboratory-based methods, there are two different types of testing, depending 

on the scale and scope of the test: (1) element, and (2) model testing. Model testing, such as 

centrifuge tests and seismic shaking table tests, if done properly, can be more advantageous in 

seismic studies of soils than element testing, due to the fact that they can reproduce more 

realistic information about parameters such as ground acceleration, amplification or the seismic 

input, change in pore pressure, nonlinearities and the mechanism of failure (Aghaei Araei and 

Towhata 2014; Bojadjieva 2015; Cubrinovski, Kokusho, and Ishihara 2006). Element testing 

or sample testing, however, has been the favoured choice in examining the cyclic soil 

behaviour, due to its simpler nature. Element testing, in which small specimens are subjected 

to certain stress conditions, can be used to describe and investigate the variables that control 

liquefaction as opposed to model testing. In other words, it is less time consuming to investigate 

the stress conditions under different variables in element testing, such as fines content, 

consolidation, sample preparation methods, relative density, load amplitudes and effective 

stresses. The one serious disadvantage here is related to the difficulty in completely simulating 

the natural conditions as well as the representation of the measured quantities after the samples 
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liquefy. Different types of element laboratory testing procedures have been used to study soil 

behaviour, such as simple shear testing, direct shear testing (Cappellaro 2019; Ishihara and 

Yamazaki 1980; Talaganov 1996), torsional shear testing (Ishihara and Towhata 1983), 

resonant column testing (Ishihara 1997), and triaxial testing (Finn et al. 1971; Rees 2010; Seed 

and Peacock 1971; Wichtmann 2016). The triaxial apparatus, being the most common device 

available in most research facilities, has been the most referenced testing device related to 

liquefaction studies.  

 In the triaxial equipment, the samples are usually subjected to harmonic, sinusoidal 

loading until failure is observed (Ishihara and Yasuda 1972; Seed and Idriss 1971). The cyclic 

stress ratio, CSR, in a triaxial experimental setting is expressed as:  

𝐶𝑆𝑅 =  
(1+2𝐾𝑜)

3
∗

|𝑞𝑑𝑒𝑣|

2∗𝜎′
𝑐
                                                                                                          (1.2) 

where,  

qdev – input deviator stress 

σc’ – effective consolidation pressure 

Ko – lateral stress coefficient 

For isotropic conditions (where Ko = 1) 

𝐶𝑆𝑅 =  
|𝑞𝑑𝑒𝑣|

2∗𝜎′
𝑐
                                                                                                                         (1.3)       

The liquefaction potential is usually represented by plotting CSR versus NCL (number 

of cycles to liquefaction) curves. The failure is defined on the basis of the number of cycles 

required to reach one of the following: effective stress reversal to zero (or build-up of pore 

pressure), limiting double amplitude (ɛda) strain of 3%, 5% or 7.5%, or, where none of the 

previously mentioned can be reached, an NCL = 500 is appointed (ASTM D 5311 - 92 2004). 

1.2.3.2. In situ-based methods for liquefaction triggering analysis  

Several authors have proposed empirical in-situ based liquefaction triggering procedures. The 

procedures are based on a significant number of data points marking locations/soil layers that 

have liquefied, have not liquefied or showed marginal signs of liquefaction (Andrus and Stokoe 

2000; Boulanger and Idriss 2014; Cetin et al. 2004; Youd and Idriss 1997). In-situ soil 

characterization parameters based on procedures such as the standard penetration test (SPT), 

the cone penetration test (CPT) and geophysical (shear wave velocity, Vs based) methods, were 
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used as a basis to develop deterministic as well as probabilistic corelations, i.e. curves that 

separate liquefied and non-liquefied cases. The CRR (cyclic resistance ratio) of the soil layer(s) 

of interest is calculated based on the in-situ soil characterization parameters (e.g. SPT number 

of blows, N) and then compared to the CSR in order to estimate the factor of safety against 

liquefaction (Eq. 1.1) and/or the probability of liquefaction. The simplified procedures have 

been widely adopted in the engineering practice in the past few decades. 

1.3. Geotechnical approach in paleoliquefaction studies  

The geotechnical approaches in paleoliquefaction studies analyse the liquefaction 

resistance of soil deposits that have been previously identified as historically liquefied through 

geological field observations (Monecke et al. 2007; Shilts and Clague 1992). The liquefaction 

resistance, commonly expressed through the cyclic resistance ratio, CRR, is estimated using 

empirical correlations based on field investigations, such as CPT and SPT (Rodríguez-López 

et al. 2007; Rodríguez-Pascua et al. 2010). Then, for an assumed factor of safety FSL = 1 (i.e., 

the CRR is equal to the cyclic stress ratio, CSR (Eq. 1.1), the peak ground acceleration, amax, 

and earthquake magnitudes, M, are evaluated (Shilts and Clague 1992). This analysis is 

sometimes complemented with regional attenuation evaluations of the credible amax – M 

combinations for the site or sites of interest, in order to evaluate the range of possible amax – M 

pairs that caused the liquefaction at the sites. 

1.4. Liquefaction of pumiceous, volcanic-ash soils 

Liquefaction failure of volcanic-ash soils has been registered in the recent past in Japan, South 

and North America as well as New Zealand (Ishihara 1996; Orense et al. 2002; Pender et al. 

1987). However, experimental and empirical data on volcanic-ash pumiceous soils, are quite 

limited in the literature compared to hard-grained quartzitic soils and the cyclic behaviour and 

liquefaction of volcanic-ash soils have not been as extensively studied to date. The main 

distinction between pumiceous and hard-grained soils, is the lightweight and potentially 

crushable properties that pumiceous particles have due to their vesicular nature. The next sub 

chapter summarizes findings from studies about pumiceous, volcanic-ash soils.  

1.4.1. Previous findings from liquefaction studies of pumiceous, volcanic-ash soils 

One of the earliest studies on crushable soils was by Hyodo et al. (1998), and involved 

liquefaction investigation of a non-plastic, pumiceous, volcanic-ash sand, Shirasu sand (the 

local name for the unconsolidated, non-welded product of a voluminous pyroclastic flow in 
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Kyushu, southern Japan, namely the 30 cal-ka to ignimbrite: Kobayashi (2010)). It was found 

that, crushable soils, when sheared in a dense state, have similar stress paths to those of loose 

sands of a less crushable nature. More recently, in 2012, Orense et al. (2012), performed an 

extensive cyclic triaxial testing campaign of rhyolitic (silica-rich) pumiceous sands originating 

from eruptions in the central Taupo Volcanic Zone in the North Island of New Zealand. The 

pumiceous samples showed higher liquefaction resistance than non-pumiceous specimens 

reconstituted to the same relative density. Moreover, the difference in the liquefaction 

resistance between dense and loose pumiceous sands was not as remarkable as the one observed 

on hard-grained sand such as the Toyora sand. These findings were described to be a result of 

the crushability of pumice grains that enables the erasing of their natural particle structure when 

reconstructing and applying load on the soil samples. Orense et al. (2012) also concluded that 

even at large strain level, pumiceous sands did not reach the steady state of deformation and 

inferred that the critical soil mechanics may not be applicable to crushable soils. Asadi et al. 

(2018), first looked into the cyclic undrained behaviour of pumiceous sands in comparison to 

hard-grained sands and found that unlike hard-grained sands, where the excess pore water 

pressure (EPWP) as well as the axial strain increased in a sudden manner in the loading cycles 

before failure, pumiceous sands tend to show immediate increase of both the EPWP and the 

axial strain in the first loading cycles. Moreover, because of the dilative response of pumiceous 

sands in the succeeding loading cycles, after the initial cycles, the liquefaction resistance of the 

pumice sands may be significantly higher than that obtained for hard-grained soils. 

In regard to pumiceous sand-silt mixtures, Licata et al. (2018), found that a pumiceous 

silty sand mixture with 30% non-plastic fines exhibited a higher liquefaction resistance 

compared with hard-grained silica sand having the same proportion of fines. They reported 

negligible particle crushing in their pumiceous material. In a more recent study, Hyodo et al. 

(2022) examined a pumiceous silty sand (Shirasu) with 28% fines and found the pumiceous 

silty sand to be less resistant to liquefaction than pure Shirasu sand (whose fines had been 

washed out). Hyodo et al. did not discuss the level of particle crushing that might have occurred 

in the Shirasu sand. 

Liquefaction procedures using in-situ methods for large scale studies have also been 

used at locations where volcanic soils are prevalent (Evangelista and Santucci 2011; Gill and 

Orense 2019; Orense et al. 2020; Santucci de Magistris and Evangelista 2007). However, in a 

comparative study between in-situ based assessments of the liquefaction potential of the 

pumice sands in the North Island of New Zealand it has been found that the penetration methods 
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such as CPT and SPT as well as dilatometer tests can underestimate the liquefaction resistance 

of these soils (Wesley, 1999; Orense et al. 2012). This is because of their crushable nature, and 

it is why non-penetrating geophysical methods (Vs based) were considered more appropriate. 

In contrast, in more recent studies, it is concluded that Vs based methods can underestimate the 

liquefaction resistance of these soils as well (M. B. Asadi et al. 2018; Orense et al. 2020).  

1.5. Research objectives 

The main research aim of this thesis was to perform geotechnical analysis on the lacustrine 

tephra layers preserved in the Hamilton lowlands with identified SSDSs (Kluger et al. 2023), 

in order to estimate, or back-analyse pre-historic earthquakes that might have caused the 

deformation structures and thus to better understand the past seismic activity in the region.  

Significant literature knowledge gaps, related to liquefaction potential research on pumiceous 

silts and sand-silt mixtures, were identified and needed to be filled, which mainly defined the 

research objectives in this PhD study. 

In order to attain the main aim and fill the research gaps the following objectives were defined:   

(1) Investigate the geotechnical properties of the tephras of interest in the studied lakes in 

order to define their liquefaction susceptibility. 

(2) Investigate the undrained monotonic and cyclic behaviour of a pumiceous silt (‘Tuhua 

silt’, derived from 7.6 cal ka Tuhua tephra) in order to overcome knowledge gaps, rela

ted to potential particle crushing affecting undrained cyclic behaviour as well as liquef

action resistance.  

(3) Identify the potential threshold of pumice content and/or fines content, at which sand-

silt mixtures become crushable.  

(4) Develop a framework, that extends the laboratory-obtained liquefaction resistance resu

lts on tephras analysed in one lake (able to be sampled in enough volume for triaxial te

sting), to multiple tephras preserved in many other lakes in the Hamilton lowlands (on

ly able to be sampled for small volume testing, i.e., geotechnical properties). Achievin

g this objective was crucial as the results provided the liquefaction resistance ratios for 

each Mamaku tephra within every studied lake in this Hamilton lowlands, that were us

ed to achieve the main aim i.e., back-analysis of past earthquake parameters.  
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1.6. Organization of thesis and publication contributions  

This section gives an outline of the presented thesis and briefly summarizes the scientific 

publications which were produced in the scope of the PhD project. The three publications are 

reprinted in full text as chapters 3 – 5. My contribution and the individual contributions of the 

co-authors, in the publications are described in detail after each chapter. A further manuscript 

ready for submission is included as Chapter 6. 

Chapter 1 provides an overview of the previous research that motivated this PhD 

study. It then summarizes the relevant literature about liquefaction as a phenomenon and the 

common method used in the evaluation of liquefaction potential of soils. It presents relevant 

literature about liquefaction of pumiceous, volcanic-ash soils, and it ends with stating the 

main research aim and research objectives of this PhD project.   

Chapter 2 provides a short overview of the methods that were used to collect data 

needed for the research objectives, and discussed the data collecting constraints that defined 

the methodologies in this research. A more detailed description of the methods is presented in 

the method sections of each of the publications, i.e. chapters 3 – 6.  

Chapter 3 presents the part of this study that addressed the first research objective 

where the geotechnical properties of the tephra layers across the lakes of interest were 

analysed, in order to investigate their liquefaction susceptibility. This research was published 

in the Proceedings of the 7th Young Geotechnical Engineering Conference, Sydney, 2022.  

Chapter 4 is about the investigations that addressed the second research objective 

about the undrained monotonic and cyclic behaviour of Tuhua silt in order to fill the 

knowledge gaps related to liquefaction resistance of pumiceous silts. This research was 

published in Soil Dynamics and Earthquake Engineering, March 2023. 

Chapter 5 covers the third research objective and involves the study about the level of 

particle crushing during cyclic triaxial testing and/or sample reconstitution of three different 

beds of the Mamaku tephra, with different pumice contents and fines contents. The full paper 

about the study has been accepted for the conference proceedings for the 8th International 

Conference of Earthquake Geotechnical Engineering, to be held in Osaka, in May, 2024. 

Extended version of the conference paper will be submitted to the official journal of the 

Japanese Geotechnical Society – Soils and Foundations, after the conference (as per 

recommendations of the ICEGE committee). 
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In Chapter 6 the main aim of this thesis through objective four is addressed. The 

liquefaction resistance of three beds within the Mamaku tephra layer (each bed having a 

different grain-size distribution and pumice content) are presented and used to back-calculate 

the corresponding minimum peak ground acceleration and magnitude combinations required 

to generate liquefaction. A framework that extends the liquefaction resistances of the three 

beds of Mamaku tephra obtained in the triaxial testing campaign to the rest of the Mamaku 

tephra layers in other lakes (that didn’t provide enough material for triaxial testing) in the 

Hamilton lowlands is then developed. Ultimately the derived liquefaction resistances of all 

the Mamaku tephras in each of the cored lake, are used for obtaining minimum peak ground 

acceleration and magnitude combinations at the locations of each lake, and thus addressing 

the main aim of this thesis. This study will be submitted to Soil Dynamics and Earthquake 

Engineering in February 2024 immediately after the submission of this thesis. 

Chapter 7 summarizes the conclusions of this doctoral thesis with respect to the aim 

and how it has been met through the research objectives and gives recommendations for 

future research and engineering practice. 

Appendix A provides the supplementary figures, table and equation. 

Appendix B.1 and B.2 provide all the results from the undrained cyclic triaxial testing 

campaign. 

Appendix C presents the abstracts submitted to the annual meetings of QuakeCoRE, 

2022 and 2023, as well as the abstract from the 2022 Disastrous Doctorates Symposium. 

Appendix D presents a co-authored manuscript, published in Sedimentary Geology, 

2023. The study presents the spatial and temporal distribution of the tephras, as well as 

detailed description of the discovered SSDSs, concluding their seismic origin.  
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2. Chapter 2: Methods 

This chapter presents broad discussion of the methods used to achieve the objectives defined 

in Chapter 1. More detailed descriptions of the specific methods used are given in chapters 3 – 

6. Initially, a discussion of the constraints associated with the environment and materials in 

question that impacted the choices of data collection methods is presented, followed by a 

summary of the field and laboratory methods that were used to collect data for this PhD project.  

2.1. Constraints on data collection methodology 

Several data collecting constraints that needed to be overcome dictated the method choices in 

this thesis. The tephra layers of interest are deposited in around 35 lakes aged ~20,000 years in 

the Hamilton lowlands. Around 40 distal tephra deposits, as well as numerous cryptotephras 

(glass-shard concentrations insufficiently numerous to be visible as a layer to the naked eye: 

Lowe 2011) are preserved in ~3–6 m of organic lake sediment (Green and Lowe 2024; Kluger 

et al. 2023; Lowe 1988). The tephras range in thickness from sub-millimetre to ~8 cm, with 

many a few centimetres in thickness (e.g. see Figs. 1.1, 2.1, and 2.3). 

 The relatively small thicknesses of the main tephra layers imposed the following 

constraints:  

(1) In-situ based liquefaction assessment methods, such as the CPT, that are commonly  

used in geotechnical paleoliquefaction studies, are not known to provide accurate  

results for soil layers with small thicknesses (Boulanger and Dejong 2018). Therefore, 

the choice of methods for obtaining the liquefaction resistance ratios for the tephras  

was narrowed down to laboratory-based methods, i.e., triaxial testing.  

(2) The triaxial apparatus samples require a significant volume of soil (~0.0002 m3),  

which would have required ~10 cores per lake, in order to sample enough tephra  

material from all the relevant layers for one triaxial test. This limitation resulted in the 

selection of the two topmost tephras, Tuhua and Mamaku, for the triaxial testing  

campaign. These two tephras were found on-shore at Lake Areare, shallow enough to 

provide large enough volumes, for an extensive triaxial testing program. 
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(3) Tephras were found to have internal bedding with variable grain-size distribution.  

Alongside the already thin tephras, this eliminated the possibility for undisturbed  

sample testing. Therefore, reconstituted samples were tested instead. 

(4) Finally, some standardised geotechnical laboratory tests, that require significant  

volume for testing, e.g., Atterberg limits (ASTM-D4318-17e1 2017), were only able  

to be performed for the Tuhua and Mamaku tephras from lake Areare, so all of the  

geotechnical properties of the tephras from the other lakes had to be analysed using  

small volume test procedures. These procedures include: 

- Gas pycnometer testing for particle density analysis 

- Laser-sizer testing for grain-size distribution analysis 

- SEM based methods for pumice content analysis 

- Minimum and maximum density testing using a modified procedure (of the  

Japanese Geotechnical Society Standard 2009) for small volumes of soils  

proposed by Mijic et.al. 2021. 

 

Fig.  2.1. SSDSs in Rorotua (Rr) tephra layers in historic cores from various lakes (i.e. 

Kainui, Rotokaraka, Leeson's Pond) (Kluger et al. 2023; Lowe 1988). The tephra ranges in 

thickness from a few centimetres to nearly 8cm (marks on tapes for scale are in centimetres). 

All photos by D.J. Lowe. 
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A flowchart summarizing the methods used as well as the chapters that they are presented in 

detail in is given in Fig. 2.2. The following sections describe the field and laboratory methods 

in more detail.  

 

Fig.  2.2. Flowchart summarizing the used methods 

2.2. Field methods   

2.2.1. Coring and onshore block sampling  

The principal sampling was through (1) coring for all the 14 studied lakes and (2) onshore 

block sampling at Lake Areare.  

The coring was undertaken by using a modified Livingstone piston corer with a 50-mm 

internal diameter PVC coring tube (Rowley and Dahl 1956) for historical cores taken in the 

1980s, and 65- or 80-mm internal diameter for cores taken more recently in 2016, 2020, and 

2022 (Fig. 2.3). One or more cores typically ~1.5–2 m in length were collected from partly 

overlapping sediment depths. Once sampled the PVC tubes were closed at both ends and 

transported to an icebox, kept at a temperature of 4°C. The coring procedure is described in 

more detail in Kluger et al. 2023 (Appendix D). The locations of the samples from each lake 

used in this study are presented in table 2.1. 
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The onshore block sampling of the two topmost tephras, Tuhua and Mamaku, at Lake 

Areare was performed so that a large number of small block samples (each with volumes of 

~0.0075 m3) comprising the tephra layers in between organic lake sediment layers were taken. 

In the lab, the tephra materials were carefully scooped out, cleaned from organics and oven-

dried at 40ºC. More details and figures of the procedure can be found in the corresponding 

methods sections of Chapters 4, 5 and 6. 

 
Fig.  2.3. Coring at lake Ngarotoiti, September 2022 (left). Split core from Lake 

Rotoroa/Hamilton Lake showing ~4cm thick Rotorua tephra encapsulated within the dark-

coloured organic lake sediment (right). Numbered scale marks in centimetres. 

Table 2.1. Sampled core locations for each lake and approximate Tuhua and Mamaku tephra 

depths in the lakebed at the sampled locations. Coordinate system: NZGD2000 NZ 

Transverse Mercator 2000 

Lake Abbreviation Latitude Easting Tuhua tephra  

depth in lakebed [m] 

Mamaku tephra  

depth in lakebed [m] 

Areare  AR 5828797 1794027 1.30 1.35 

Rotokaeo/Forest Lake FL 5816942 1798262 1.98 2.01 

Rotoroa/Hamilton Lake HL 5814616 1799780 2.05 2.10 

Kaituna KT 5827418 1798204 2.05 2.10 

Whakatangi WT 5826262 1799125 1.75 1.80 

Koromatua  KM 5809879 1795705 5.25 5.30 

Manghia MH 5805246 1795961 1.85 1.90 

Ngarottoiti NI 5797984 1801803 2.30 2.40 

Mangakaware MK 5799268 1795100 1.25 1.30 

Kainui KN 5827679 1796861 1.15 1.20 

Rotokauri RI 5818463 1793490 1.75 1.80 

Pikopiko PP 5829445 1793379 1.95 2.00 

Karaeotahi/Cameron Lake CL 5807704 1802607 1.35 1.40 

Ruatuna RT 5799799 1801370 0.75 0.80 
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2.3. Laboratory methods   

2.3.1. CT scanning and logging 

X-ray computed tomography (CT) imaging was performed using a medical CT scanner on all 

whole-round cores prior to opening (Fig. 2.4). The purpose of the CT scans was to provide 3D 

visual insight of the tephra layers in the cores, in order to assist the SSDS characterization, 

beyond what is visible in an opened core. Drishti and imageJ were used to create tiff slices 

from DICOM files. More details and processed high-resolution CT images of the cores can be 

found in Melchert et al. (2022). 

After scanning, the cores were taken into the Geotechnical laboratory at University of 

Waikato, where the PVC tubes were carefully cut both transversely and longitudinally. One of 

the longitudinal pieces of each core was kept intact and labelled as the archive core, whereas 

the other was used for sampling (Fig. 2.5). Detailed sediment description was then done on the 

opened split cores, where the layers were matched and correlated using the distinctive physical 

properties of the tephra layers (colour, thickness, internal bedding, grain sizes, etc), and their 

stratigraphic superpositioning. The sediment description is covered in detail in Kluger et al. 

(2023).  

 

Fig.  2.4. Left: Sediment cores e scanned using a new medical CT scanner at Hamilton 

Radiology. Right: X-ray image of a sediment core, live in Hamilton radiology, showing 

SSDSs in a tephra layer 
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2.3.2. Geotechnical properties 

The analyses of the geotechnical properties of the Tuhua and Mamaku tephras from the cores 

(one for each of the 14 lakes) was done on small volume samples (~ 1 to 3g), that were scooped 

out from the cores (sample containers with samples shown in Fig. 2.5). The details of the 

methods used for the geotechnical characterization are listed in the following paragraphs. The 

limitations of the methods and thus potential implications to the results/conclusions is also 

discussed where relevant:  

- The particle density was obtained following ASTM-D5550-14, (2014) using a Quantachrome 

Ultrapyc 1000 nitrogen-filled gas pycnometer. In terms of the particle density of pumiceous 

particles, previous studies have shown that the chosen method for particle density analysis can 

affect the results significantly (Bielders et al. 1990; Wesley 2001). Unlike hard-grained soils 

where particle density is a constant parameter independent of the used testing method, the 

vesicular nature of the pumiceous particles, i.e. presence of internal voids makes pumiceous 

soil mixtures sensitive to the type of procedure used to test for this parameter. In particular the 

use of vacuum to extract the air from the soil mixture before testing (in the case of pumice both 

from the intra and inter-particle voids) has been found to significantly influence the final 

results, especially for grain-sizes larger than 0.6mm (Wesley, 2001). In this context, two terms 

have been used to describe pumiceous particles: (1) solid particle density - referring to the 

density of the particle without the internal voids, and (2) apparent particle density referring to 

the density of the pumiceous particles that includes the internal voids in the volume (Orense 

and Pender, 2016).  Orense and Pender, (2016) reported a solid density of a sandy pumice 

particle using CT scan images, of 2.2 g/cm3. The gas pycnometer method used in this study, 

which used a light gas (Nitrogen), and vacuum air extraction prior testing accurately recorded 

the solid particle density of a pure pumiceous sand (2.2 g/cm3), meaning that the gas is able 

successfully penetrate the internal voids of the particles. Therefore, the particle densities 

obtained in this study as the solid particle densities of the pumiceous soil mixtures, and not 

directly comparable to particle densities of pumiceous mixtures obtained otherwise. 

- The grain-size distribution was determined by means of laser diffraction analysis (LDA) using 

a Malvern Mastersizer 3000. SOP material ‘tephra’ was used in the input settings. The 

maximum obscuration level allowed was 15%. In this procedure the volume of the soil particles 

(dispersed in water) is estimated through laser diffraction. Therefore, unlike the 

sieving/hydrometry method, which is the commonly used grain-size distribution procedure and 

is based on retained weight of soils for each grain-size fraction, the results from the laser 
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diffraction procedure are presented in terms of the volume distribution of the fractions. In 

general laser diffraction and sieving can provide similar results when characterizing spherical 

or semi-spherical particles. A study comparing the hydrometry and laser diffraction method, 

found the results for silt and sand-sized particles to be very similar (Eshel G. et al., 2004). The 

tephras presented in this thesis are within the fine sand and silt range, but with a high particle 

angularity (Chaneva et al., 2023). Thus, a conclusive statement whether the GSD curves are 

directly comparable to GSD curves of soils obtained with the classic sieving/hydrometry 

method, cannot be made without further studies. 

- Scanning electron microscopy (SEM) was undertaken using a Hitachi S-4700 FE SEM. The 

images were used to estimate the pumice content (PC [%]) of the tephras. The pumice contents 

in this study are thus obtained using the visual approach for distinguishing pumiceous and non 

pumiceous particles: 

PC = 
𝑁𝐴𝑝𝑢𝑚𝑖𝑐𝑒

𝑁𝐴𝑡𝑜𝑡𝑎𝑙
⋅ 100% 

where NA,pumice is the number of crossing points that lay over a particle with pumiceous features 

(i.e., being vesicular) and NA,total is the total number of crossing points classified for a specific 

tephra sample. This method was used for estimating the PC of all the samples in this study. 

Additionally, for chapter 4, the pumice content of Tuhua silt was also calculated by introducing 

weighting factors for each grain-size fraction. The results, however, were almost identical to 

those calculated without grain-size fractions weightings - 48% vs 47% PC. 

The X-ray diffraction (XRD) analysis was undertaken using a Panalytical Empyrean Series 2 

XRD. Bulk samples were run from 5-80 °2θ, at 50 seconds per step, and a scan speed of 0.1347 

degrees per second. 

Additionally, for the Tuhua and Mamaku tephras sampled from the Lake Areare block samples, 

the minimum and maximum dry densities (thus, maximum and minimum void ratios, 

respectively) as well as Atterberg limits were determined. The minimum and maximum dry 

densities for the Areare tepthras were determined following the Japanese standard method, 

(Japanese Geotechnical Society Standard 2009) modified by Mijic et al., (2021). The Atterberg 

limits were determined following ASTM-D4318-17e1, (2017).  

Bulk density was determined by cutting tephra layers and organic lake sediments into 

rectangular prisms of varying dimensions depending on the available volume. A cutter knife 

was used in order to cut prisms without causing too much disturbance to the soil structures of 
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the samples. Volumes of bulk density samples varied from 1 to 40 cm3. Dry bulk densities were 

determined on eight samples to aid the reliable (reproducible) calculation of mean values with 

sufficient confidence. 

For more detailed descriptions of the used methods refer to chapters 3 to 6, in the corresponding 

method sections. 

 

Fig.  2.5. Left: 19 sediment cores cut and logged. Right: Samples taken from the cores, 

awaiting physical and geotechnical properties analyses 

2.3.3. Undrained triaxial testing  

The material used for the undrained triaxial testing of both Tuhua and Mamaku tephras was 

manually sampled from the block samples, taken onshore at Lake Areare, as described in 

chapter 2.3.2. A GDS Advanced Dynamic Triaxial Testing System was used for the triaxial 

testing of the samples (Figure 2.5). 

The samples were reconstituted using the under-compaction method following the 

procedure of Ladd (1978). The design of the tamping guidance collar and tamper, proposed by 

Ladd (1978) was 3D printed and is shown in Figure 2.6. The samples were reconstituted with 

a moisture content of 15%. Moisture contents in the range of 10 to 18% are considered the 

optimum moisture contents for sand silt mixtures (i.e. enable maximum compaction) (Rollins, 

K. M. et al. 1998). Note that the optimum moisture content ranges found in published literature 

are based and obtained on hard-grained soils. The maximum compaction method (Proctor 

testing) is not applicable for pumiceous soil mixtures as would most probably crush the 

pumiceous particles (Asadi et al., 2019). Therefore, the adopted value of 15% moisture content 

in this study is indicative and did guarantee achieving maximum density of pumiceous samples. 
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Instead, it was found that, for some of the sandy (Mamaku) tephras, relative densities higher 

than 60% could not be achieved during the moist tamping procedure. 

Monotonic and cyclic triaxial tests were performed following ASTM D-5311 (2004) and DIN 

EN ISO 17892-9 (2018). Membrane penetration effects are not prescribed in the standard, 

therefore were not considered. Moreover, all the tephra materials studied in this thesis were 

fine sand-silt mixtures or silts, so the membrane penetration effects were considered to be 

insignificant (Sladen and Handford, 1987).  

The details about the triaxial testing conditions can be found in method sections of Chapters 4 

to 6. 

 
Fig.  2.5. GDS Advanced Dynamic Triaxial Equipment at the University of Waikato 

 
Fig.  2.6. Membrane protection collar (left) and full moist tamping guidance (membrane 

protection collar, guidance collar and tamper) assembled (right) as per Ladd (1978)  
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3.1. Abstract 

Earthquake failures in volcanic-ash soils are relatively common, considering their physical 

nature and the fact that such deposits tend to occur in areas with high seismicity in which the 

volcanism, responsible for their emplacement, shares some tectonic-related origin. However, 

experimental and empirical data related to geotechnical properties and mechanical behaviour 

of volcanic-ash soils are still quite limited compared to those for hard-grained soils. 

Moreover, the limited data largely focus on pumiceous sands, whereas pumiceous silts have 

not been significantly investigated to date. This study summarizes relevant geotechnical 

properties of volcanic-ash layers preserved in lake sediments in the Hamilton lowlands in 

North Island, New Zealand. These highly pumiceous layers are hypothesized to have 

liquefied within the past 20,000 years, based on paleo-liquefaction features observed in some 

of the lakes. The layers that are liquefaction susceptible were identified. Additionally, the 

pumiceous layers were characterized by means of specific gravity, fines content, and pumice 

content. Finally, the characteristic void ratios (i.e., emin, emax) of five samples were analyzed. 

Pumiceous silts exhibit higher characteristic void ratios than those for hard-grained soils. 

KEYWORDS: geotechnical properties, pumice, liquefaction, lacustrine volcanic-ash 

deposits 
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3.2. Introduction 

Earthquake failure (e.g., liquefaction, landslides) of volcanic-ash soils has been observed in 

the recent past, including in Japan, South and North America, and New Zealand (Bommer 

and Rodríguez 2002; Ishihara et al. 1986; Orense et al. 2002; Pender et al. 1987; Uzuoka et 

al. 2005). Yet, experimental and empirical data related to relevant geotechnical properties 

and their mechanical behaviour are still quite limited compared to those obtained on hard-

grained quartzitic soils. Moreover, the limited data are largely focused on pumiceous sands 

(Hyodo et al. 1998; Orense et al. 2012; Pender et al. 2006; Wesley et al. 1999), whereas 

pumiceous silts have not been sufficiently investigated to date (Rolo et al. 2004). Existing 

studies often label these vesicular sands as ‘problematic’ because of their crushability, 

compression characteristics, liquefaction resistance, etc. These soil properties are highly 

dependent on the grain size and pumice content (Hyodo et al. 1998; Miura et al. 2003; Orense 

et al. 2012). Related research also shows that geotechnical properties (e.g., particle density) 

of these soils strongly depend on the laboratory method adopted, mainly because of their 

vesicularity (Pender et al. 2006; Wesley 2001). This means that, unlike quartzitic soils, 

where, e.g., the specific gravity is considered constant (Gs = 2.65−2.67) and independent of 

the method used, the determination of geotechnical properties of pumiceous soil mixtures is 

challenging. Their problematic nature makes these soils challenging in conventional 

engineering liquefaction studies. This is because both the laboratory and in-situ methods that 

are commonly used for liquefaction potential estimation can induce particle crushing thus, 

affecting the assessment (M. S. Asadi et al. 2018; Orense et al. 2020, 2012). It has been 

hypothesized that pumice content is the key property that needs to be evaluated prior to a 

relevant geotechnical study in areas with volcanic-ash soils (Orense et al. 2020; Stringer 

2019).  

This study summarizes relevant geotechnical properties of numerous volcanic-ash 

samples. Volcanic ash is also referred to hereafter as tephra. The tephra samples were taken 

from layers of known age preserved in lake sediments in the Hamilton lowlands in North 

Island, New Zealand. Many of the layers are highly pumiceous and show paleo-liquefaction 

features in some lakes (Kluger et al. 2023). Their characterization and liquefaction 

susceptibility assessment are crucial first steps in assessing their liquefaction potential from 

which the timing and occurrence of past earthquakes in the lowlands could be estimated. The 

geotechnical properties of the mainly pumiceous silts reported in this study will be a valuable 
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addition to the existing pumice sand database. Specifically, it was aimed at answering the 

question of how geotechnical properties of silty pumiceous soil mixtures change with pumice 

content. In this direction, the dependence of specific gravity on the pumice content was 

explored. Additionally, the potential trend between the pumice content and the characteristic 

void ratios (emin, emax), was also discussed. These dependences contribute into guiding 

researchers and engineers to the most optimal solution for determining the pumice content 

in a soil mixture. 

3.3. Study area 

The Hamilton lowlands lie within the pre-Quaternary tectonically-formed Hamilton Basin. 

Volcanic-ash layers deposited from numerous eruptions from active rhyolitic (silica-rich) 

volcanic centres and andesitic volcanoes in central and western North Island are found in 

lakes in the lowlands (Fig. 3.1) (Lowe 1988). Around 30 lakes in total, each ~20,000 years 

old and underlain and empounded by volcanogenic alluvium (Green and Lowe 1985), lie 

scattered amidst the faults in the lowlands. Designated as having a low to moderate seismic 

risk (Stirling et al. 2012), the Hamilton lowlands, until recently, also lacked any known active 

faults (Edbrooke 2005; Langridge et al. 2016). The recently identified faults, as well as the 

evidence of past seismic activity from paleo-liquefaction studies, supported the hypothesis 

of potential liquefaction features found in the lacustrine volcanic-ash layers in the area (Van 

Dissen et al. 2021; Kleyburg et al. 2015; Moon and Lange 2017). 

This study focuses on volcanic-ash samples retrieved from seven lakes: Areare, 

Kainui, Rotokauri, Waiwhakareke, Rotokaeo, Rotoroa, and Ngaroto (Fig. 3.1). 

3.4. Materials and methods 

The focus of this paper is four rhyolitic pumiceous tephra layers: Tuhua (Tu), Mamaku (Ma), 

Waiohau (Wh), and Rotorua (Rr). The tephra layers, each between ~2 and ~8 cm thick 

(Kluger et al. 2023), were sampled from a number of ~1.5 m-long piston cores collected at 

six lakes (Fig 3.1). The layers occurred at different depths in the lake sediments ranging from 

0.5 m to 2.0 m (Kluger et al. 2023; Lowe 1988) and mainly comprised volcanic glass (in the 

form of glass shards and glassy pumice fragments) and minor crystals (Fig. 3.2) (Lowe 

1988). They showed differences in composition in terms of grain size and pumice content in 

the different lakes (Lowe 1988). 
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Because the layers were relatively thin (2–8 cm), it was not possible to analyze all 

the relevant physical and geotechnical properties from the small volumes provided by the 

cored samples. Therefore, additional onshore in situ block sampling was undertaken at Lake 

Areare (Fig 3.1), where lowered lake levels facilitated easy access to near-surface deposits 

of Tu and Ma tephra layers. This sampling provided sufficient material to characterize the 

pumiceous tephra layers more comprehensively by Atterberg limits and characteristic void 

ratios. 

 
Fig.  3.1. Study area: Hamilton Basin with locations of lakes considered in this study (dark 

blue) and faults (red lines) 

In total, 45 individual samples were taken from cores and block samples, comprising 

17 samples of Tu, 11 samples of Ma, 17 samples of Rr, and four samples of Wh. For each of 

the 45 samples, particle density (thus, specific gravity, Gs) and grain-size distribution analyses 

were performed. The particle density of the samples was obtained following ASTM-D5550-

14, (2014) using a Quantachrome Ultrapyc 1000 nitrogen-filled gas pycnometer. Potential 

influences of the method used to determine particle density (Bielders et al. 1990; Wesley 2001) 

is not further discussed in this study.  
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The particle-size distribution was determined on small-volume samples by means of 

laser diffraction analysis (LDA) using a Malvern Mastersizer 3000. 

Scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis were 

undertaken using a Hitachi S-4700 FE SEM and a Panalytical Empyrean Series 2 XRD, 

respectively. Both measurements were performed on a number of representative samples from 

each tephra in order to examine their pumice content and clay mineralogy.  

Quantification of pumice content based on counting individual particles under the SEM 

has been used before (Asadi et al. 2019). This approach has been referred to as time consuming 

and not fully representative of large soil volumes as a relatively small number of particles are 

commonly examined (Stringer 2019). The present study, however, dealt with thin layers on 

which most of the laboratory tests (i.e., particle density, grain-size distribution) were already 

made using small quantities. Therefore, it was considered that estimating pumice content from 

the number of pumiceous particles in SEM images is the most effective approach. The pumice 

content was estimated using a point-counting method (Frolov and Maling 1969). In this 

method, five SEM images of representative pumice clusters were chosen for each sample and 

were counted systematically on crossing points (> 200 points per sample) of rectangular grids. 

The pumice content (PC) was calculated from Eq. 3.1. 

PC = 
𝑁𝐴𝑝𝑢𝑚𝑖𝑐𝑒

𝑁𝐴𝑡𝑜𝑡𝑎𝑙
⋅ 100%                                                                                                           (3.1) 

where NA,pumice is the number of crossing points that lay over a particle with pumiceous features 

(i.e., being vesicular) and NA,total is the total number of crossing points classified for a specific 

tephra sample. 

Dominant clay minerals in selected silty samples were determined qualitatively by 

XRD. Samples were prepared following standard methods based on Lowe and Nelson, (1983 

and Whitton and Churchman, (1987). Mineral identifications were based mainly on clay 

mineral identification diagrams formulated by USGS (USGS - Open file report 01-041 2001). 

The minimum and maximum dry densities (thus, maximum and minimum void ratios, 

respectively) as well as Atterberg limits were determined on samples retrieved from the 

onshore location at Lake Areare. The minimum and maximum densities of five samples (three 

Ma and two Tu) were determined following the Japanese standard method, (Japanese 

Geotechnical Society Standard 2009) modified by Mijic et al., 2021. The JGS procedure has 

been proven to cause negligible particle crushing in natural pumiceous soils found in the North 
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Island of New Zealand (Asadi et al. 2019). The silty samples from the onshore blocks from 

lake Areare (Table 3.1.) were tested for their liquid and plastic limits following ASTM-D4318-

17e1, (2017). 

 
Fig.  3.2.  (a) and (b): SEM images of particles in Rr tephra, Lake Kainui; (c) and (d) SEM 

images of mainly glass shards and pumice particles in Ma tephra, Lake Areare 

3.5. Liquefaction susceptibility 

The grain-size distribution curves of all samples retrieved from the seven lakes are presented 

in Fig. 3.3. Blue solid curves denote Rr tephra samples taken from different lakes, whereas 

orange dashed curves denote Ma tephra from onshore Lake Areare that comprised three thin 

layers of different grain-size distributions. The FC (fines content, particles %<0.075 mm) for 

all these samples ranged from ~10% to 99%. The silty samples from the lakes contained up to 

~10% clay-sized particles (<0.002 mm). According to the Unified Soil Classification System-

USCS, (ASTM-D-2487 2018), the samples were classified as silts, sandy silts (37 samples) or 

silty sands (eight samples). 

Each tephra (Tu, Ma, Wh, Rr) exhibited different grain-size compositions when 

comparing different lakes. For example, Rr tephra was found to be silty in lakes Waiwhakareke 

and Ngaroto, yet it was found to be sandy in lakes Kainui and Rotoroa (Fig. 3.3). The thickness 

and interlayering within each tephra layer also varied between lakes. Some tephra layers 

comprised a homogeneous silt unit, whereas others comprised a number of thin, well 

distinguishable internal layers of different grain size (e.g., Ma tephra from Lake Areare: Fig. 
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3.3). Additional information about thicknesses of the different tephras in the lakes are reported 

in Kluger et al., (2023). 

The geological conditions (such as age and origin) and the grain-size composition are 

an important preliminary check for the liquefaction susceptibility of soils. In this regard, there 

is a general agreement that young Holocene sands, non-plastic silts and gravels, and their 

mixtures, are susceptible to liquefaction. 

 
Fig.  3.3. Grain-size distribution curves of all samples (grey curves). The highlighted curves 

are referred to in the text 

The geological and compositional characteristics are not enough when it comes to 

characterizing fine soils that contain clay-sized particles because of the many significant 

differences in undrained behaviour of sands versus clays. Plasticity characterization is 

considered the conclusive method when it comes to liquefaction susceptibility of fine-grained 

soils (Boulanger and Idriss 2006; Bray and Sancio 2006). 

The silty samples from the onshore blocks from Lake Areare (Table 3.1.) were tested 

as non-plastic (ASTM-D4318-17e1 2017), which confirms their liquefaction susceptibility. 

Table 3.1. Grain-size characteristics for silty onshore samples from Lake Areare 

Sample Lake D50 FC CC 
  [mm] [%] [%] 

Tu Areare 0.06 59 4 

Ma Areare 0.04 72 6 

For the purpose of extending the non-plastic classification to the layers in the lakes, 

XRD analysis on the clay-sized portion of some selected samples (containing 8–10% clay-

sized particles, referred to as CC) was performed.    
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Three of six samples tested by XRD did not comprise any clay minerals (Table 3.2). 

These samples were therefore considered to be non-plastic and, thus, liquefaction susceptible. 

The remaining three samples showed evidence of low-activity clay minerals (e.g., halloysite). 

Therefore, no final conclusion could be drawn whether or not these three samples are 

susceptible to liquefaction. 

Table 3.2. Minerals in clay-sized fraction of selected samples 

Sample Lake FC CC Minerals 

  [%] [%]  

Tu Rotokaeo 97 8 Glass >> mica 

Tu Rotokauri 99 9 Glass 

Ma Kainui 87 7 Glass >> 1.0 nm halloysite 

Rr Kainui 87 10 Glass >> 1.0 nm halloysite 

Rr Rotokauri 98 10 Glass 

Rr Ngaroto 95 10 Glass >> 0.7 nm halloysite 

3.6. Specific Gravity 

The relationship between specific gravity and fines content is presented in Fig. 3.4. The specific 

gravity values range from 2.10 to 2.68, for tephras with fines content from ~14 to 99%. For 

comparison purposes, data for Toyoura sand (quarzitic, hard-grained sand), Shirasu sand 

(pumiceous sand), pure pumice sand (commercially available), and the Tierra Bianca silt 

(volcanic-ash silt) were plotted as well. Specific representative samples were selected in order 

to investigate the relationship between the pumice content and the specific gravity. Fig. 3.5 

plots the specific gravity vs. pumice content of ten samples, including four of the onshore block 

samples from Lake Areare.  

In general, the first observation from the results (Fig. 3.4) is that the specific gravity of 

pumiceous soils depends on fines content. As the content of fine particles increases, the specific 

gravity values increase as well. All data points lie in the range between the value for pure 

pumice sand (Asadi et al. 2019) and that for the representative hard-grained Toyoura sand. 

The increase of specific gravity with increasing fines content is especially evident in 

the Tu and Rr trendlines (blue dash-dotted and dark green solid line, respectively). 

Additionally, it could be observed that the trendline of Tu tephra was systematically higher 

than those derived for the other tephras tested in this study. This is most probably a result of 

small differences in glass shard major elemental compositions, with Tu notably enriched in Fe 

(FeOt ~6 wt%) compared to Rr (~1 wt%) (Lowe 1988; Lowe et al. 2008). Subscript t denotes 

total Fe expressed as FeO. 
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An interesting exception in the relationship between specific gravity and fines content 

is the trendline of Ma tephra, where specific gravity is seemingly independent of the fines 

content. All specific gravity values are close to 2.4 (ranging from 2.30 to 2.43), resulting in an 

almost flat trendline. It is inferred that this could be a result of a potential lesser (if not 

completely lacking) content of internal voids within the pumiceous particles, as the values tend 

towards a specific gravity of 2.4, which is the specific gravity typical of volcanic glass shards. 

Moreover, in the case of Ma tephra, the specific gravity also seems to be less sensitive to the 

pumice content in comparison with that of the other two tephras (Tu and Rr) (Fig. 3.5). 

 
Fig.  3.4.  Specific gravity (Gs) vs. fines content (FC) graph for the four tephra samples (Tu, 

Ma, Rr, Wh) from different lakes compared with values of relevant sands/silt in published 

literature. 

This indicates that an isolated tephra with these characteristics will still probably be 

crushable (having pumiceous particles varying from 30 to 50%), yet it would not contribute to 

a trendline that would assist in deriving pumice content from Gs values. This observation may 

support pumice content estimation methods that are based on the crushability characteristics of 

pumiceous soil mixtures rather than of those based on weight properties. Nevertheless, the 

fitted line in Fig. 3.5 (which corresponds to a value of 2.64 for 0% pumice content) supports 

possible Gs-PC correlations which, could be used as an indicator for the pumice content of a 

soil mixture based on the specific gravity value (determined in an identical way – i.e., via gas 

pycnometer). 
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3.7. Characteristic void ratios 

Characteristic void ratios of Tu and Ma tephra samples collected from the block samples at 

Lake Areare, as well as the trendlines and data point zone from Cubrinovski and Ishihara, 

(2002), are presented in Fig. 3.6 and 3.7. 

 
Fig.  3.5. Specific gravity (Gs) vs. pumice content (PC) for ten selected samples of tephras 

(Tu, Rr, Ma) from the lakes 

Cubrinovski and Ishihara (2002) found that the void ratio range (emax-emin) embodies 

the combined effects of mean grain size, grain-size distribution, fines content and grain shape. 

Note that the characteristic void ratios in this study were determined using the same procedure 

as the one used by Cubrinovski and Ishihara (2002), modified for small quantities of soil. 

By using a large database of more than 300 soil samples, Cubrinovski and Ishihara 

(2002) established correlations between the characteristic void ratios and the material 

properties mentioned above (Fig. 3.6 and 3.7). 

These correlations are widely recognized when it comes to hard-grained soils, yet as 

their database did not include pumiceous soils, it is of particular interest to examine whether 

this trend extends to volcanic-ash materials as well. 

In their study, Cubrinovski and Ishihara (2002) found that, there was less scatter and 

better correlation between the void ratio range and the fines content of sandy soil samples with 

less than 30% fines, but that in general, the void ratio range increases with the increase in fines 

content (Fig. 3.6). The five pumiceous samples from the present study show the same trend 

when observing the fines content. Moreover, the silty samples also show higher offsets from 
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the trendline when compared to the sandy ones, which also indicates that they are in accordance 

with the results of Cubrinovski and Ishihara’s study mentioned above.  

 

 
Fig.  3.6. Void ratio range (emax-emin) vs. fines content (FC) graph for the two tephras (Ma, 

Tu) sampled onshore at Lake Areare compared to trendlines and values found in published 

literature 

The five volcanic-ash samples, as well as the pure pumice sand  (Asadi et al. 2019), 

have higher maximum void ratios compared to those of the hard-grained Toyoura sand (Table 

3.3.), meaning in the loosest state (minimum density), the voids-to-solid volume ratio is much 

higher for the same fines content, which is expected as the pumice particles contain voids. The 

minimum void ratios also follow this trend but not to the same extent in general. This results 

with the data points plotting above the void ratio range vs. fines content trendline (Fig. 3.6). 

This indicates that the difference between the characteristic void ratio values is generally high 

for pumiceous soils, which may result in higher compressibility because of the bigger range of 

potential void ratio values (between emax and emin). More research needs to be conducted in 

order to further analyze and interpret if that is indeed the case. 

The mutual effects of fines content, mean grain size, and particle shape on the void ratio 

range are presented in Fig. 3.7 (Cubrinovski and Ishihara 2002). The five tephra samples from 

our study generally seem to fit in the trends of the grain size and the fines content, with the 

exception of the Ma_2 and Ma_3.  

Ma_2 has lower fines content and higher D50 than Ma_3 (Table 3.3), despite plotting 

above Ma_3. In other words, Ma_2 should have lower characteristic void ratios, or more voids 

in these two states (minimum and maximum densities achieved in laboratory conditions), so 
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that it would be in accordance with the trendline. A possible reason for this might be the fact 

that Ma_3 has higher pumice content than Ma_2, thus resulting in a higher minimum void ratio 

on account of the voids in the pumice (Table 3.3.).  

Table 3.3. Characteristic void ratios and pumice content for Tu and Ma samples, Lake Areare 

(onshore samples), and relevant void ratios from literature 

Sample Lake/Ref D50 

[mm] 

FC 

[%] 

PC 

[%] 

emin emax 

Tu_1 Areare 0.09 44 48±14 1.047 2.148 

Tu_2 Areare 0.06 59 35±11 1.152 2.168 

Ma_1 Areare 0.04 72 30±10 0.881 2.069 

Ma_2 Areare 0.3 18 47±10 0.817 1.513 

Ma_3 Areare 0.13 30 51±11 0.705 1.518 

Toyoura sand (Zlatovic 1994) 0.17 0 0 0.616 0.988 

Pumice sand (Asadi et al. 2019) 1.3 0 100 1.679 2.266 

Moreover, if we observe how the five tephra data points plot in the graph, a trend by 

means of the effect of pumice content can be observed. This would indicate the pumice content 

may have an effect on the void ratio range values. The observation is not based on enough data 

to be conclusive but it does inspire the idea for further research in defining to what extent is 

the pumice content relevant in the characteristic void ratio trendlines for pumiceous soil 

mixtures. 

 
Fig.  3.7. Void ratio range (emax-emin) vs. maximum void ratio (emax) for the two volcanic-ash 

samples, Lake Areare compared with the values from Cubrinovski and Ishihara, (2002) 

(Cubrinovski and Ishihara 2002) 
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3.8. Conclusions 

Geotechnical properties of up to 45 pumiceous volcanic-ash samples were presented in this 

paper, with the purpose of characterizing their liquefaction susceptibility as well as assessing 

the dependence of the void ratios and specific gravity on the pumice content. The main findings 

can be summarized as follows: 

(1) The tephra layers found in lakes in the Hamilton lowlands can be categorized into two 

groups: (i) liquefaction susceptible sands, silty sands, and silts with no clay minerals; and (ii) 

samples with a potential but unconfirmed liquefaction susceptibility: silts that contain more 

than 5% clay-sized particles (in the form of clay minerals). 

(2) In general, the specific gravity increased as the fines content increased. An exception to this 

trend was noted for one of the tephras (Ma). It was hypothesized that this exception could be 

due to a significantly lower (if not completely lacking) presence of internal voids in the 

pumiceous particles of this tephra that are non-penetrable by the gas in the gas pycnometer. 

(3) Soils with higher pumice content (PC) showed lower values of specific gravity (Gs), 

indicating that the effect of pumice content could be exploited to derive Gs–PC correlations, 

which could potentially be used in practice to determine the pumice content from a known 

value of specific gravity. 

(4) The five pumiceous samples from Lake Areare were found to have relatively higher 

characteristic void ratios compared with values for hard-grained soils. It was found that they 

fit reasonably well into relevant void ratio range trends derived for hard-grained soils. Further 

research with a larger database is needed for a more conclusive result. 
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Addendum 

The PC values of Toyoura Sand (Zlatovic, 1994) and Pumice Sand (Asadi et al., 2019) were 

published with a typing error which has been corrected in Table 3.3. of this thesis. 
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4.1. Abstract  

Experimental data related to the mechanical behaviour of crushable pumiceous soils are limited 

compared with those for hard-grained soils. The main focus of previous studies has been on 

pumiceous sands, whereas pumiceous silts have not been investigated to date. In this paper, 

several series of monotonic and cyclic triaxial tests were performed to investigate the undrained 

behaviour and liquefaction resistance of a natural volcanic-ash derived non-plastic pumiceous 

silt from northern New Zealand. Particle crushing due to sample reconstitution and triaxial 

testing was analysed by quantifying the changes in grain-size parameters and pumice contents. 

The main results can be summarized as follows. (1) The pumiceous silt showed a contractive 

response, even at medium to high relative densities, leading to high flow liquefaction 

susceptibility. (2) When subjected to cyclic undrained loading, the silt exhibited similar trends 

in terms of excess pore water pressure and axial strain accumulation to those established for 

hard-grained soils as opposed to those for pumiceous sands. (3) The liquefaction resistance of 

both medium-dense and dense samples was within the lower range compared to published 

cyclic resistance curves of both hard-grained soils and pumiceous sands. (4) The material did 

not undergo significant particle crushing after testing. Result (4) was considered to be the main 

factor that contributed to the fact that, in general, the cyclic undrained behaviour of the 

pumiceous silt was close to the trends established for those of hard-grained soils. 

KEYWORDS: pumice; volcanic soil; silt; liquefaction; undrained triaxial tests; state 

parameter; lake sediment; tephra 
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4.2. Introduction 

Earthquake-induced liquefaction can be a major natural hazard in tectonically active regions 

(Cubrinovski et al. 2011; Ishikawa et al. 2021), hence undrained soil response and liquefaction 

initiation analyses have been of particular interest in the past six decades. The scientific and 

engineering community recognizes two main definitions of liquefaction, (1) flow liquefaction, 

characterized with strain-softening response in undrained loading and it requires in-situ shear 

stress greater than the undrained shear strength, and (2) cyclic liquefaction, characterized with 

pore water pressure build up on account of the effective stress reversal to zero. Flow 

liquefaction can be triggered by both monotonic and cyclic loading. It is also commonly used 

when defining cyclic liquefaction susceptibility based on the state criteria: in critical soil 

mechanics, soils susceptible to flow liquefaction are also defined as contractive, thus loose 

materials that are highly susceptible to cyclic liquefaction as well (Ishihara 1993; Kramer 1996; 

Robertson et al. 2000). 

Since the early works from the 1970s (Castro 1975; Ishihara, Tatsuoka, and Yasuda 

1975; Seed and Lee 1966), most of the research related to soil liquefaction has been focused 

on hard-grained sands and silts, because the common liquefaction susceptible soils were 

originally considered to be young (i.e., of Holocene age), non- or low-plastic, normally 

consolidated, hard-grained sandy soils (Boulanger and Idriss 2006; Youd and Perkins 1978). 

More recent case studies, however, have confirmed the vulnerability of crushable materials, 

such as pumiceous volcanic soils, to liquefaction as well (M. S. Asadi et al. 2018; de Cristofaro 

et al. 2022; Hyodo et al. 1998; Licata et al. 2018; Orense et al. 2012). Therefore, in the last few 

decades, pumiceous sands have become a topic of interest for researchers and geotechnical 

engineers working in tectonically active areas, such as Italy, South America, Japan, and the 

North Island of New Zealand (Bommer and Rodríguez 2002; Kokusho 2020; Orense et al. 

2002; Pender et al. 1987). Pure pumiceous soils consist of volcanically-derived vesicular, 

lightweight glass-shard particles of grain sizes varying between gravel (lapilli), sand (coarse to 

medium ash), and fines (fine ash) (White and Houghton 2006).  

For coarse-grained pumiceous soils mainly comprising sand-sized particles, it has been 

demonstrated that under monotonic undrained loading, the relative density did not have 

significant effect on the behaviour, as samples in both loose and dense states practically showed 

similar response (Orense et al. 2012). Orense et al., (2012) found that even at large strain level, 

pumice sands did not reach steady state of deformation, and inferred that the critical soil 
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mechanics may not be applicable to crushable soils. During cyclic undrained tests, pumiceous 

sands show different trends in terms of axial strain and excess pore water pressure (EPWP) 

development (M. S. Asadi et al. 2018), when compared with those for hard-grained sands. For 

example, Asadi et al. (2018) found that unlike hard-grained sands, where the development of 

the EPWP as well as the axial strain increased in a sudden manner in the last loading cycles, 

pumiceous sands tend to show immediate increase of both the EPWP and the axial strain in the 

first loading cycles. Moreover, because of the dilative response of pumiceous sands in the 

succeeding loading cycles, after the initial cycles, the liquefaction resistance of the pumice 

sands may be significantly higher than that obtained for hard-grained soils (M. S. Asadi et al. 

2018; Hyodo et al. 1998). The findings related to the monotonic undrained behaviour of pumice 

sands (Orense et al. 2012), as well as the different EPWP development and the higher 

liquefaction resistance of pumiceous sands compared with that of hard-grained sands (M. S. 

Asadi et al. 2018; Hyodo et al. 1998), have all been attributed to the vesicular nature as well as 

the complex surface texture of the pumiceous particles, which which leads to significant 

particle crushing during cyclic loading, especially in samples with high relative densities. 

Studies on undrained behaviour and liquefaction resistance of pumiceous sands 

containing non-plastic fines are even more scarce than studies on pure pumiceous sands (Hyodo 

et al. 2022; Licata et al. 2018). In the study by Licata et al. (2018), it was found that a pumiceous 

silty sand mixture with 30% non-plastic fines exhibited a higher liquefaction resistance 

compared with hard-grained silica sand having the same proportion of fines. They reported 

negligible particle crushing in their pumiceous material. In contrast, in a more recent study, 

Hyodo et al. (2022) examined a pumiceous silty sand (Shirasu) comprising pumiceous sand 

with 28% fines and found the pumiceous silty sand to be less resistant to liquefaction than pure 

Shirasu sand. However, Hyodo et al. did not discuss the level of particle crushing that might 

have occurred in the Shirasu sand.  

Studies focusing on cyclic undrained behaviour and liquefaction resistance of 

pumiceous silts (mixtures containing >50% fines) have not been reported to date. Therefore, 

filling the knowledge gaps for this type of soil materials will assist scientists as well as 

geotechnical practitioners who are unsure whether they should treat silt-size pumice materials 

the same as sand-size ones. 

This paper is based on a wider testing campaign studying the undrained behaviour and 

liquefaction resistance of non-plastic pumiceous sandy silt sampled from a silica-rich tephra 

layer of mid-Holocene age. Tephra deposits are volcanic-eruption-derived, pyroclastic 
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products of a volcanic eruption of any grain size or composition (Lowe 2011). The tephra layer, 

preserved within sediments of riverine-peat lakes in the Hamilton lowlands, North Island, New 

Zealand, has been found to show proof of paleoliquefaction (Kluger et al. 2023). Knowledge 

about the undrained response of the tephra is crucial in evaluating the loading conditions that 

caused the tephra to liquefy in the past and will enable assessment of potential future hazards 

in this region. 

For those purposes a series of undrained monotonic and cyclic triaxial tests were 

performed on reconstituted pumiceous samples, comprising ~52% non-plastic, pumiceous 

fines. The main aims of this study were to determine: (1) the monotonic behaviour; (2) the 

undrained cyclic behaviour; (3) the liquefaction resistance; and (4) the extent of particle 

crushing after testing, of the pumiceous sandy silt. The monotonic tests were also used to 

develop the critical state line (CSL) of the material in order to analyse the cyclic testing results 

within the critical state framework. Comments on the meaning of the results from the three 

main objectives with regards to the paleoliquefaction features found in this tephra are given as 

well. 

4.3. Study area  

The North Island lies on the Australian Plate and is dominated by tectonic activity and active 

volcanism as the Pacific Plate is subducted beneath it (Nicol et al. 2017; Shane 2017). Although 

identified as having low to medium seismic hazard, a short historical record means that an 

understanding of the magnitude of past earthquakes in the Hamilton lowlands area is poor (Van 

Dissen et al. 2021; Downs 2005). The lowlands are within the depocentre of numerous tephra-

fall deposits derived from eruptions of volcanic centres in the Taupō Volcanic Zone, 

Egmont/Taranaki volcano, and Tuhua Volcanic Centre (Mayor Island) during the late 

Quaternary, and contain a number of ~20,000-year-old riverine-peat lakes in which many 

tephra layers have been well-preserved with minimal post-depositional alteration (Lowe 1986, 

1988) (Fig. 4.1a). Several of these tephra layers preserved within the sediments of the lakes 

have liquefied due to past earthquakes (Kluger et al. 2023). The tephra layers are pumiceous 

silts, sandy silts, silty sands and sands (Chaneva et al. 2022). This study analysed the cyclic 

undrained behaviour and liquefaction resistance of the Tuhua tephra, a peralkaline rhyolitic 

fall-bed derived from an eruption of Mayor Island 7,600 (calendar) years ago (Lowe 1986, 

1988). 
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Fig.  4.1. Location of the sampling area for Tuhua silt (i.e., Tuhua tephra) at Lake Areare in 

the Hamilton lowlands and faults in the area, North Island, New Zealand. Recently identified 

faults are from (Van Dissen et al. 2021; Moon and Lange 2017) (a). Figure also shows (b) 

Lake Areare, (c) trench where the blocks were sampled, (d) block samples containing Tuhua 

tephra in between organic lake sediment layers, and (e) Tuhua tephra isolated from the block 

sample ready for contamination (organic leftovers) clean up. 
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4.4. Methods and material 

4.4.1. Sampling procedure   

Sampling of Tuhua tephra was undertaken at the shore of Lake Areare (Fig. 4.1a and b), where 

the material was located at a relatively shallow sediment depth of <0.5 m in the exposed lake 

bed (Fig. 4.1c). A large number of small block samples (each with volumes of ~0.0075 m3) 

were taken (Fig. 4.1d), which comprised the ~3 cm-thick Tuhua tephra layer and organic lake 

sediment above and below the tephra layer. The Tuhua tephra layer (Fig. 4.1e) was then 

carefully sampled using a spoon, cleaned from organic contamination, and oven-dried at 40°C.  

 
Fig.  4.2. SEM images of Tuhua silt separated in four grain-size fractions (< 0.063 mm, 

0.063-0.125 mm, 0.125-0.25 mm and > 0.25 mm) 

4.4.2. Sample properties  

A number of physical and geotechnical properties for the Tuhua tephra were obtained to 

accompany the triaxial testing campaign, including grain-size distribution, particle density, 

minimum and maximum dry densities, Atterberg limits, pumice content, and particle shape 

indices. The grain-size distribution of Tuhua tephra was obtained before (virgin soil) and after 

triaxial testing (i.e. after reconstitution, consolidation and shearing) through laser diffraction 

analysis using a Malvern Mastersizer 3000. The tephra soil classification and fines content 

threshold (%<0.075 mm) were defined following the ASTM D2487-11 (2011). The particle 

density was determined using a Quantachrome Ultrapyc 1000 nitrogen-filled gas pycnometer 

following ASTM-D5550-14, (2014).  The minimum and maximum dry densities of the samples 

were obtained following the Japanese standard method (Japanese Geotechnical Society 
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Standard 2009) as modified by Mijic et al. (2021). Atterberg limits were obtained following 

ASTM-D4318-17e1, (2017). 

The pumice content was quantified in a similar manner to that of Asadi et al., (2019): 

a sample was separated into different grain-size fractions (i.e., <0.063 mm, 0.063-0.125 mm, 

0.125-0.25 mm and >0.25 mm) by dry sieving. The mass of each fraction was determined. 

Then, images of clusters representing the different grain-size fractions were obtained using 

scanning electron microscopy (SEM) (Fig. 4.2). The pumice content for each fraction was then 

defined by means of visual inspection of the pumiceous vs non-pumiceous particles based on 

three SEM images per fraction, which corresponded to a total count of about 100-140 particles 

per fraction. The highly vesicular rough-textured particles were defined as pumiceous particles, 

whereas the fragments of the pumice particles that were found to lack internal voids, namely 

glass shards, were considered as non-pumiceous particles (Fig. 4.2). In the final step, the total 

pumice content of the sample was calculated by averaging the pumice contents of fractions 

defined based on the number of pumiceous particles against the total number of particles with 

respect to a correction factor based on their relative mass to the total mass of the sample (Asadi 

et al. 2019).  

 
Fig.  4.3. Grain-size distribution of Tuhua silt prior to triaxial testing 

The particle shape analysis was performed following the methodology of Kikkawa et 

al. (2013). The method is based on SEM images of the different fractions (i.e., <0.063 mm, 

0.063–0.125 mm, 0.125–0.25 mm and >0.25 mm) of the original Tuhua tephra using 20 

particles per fraction, thus 80 particles in total. The quantification of the particle shape 

characteristics through the roundness coefficient (Rc), aspect ratio (Ar), and angular coefficient 

(Ac), are defined as follows:  
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In the above equations, L is the perimeter of the particle, A is the surface area of the 

particle, and a and b are the dimensions of the particles along the minor and major axes 

respectively. The particle shape indices were calculated for all 80 particles, averaged by 

fraction and the final values were calculated with respect to the correction factor of each 

fraction based on the relative mass to the total mass of sample. A supplementary table S2, 

showing the results for all 80 particles can be found in Appendix A. 

The grain-size distribution curve of the Tuhua tephra (i.e. virgin soil) prior to triaxial 

testing is shown in Fig. 4.3. With fines content of 51% (of which only 4% were clay sized 

particles) and having tested as a non-plastic sandy silt following ASTM D-2487 (2018), the 

tested material will be referred to as Tuhua silt (ML) hereafter. The minimum and maximum 

void ratios are 1.06 and 2.18, respectively. The pumice content of the silt is 48%. The roundness 

coefficient (Rc), aspect ratio (Ar), and angular coefficient (Ac), are 1.829, 1.466 and 1.38 

respectively, classifying the particles of the Tuhua silt material as ellipsoidal, elongated and 

highly angular (Asadi et al. 2017; Kikkawa et al. 2013). All the material properties of the Tuhua 

silt are summarized in Table 4.1. 

Table 4.1. Index properties of Tuhua silt 

Material Gs D50  FC PC emin emax Rc Ar Ac 

  [mm] [%] [%]      

Tuhua silt 2.41 0.073 51.2 48 1.06 2.18 1.83 1.47 1.38 

 

4.4.3. Triaxial testing  

A GDS Advanced Dynamic Triaxial Testing System was used for the triaxial testing of the 

samples. The samples were reconstituted using the under-compaction method following the 

procedure of Ladd, (1978). The compressive response of the tested material in the medium-

high density range (i.e. 0.35 ≤ Dr ≤ 0.65) in the initial tests, was indicative of the redundancy 

in testing looser samples, as medium-high to high dense samples already captured the transition 

from contractive to dilative behaviour. Moreover, loose samples are known to exhibit higher 
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degree of soil heterogeneities affecting the undrained soil response (Hariprasad et al. 2016; 

Kluger et al. 2021). Therefore, the target densities in the testing campaign were above the 

medium-dense range according to the relative density designations as per Terzaghi and Peck, 

(1967).  

The target size of the triaxial samples was 50 mm in diameter and 100 mm in height. 

Deaired and demineralised water was added to the samples until a water content of 15% was 

obtained. Then, samples were reconstituted in eight layers into a split mould mounted on top 

of the triaxial base plate. For the first layers a percent undercompaction ratio of 0% was selected 

for reconstituting samples at high relative densities, whereas an undercompaction ratio of 15% 

was chosen for reconstituting samples at medium to medium-high relative densities. The 

definition of the undercompaction ratio is defined in the original publication of Ladd (1978). 

The density distribution throughout the sample was checked by observing the shape of the 

sample once reconstituted and its failure pattern, following the recommendations of Ladd 

(1978).  

After reconstituting the sample, the top cap was placed on the sample and the cell was 

assembled and filled with water. Before the saturation phase, the sample was flushed with 

deaired and demineralized water through the back-pressure pump. A B-value of more than 0.95 

was reached once the sample was subjected to back pressures of at least 800 kPa over 15 h in 

the saturation stage. During the B-value check, the cell pressure was increased by 70 kPa and 

20 kPa for effective consolidation pressures σc’ corresponding to 100 kPa and 20 kPa, 

respectively (DIN EN ISO 17892-9, 2018). More details about the tests and their specific 

conditions are summarized in Table 4.2. Two levels of consolidation pressure were used in this 

study. The effective consolidation pressure σc’ = 20 kPa was considered to most accurately 

represent the stress conditions in the in-situ Tuhua silt and σc’ = 100 kPa effective consolidation 

stress was used in order to compare the undrained behaviour and liquefaction resistance of the 

studied material with other soil types from the literature. Many other researchers have 

performed triaxial tests on soil materials under low confining stresses before (Fannin, 

Eliadorani, and Wilkinson 2005; Y. Huang et al. 2015; Lancelot et al. 2006). However, because 

the consolidation pressure of 20 kPa is considered to be at the lower end of what the sensors of 

the triaxial apparatus are able to measure, a supplementary Fig. S1. is provided to show that 

the data quality of the 20 kPa consolidation pressure tests in this study. The results or a 

representative test (Tu-CY-21, Table 4.2.) by means of pore water pressure, deviator stress and 

axial strain development for a single cycle are presented. The oscillation variations of the 
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sensors vary between 0%, for the last cycle in the axial strain vs. time plot (Fig. S1, (d)) to 

12.5% in the pore water pressure vs. time plot (Fig. S1, (a)) of the corresponding amplitude. 

The oscillation variations are calculated by dividing the amplitude of the oscillation (e.g. 0.5/2 

= 2.5 kPa, Fig.S1 (a)) with the amplitude in the corresponding peak of the cycle (e.g. 2 kPa, 

Fig.S1 (a)) and converting into percentage (2.5/2 x 100 = 12.5%). The sensors provided 

sufficiently high signal-noise ratios that do not affect the soil response analysis, thus generated 

meaningful results. 

The post-consolidation void ratios of the samples were obtained following two different 

approaches. In the first approach, the volume change of the sample due to consolidation was 

measured by the back-pressure pump. In the second approach, the volume change due to 

consolidation was derived after completing the test following the procedure proposed by 

Verdugo and Ishihara (1996). The post-consolidation void ratios considered in this study were 

calculated by either (1) averaging the values from both approaches or (2) using the one value 

for the tests where results from both methods were not available (Table S1).   

Seven monotonic undrained triaxial tests were performed on the reconstituted samples. 

Five tests were performed in compression and two tests in extension. The details about the 

testing conditions are presented in Table 4.2. A constant displacement rate of 𝑠̇ = 0.1 mm/min 

was chosen following DIN EN ISO 17892-9 (2018). Shearing was performed until the axial 

strain reached ±10 to 15%. 

A total of 18 cyclic undrained, stress-controlled triaxial tests were performed (Test 

series 2 to 6, Table 4.2). The cyclic stress amplitudes in these tests were applied with a 

frequency of f = 0.02 Hz. Additional two tests were performed to explore the frequency 

influence on the cyclic undrained response of the tested material (Test series 7, Table 4.2). 

Both tests were a replicate of Tu-CY-10 (Table 4.2) by means of effective consolidation stress, 

relative density, and cyclic stress ratio (CSR = qdev/(2σc’), where q is deviator stress), with the 

only difference being the frequency (f = 0.1 Hz and f = 1 Hz). The results confirm that the 

response of the non-plastic silt is frequency independent (supplementary Fig. S2). The 

calculation of the cyclic stress ratio, double axial strain amplitude (εda), pore water pressure 

ratio (ru=u/σc’, where u is the excess pore water pressure (EPWP) in kPa), and number of 

loading cycles to liquefaction (NCL) followed ASTM D 5311 - 92 (2004). The initiation of 

cyclic liquefaction according to the ASTM D 5311 - 92 (2004) is considered when either the 

double axial strain amplitude (εda) reached 5 % or when the pore water pressure ratio (ru) 

reached 0.9.  
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4.5. Results 

4.5.1. Monotonic triaxial tests results  

The effect of relative density, Dr, on the monotonic undrained response of Tuhua silt was 

analysed for the tests performed at the low effective consolidation pressure of 20 kPa (Fig. 4.4). 

The test with Dr = 0.51 (Tu-CU-2) exhibited a low peak strength with fully contractive 

behaviour. The response of the Dr = 0.65 (Tu-CU-4), started with a similar stiffness as the Dr 

= 0.51 test (Tu-CU-2,) at small strains, peaked soon after at the phase transformation point 

(Ishihara et al. 1975) and then strain-softened as the stress path approached the critical state 

line in a contractive manner. The dense sample (Tu-CU-5, Dr = 0.77) exhibited a higher initial 

stiffness when compared to the other two (medium-dense) tests and was found to be purely 

dilative. The peak strength was found to increase with the increase in relative density.  

The effect of effective consolidation pressure on the monotonic undrained response of 

Tuhua silt was analysed by plotting together all the tests performed (Fig. 4.5). As expected, the 

initial stiffness and peak strength increased with effective consolidation pressure (when 

comparing tests performed at similar relative densities). Furthermore, it was observed from 

Fig. 4.5 that Tuhua silt exhibited contractive behaviour within the range of relative densities 

0.51 ≤ Dr ≤ 0.69 which are considered to be within the medium-high to high density range. 

The results from the monotonic tests were used to obtain the critical state line for the 

material (Fig. 4.6a). The start point, phase transformation point, and critical state point of 

individual tests as well as the critical state line are presented in Fig. 4.6a in the e-p’ plane. The 

minimum and maximum void ratios obtained for Tuhua silt (i.e., at zero mean effective stress) 

are also plotted in the figure. It can be observed that the critical state line of Tuhua silt is located 

approximately in the middle between its minimum and maximum void ratios within the mean 

effective stress range 1 to 1000 kPa.  

4.5.2. Cyclic triaxial tests results  

The Tuhua silt samples were found to commonly exhibit one of two types of cyclic undrained 

behaviour: behaviour type 1, which was characterized by a gradual increase in axial strain and 

EPWP in the last cycles before failure, and behaviour type 2, where a sudden response was 

observed with axial strain development being restricted to the last cycle prior failure. In Fig. 

4.7, typical experimental results representing these two types of cyclic undrained behaviour are 

presented.  
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Table 4.2. Experimental programme 

Test 

series 

Type 

of test 

Label σc
’  ei Dr,i  ec Dr,c f CSR NCL ψ   

   [kPa]    [Hz]    

1 M Tu-CU-1 100 1.80 0.34 1.61 0.51 n/a n/a n/a 0.316 

M Tu-CU-3 100 1.51 0.60 1.42 0.69 n/a n/a n/a 0.124 

M  Tu-CU-2 20 1.80 0.34 1.61 0.51 n/a n/a n/a 0.171 

M Tu-CU-4 20 1.53 0.58 1.46 0.65 n/a n/a n/a 0.021 

M Tu-CU-5 20 1.39 0.71 1.33 0.77 n/a n/a n/a -0.114 

M Tu-CUE-1 100 1.77 0.37 1.62 0.51 n/a n/a n/a 0.324 

M Tu-CUE-2 20 1.76 0.38 1.62 0.50 n/a n/a n/a 0.181 

2 Cy Tu-CY-12 100 1.85 0.29 1.69 0.44 0.02 0.07 57 0.392 

Cy Tu-CY-11 100 1.79 0.35 1.62 0.50 0.02 0.09 17 0.328 

Cy Tu-CY-10 100 1.76 0.38 1.59 0.53 0.02 0.11 10 0.291 

Cy Tu-CY-7 100 1.82 0.33 1.65 0.47 0.02 0.13 4 0.356 

3 Cy Tu-CY-4 100 n/a n/a 1.45 0.65 0.02 0.11 45 0.154 

Cy Tu-CY-5 100 1.48 0.63 1.43 0.67 0.02 0.13 35 0.134 

Cy Tu-CY-2 100 1.45 0.65 1.38 0.72 0.02 0.15 31 0.083 

Cy Tu-CY-6 100 1.49 0.62 1.40 0.70 0.02 0.17 12 0.104 

4 Cy Tu-CY-18 20 1.85 0.29 1.65 0.48 0.02 0.05 39 0.211 

Cy Tu-CY-16 20 1.83 0.32 1.74 0.40 0.02 0.07 9 0.299 

Cy Tu-CY-15 20 1.81 0.33 1.61 0.51 0.02 0.09 5 0.168 

Cy Tu-CY-14 20 1.81 0.34 1.69 0.43 0.02 0.11 3 0.256 

5 Cy Tu-CY-19 20 1.49 0.61 1.42 0.68 0.02 0.1 50 -0.016 

Cy Tu-CY-13 20 1.52 0.59 1.44 0.66 0.02 0.11 21 0.001 

Cy Tu-CY-8 20 1.34 0.76 1.43 0.67 0.02 0.15 11 -0.009 

6 Cy Tu-CY-21 20 1.33 0.76 1.29 0.80 0.02 0.15 23 -0.149 

Cy Tu-CY-22 20 1.35 0.75 1.28 0.81 0.02 0.13 88 -0.164 

Cy Tu-CY-23 20 1.34 0.75 1.30 0.79 0.02 0.17 29 -0.139 

7 

 

Cy Tu-CY-17 100 1.83 0.31 1.67 0.45 0.1 0.11 10 0.378 

Cy Tu-CY-20 100 1.77 0.37 1.61 0.51 1 0.11 12 0.314 

 

Fig.  4.4. Monotonic undrained compression behaviour of Tuhua silt tested at 20 kPa 

effective consolidation pressure. Results are presented by means of (a) stress-strain and (b) 

stress paths relationships 
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Fig.  4.5. Monotonic undrained behaviour of Tuhua silt tested at 20 kPa and 100 kPa effective 

consolidation pressure. Results are presented by means of (a) stress-strain and (b) stress paths 

Fig.  4.6. (a) Critical state line (CSL) of Tuhua silt obtained from monotonic undrained 

triaxial tests presented together with the stress paths from monotonic compression and 

extension tests. White, black, and orange diamonds represent the start, phase transformation 

point, and critical state point, respectively. (b) Initial states (green) circles of the cyclic 

undrained triaxial tests presented together with the CSL of Tuhua silt 

The first test (Tu-CY-21), representing cyclic undrained behaviour type 1, exhibited 

small axial strain for the first ~15 loading cycles, and then started to develop a gradual and 

steady increase in axial strain amplitude as it approached failure at 23 cycles (considering both 

axial strain and EPWP thresholds) (Fig. 4.7a). The EPWP increased in a linear manner with 

the loading cycles, reaching a value of around 0.95 of the initial effective consolidation 

pressure at failure (liquefaction). The gradual development of the liquefaction of this test under 
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cyclic undrained testing can also be observed by considering its deviator stress-axial strain 

hysteresis response (Fig. 4.7b), where the slopes of the hysteresis loops started to gradually 

decrease in the last cycles.  

 
Fig.  4.7. Two typical examples of developments of axial strain and excess pore water 

pressure (left panels) and stress-strain curves (right panels). Tuhua silt samples tested in this 

study could be classified as exhibiting either (1) a gradual increase in axial strain and excess 

pore water pressure until failure – behaviour type 1 (a and b); or (2) a sudden axial strain 

development in the last cycle – behaviour type 2 (c and d). Note the letter “L” in the figure 

stands for liquefaction (initiation) 

In the second example (Tu-CY-2), representing cyclic undrained behaviour type 2, the 

axial strain remained small for the most part of the cyclic loading, with significant axial strain 

developing only within the last loading cycles prior to liquefaction (Fig. 4.7c). Moreover, 

unlike the case with the behaviour type 1 tests where the accumulation of the EPWP was at a 

steady rate throughout the test, the EPWP in this case started off with a smaller increase in rate 
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and then increased more rapidly during the last half of the cyclic loading until liquefaction 

occurred after 31 loading cycles. This test exhibited a very narrow range of deviator stress-

axial strain hysteresis loops slopes (indicating a constantly high stiffness), with the vast 

majority of axial strain occurring within the last loading cycle (Fig. 4.7d).  

Both tests were performed on samples with relatively similar relative densities (i.e., Dr 

of 0.72 and 0.80). Furthermore, both samples were tested at the same cyclic stress ratio (0.15), 

achieved failure after a similar number of loading cycles, but were consolidated under different 

effective consolidation pressures. Because of the effective consolidation pressures used in the 

present study (i.e., 20 and 100 kPa), it is more appropriate to present the cyclic undrained results 

using their state parameters (Been and Jefferies 1985) rather than using void ratios or relative 

densities.  

The state parameter, ψ, is the difference between a given void ratio, e, and the 

corresponding void ratio of the steady state line, ess, for the effective consolidation stress of 

interest, and it incorporates the combined effect of both the void ratio and the effective 

consolidation stress (Been and Jefferies 1985). The state parameters of all of the cyclic tests 

are given in Table 4.2. The initial states in the cyclic tests are plotted against the critical state 

line in the e-p’ plane in Fig. 4.6b. 

The results by means of the development of the double amplitude axial strain, the excess 

pore water pressure, and the normalized number of loading cycles (NC/NCL) for all the cyclic 

tests performed in this study are presented in Fig. 4.8.  

The samples tested in series 5 and 6 (i.e. with effective consolidation pressures of 20kPa 

and medium-dense to dense relative densities) showed negative state parameters of -0.16 ≤ ψ 

≤ 0.001 (Table 4.2, Fig. 4.6b), and exhibited stable cyclic undrained responses that were 

characterized by a gradual increase in EPWP and as well as axial strain increase (i.e., cyclic 

undrained behaviour type 1). The remaining cyclic tests (series 2, 3, and 4), having positive 

state parameters of 0.08 ≤ ψ ≤ 0.39, showed a sudden axial strain increase at the moment of 

failure (i.e., cyclic undrained behaviour type 2).  

Finally, the cyclic resistance ratio (CRR) data points (i.e., liquefaction resistance) for 

all the cyclic tests as well as their corresponding liquefaction resistance curves were obtained. 

In all the tests, failure occurred in a simultaneous manner, with both the double axial strain 

amplitude, εda, exceeding 5 % and the pore water pressure ratio, ru, reaching 0.9 in the same 

loading cycle. The liquefaction resistance curves were obtained using power functions in the 
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shape of CRR = aNCL-b, and reflect the variations in relative density, effective consolidation 

pressure, and state parameter (Table 4.2, Fig. 4.9). Figure 4.9 illustrates that the liquefaction 

resistance of Tuhua silt generally increased with relative density and consolidation pressure. In 

relation to the state parameter, higher values of the state parameter indicate lower resistance of 

liquefaction.  

 

 
Fig.  4.8. Cyclic undrained behaviour of Tuhua silt presented by means of (a) double 

amplitude axial strain and (b) excess pore water pressure both being plotted vs. the 

normalized number of cycles. Green and orange shadings represent the range observed for 

baheviour types 1 and 2 respectively. Bold lines represent the two typical examples presented 

in Fig 4.7. 

4.5.3. Particle crushing 

Considering the fact that the non-pumiceous particles in the Tuhua silt are defined to be the 

pumice fragments that no longer contain internal voids, thus are considered to be less crushable 

(although not exactly hard-grained), the potential particle crushing due to sample 

reconstitution, consolidation, and shearing during triaxial testing was analysed by quantifying 
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the changes in grain-size parameters and pumice contents in the samples after testing. The 

assumption here is that if particle crushing occurred, the number of pumiceous particles would 

have decreased and the number of non-pumiceous particles (glass shards) would have 

increased.  

 

 
Fig.  4.9. Liquefaction resistance curves of Tuhua silt tested at three different relative 

densities and two effective consolidation pressures, with their associated values of the state 

parameter. Shaded areas indicate two clusters around curves which are associated with ψ = -

0.16 to 0.15 and ψ = 0.17 to 0.39, respectively 

The D10, D50, and D90 grain-size parameters measured after sample reconstitution and 

triaxial testing were plotted for all samples with respect to their built-in consolidated void ratios 

and effective consolidation stresses (Fig. 4.10). By observing the mean values and their 

standard deviations presented in Fig. 4.10, it is evident that (1) the effective consolidation 

pressure used in this study did not significantly affect the amount of particle crushing, and (2) 

the pre-testing median grain size generally lies within ± 1standard deviation (SD) derived from 

the post-testing samples for most of the test conditions. Based on this, it can be inferred that 

there is no meaningful change in the grain-size distribution after testing, thus, no particle 

crushing occurred.  

The second approach used SEM images of the soil particles from selected tests within 

a range of relative densities (1.28–1.69) for both effective consolidation pressures (20 and 100 

kPa), from which the pumice contents were defined before and after testing. The hypothesis 

with this approach is that if the pumice content did not change, no particle crushing occurred. 

The five tests that were selected over a range of void ratios (relative densities) for both effective 

consolidation pressures are Tu-CU-5, Tu-CY-10, Tu-CY-6, Tu-CY-14 and Tu-CY-22 (Table 

4.2). 
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Fig.  4.10. Change in grain-size parameters (a) D10, (b) D50, and (c) D90 due to cyclic and 

monotonic triaxial tests of Tuhua silt 

 

Fig.  4.11. Pumice contents after monotonic and cyclic triaxial testing for different relative 

densities 
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The mean pumice content per fraction for all of the selected samples is presented in 

Fig. 4.11. The mean pumice content determined before testing (grey area in Fig. 4.11 denotes 

one SD) falls within one SD derived from the post-testing samples, suggesting no meaningful 

change in the pumice content, hence no particle crushing. The mean pumice contents per 

fraction, for the selected samples are presented in Fig. 4.12. These results show that the 

majority of the pumiceous particles are in the coarse particle range, above the fines content 

threshold (0.075 mm). Within the smallest fraction, the fines particles are mostly glass shards 

that are not particularly hard-grained but do lack the vesicularity that makes up for the 

lightweight and crushable characteristics of pumiceous particles.  

The results from both approaches that studied the potential particle crushing of the 

Tuhua silt indicate that no particle crushing occurred as a result of the testing and/or sample 

preparation method.  

 
Fig.  4.12. Pumice contents of the four grain size fractions (< 0.063 mm, 0.063-0.125 mm, 

0.125-0.25 mm and > 0.25 mm) after monotonic and cyclic triaxial testing 

4.6. Interpretation of results and discussion  

This section discusses the previously presented results by comparing the critical state line, the 

cyclic response, and the liquefaction resistance of Tuhua silt to these properties for other sandy 

and silty materials from literature, both pumiceous and hard-grained. For the interpretation, the 

results from the particle crushing analysis were considered as well.  

4.6.1. Critical state line 

The critical state line (or steady state line) is defined as the locus of points that describe the 

relationship between the void ratio and the effective confining stress in the steady state of 

deformation (Castro 1969; Kramer 1996). As a unique line that describes a particular soil, it 

has been used as a tool to define single physical parameters that describe sand behaviour, such 
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as the state parameter (Been and Jefferies 1985) or the modified state parameter (Bobei et al. 

2009). The critical state framework is well established and confirmed for hard-grained soils, 

yet its applicability to crushable pumiceous sands is still subject to investigation. In their study, 

Orense et al. (2012), performed monotonic undrained tests on pure pumiceous sand samples, 

and found that they could not reach the steady state of deformation. They hypothesised that the 

breakage of particles resulted in a resistant soil structure that did not exhibit deformations at 

constant shear stress. De Cristofaro et al. (2022), on the other hand, undertook tests on two 

pumiceous sands (Rangiriri and Cervinara sand). They observed contractive behaviour under 

a range of void ratios where they were able to obtain the corresponding critical state lines 

(CSL). De Cristofaro et al. compared their results with those obtained on Toyoura sand and 

noted differences in the positioning as well as the slopes of their critical state lines. They 

inferred that, as the steady-state condition represents the final state of the triaxial tests, 

corresponding to relatively high axial strains of ~15% where particle breakage would occur if 

the material were crushable, the CSL is a good indicator of the nature of the particles 

(pumiceous or not) and possible particle crushing. The hypothesised effect of the crushability 

of the soil material on the slope and relative positioning of the CSL was not clearly discussed 

by De Cristofaro et al. (2022). Kramer stated that the vertical location of the CSL is influenced 

by gradation, whereas the slope is sensitive to the particle shape, where soils with rounded 

particles usually have flat CSLs (Kramer 1996). 

 
Fig.  4.13. Critical state lines of Tuhua silt and of representative hard-grained soils and 

pumiceous sands from literature 
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As pumiceous sandy silts have not been studied in the context of the critical state 

framework before, and considering the findings of De Cristofaro et al. (2022), and Kramer 

(1996), an attempt to discuss the positioning and slope of the CSL of Tuhua silt against other 

relevant CSLs from the literature was made. The selected materials from published literature 

are presented in Table 4.3 (Materials 1 to 7). 

Fig. 4.13 shows the CSL of Tuhua silt as well as the for two natural pumiceous sands, 

one from New Zealand (Rangiriri sand) and the second from Italy (Cervinara sand) (de 

Cristofaro et al. 2022), the hard-grained representatives for sand (Toyoura and Ticino clean 

sands and Ticino sand with 40% fines content (FC)) (Porcino et al. 2022; Yoshimine et al. 

2006) and non-plastic silts from Christchurch, New Zealand (with FC of 53% (RZ6-FC53) and 

100% (RZ6-FC100)) (Cappellaro et al. 2021). The silt material tested in our study plots in 

between the CSLs of the two pumiceous sands (Rangiriri sand and Cervinara sand), and well 

above those of the hard-grained Toyoura and Ticino sand as well as the hard-grained silts. The 

gradation of soils (Kramer 1996) would be a relevant parameter when comparing the vertical 

position of the CSLs of different hard-grained soils. A more relevant parameter that would 

partially explain the positioning of the CSL of the pumiceous Tuhua silt in relation to the other 

CSLs (those of hard-grained soils included) with confidence, is the light weight of the silt, a 

result of its vesicular properties. If we consider that Tuhua silt is a material that contains ~48% 

pumice particles, its CSL, being closely positioned to that of the pumice sands is reasonable 

and expected, because the void ratio range (Cubrinovski and Ishihara 2002) of Tuhua silt is 

closer to the void ratio ranges of other pumiceous materials. When analysing the different 

slopes of the CSLs in Fig. 4.13, one would have to study the combined effect of particle shape 

and crushability (de Cristofaro et al. 2022; Kramer 1996). Considering comments from both 

Cristofaro et al. and Kramer’ (de Cristofaro et al. 2022; Kramer 1996), the authors hypothesised 

the following: particle breakage in soil particles (pumiceous or not) leads to less spherical, 

more angular soil particles. That would result in the original soil (with more rounded particles) 

having a flatter CSL than the final soil mixture (after the particle breakage). In case of a 

pumiceous soil, the loss of internal voids, thus lightweight properties of the vesicular particles, 

because of particle breakage, would also lead to a vertical offset of the CSL of the final soil 

mixture.  

The pumiceous silt in this study was proven not crushable (Section 4.5.3) and therefore 

the slope can be discussed based on the particle shape alone. Asadi et al. (2017) compared the 

particle shapes of Toyoura sand and a natural pumice sand from the central North Island of 
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New Zealand and found the pumiceous particles to be ~five times more angular than the 

particles of Toyoura sand particles. Considering the particle shape indices of Toyoura sand 

according to the Asadi et al. (2017), which are Rc = 1.258, Ar = 1.483 and, Ac = 0.179 and the 

particle shape indices for Tuhua silt (Table 4.1), we conclude that the particles of Tuhua silt 

are ~45% more ellipsoidal, and close to eight times more angular than Toyoura sand particles. 

Thus, the different slopes of the CSLs of Toyoura sand and Tuhua silt, are in accordance with 

the findings in Kramer (1996), in other words, the more angular nature of the particles of Tuhua 

silt compared to the particles of Toyoura sand, has resulted in a higher slope of the CSL.  

Table 4.3. Geotechnical properties of selected materials from literature 

 1Following the Unified Soil Classification System (USCS); n/a = not available  

 

4.6.2. Cyclic undrained response and liquefaction resistance 

Whether or not cyclic liquefaction is initiated in the conventional sense (ru=u/σc’ reached 0.9), 

an analysis of the excess pore pressure as well as the axial strain development in soil during 

 Material  Reference  Soil 

Classi

ficati

on1 

 

Gs D50 FC PC Testing 

apparatus 

 

     [mm] [%] [%]  

1 Rangiriri 

sand    

de Cristofaro et 

al., (2022) 

SP 2.54 0.20 13 39 Triaxial  

2 Cervinara 

sand  

de Cristofaro et 

al., (2022) 

SP 2.58 0.40-0.60 10-20 n/a Triaxial  

3 Toyoura sand     Yoshimine et 

al., (2006) 

SP 2.65 0.18 0 0 Triaxial  

4 TS – Ticino 

sand   

Porcino et al., 

(2022) 

SP 2.68 0.56 0 0 Triaxial 

5 TS 40% FC            Porcino et al., 

(2022) 

SM 2.68 0.4 40 0 Triaxial 

6 RZ6-FC53 Cappellaro et 

al., (2021) 

ML 2.69 0.071 53 0 Direct simple 

shear 

7 RZ6-FC100 Cappellaro et 

al., (2021) 

ML 2.63 0.026 100 0 Direct simple 

shear 

8 Pumice sand 

A 

Orense et. al., 

(2012) 

SP 1.95 1.15 2 100 Triaxial  

9 Pumice sand 

C 

Orense et. al., 

(2012) 

SM 2.38 0.07 52 100 Triaxial  

10 Shirasu Sand  Hyodo et. al., 

(1998) 

SM 2.49 0.15 30 n/a Triaxial  

11 PAR Licata, 

D’Onofrio and 

Silvestri, 

(2018) 

SM 2.51 0.15 30 n/a Triaxial  

12 FBM-30 Rees, (2010) SM n/a 0.11 30 0 Triaxial  
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cyclic loading is of a particular interest to researchers as it provides additional insights about 

the loss of stiffness and strength during the loading. Clean hard-grained sands and sand-silt 

mixtures have received solid attention by such means in the past 50 years (Dobry et al. 1982; 

Hazirbaba and Rathje 2009; Wang and Kavazanjian 1989). Dash and Sitharam (2009) analysed 

the undrained excess pore pressure development of a large number of hard-grained sand-silt 

mixtures (Fig. 4.14). They tested, under a vast range of relative densities (0.14 ≤ Dr ≤ 0.91), 

loading frequencies (0.1 ≤ f ≤ 0.5 Hz), consolidation pressures (50 ≤ σc’ ≤ 200 kPa) and critical 

stress ratio (0.0922 ≤ CSR ≤ 0.205). Even though they discussed trends by means of looking at 

a single parameter, for example, the effect of fines or relative density, they reported that all the 

curves generated by plotting the excess pore water pressure response against the corresponding 

cycle ratio fell within a relatively narrow band.  

For pumiceous sands, the cyclic undrained response by means of excess pore water 

pressure and axial strain development until failure has provided insight for interpreting the 

liquefaction resistance of crushable sands compared with that of hard-grained sands (M. S. 

Asadi et al. 2018; de Cristofaro et al. 2022). For example, Asadi et al. (2018) found that for the 

same relative density and effective consolidation pressure, the response of the pumiceous sand 

was much more stable and had a gradual failure mechanism compared with that of the hard-

grained Toyoura sand, for which the onset of failure was sudden (Fig. 4.15). The main reason 

for this difference was considered to be the subsequent particle crushing in the pumiceous sand 

that led to a linear increase in the double amplitude strain and a significant increase in EPWP 

during the first cycles. This increase was more pronounced for dense samples, whereby the 

samples underwent higher initial deformations and higher EPWP, indicating that the relative 

density played a bigger role in the undrained cyclic behaviour for pumice sands than for hard-

grained sands.  

The cyclic undrained response of the Tuhua silt samples consolidated under 100 kPa 

for two relative densities (0.44-0.53 and 0.65-0.72) was plotted and compared with the response 

from the hard-grained sand-silt mixtures from Dash and Sitharam (2009) study and that of the 

pumiceous sand and Toyoura sand used in the study by Asadi et al. (2018) (Figs. 4.14 and 

4.15). Note that the studies of both Dash and Sitharam and Asadi et al. were based on tests 

performed in a triaxial apparatus.  

By observing Fig. 4.14, we noticed that the results for the EPWP development during 

cyclic testing of Tuhua silt fall perfectly into the range established by Dash and Sitharam 

(2009).  
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Fig. 4.15 (a) shows that for the dense pumice sand (Dr ≈ 0.8), the pore water pressure 

reached high values very quickly after loading and at small strains, and the double amplitude 

axial strain (Fig. 4.15 (b)) has a generally linear increase throughout the testing until failure. 

For the looser samples (Dr ≈ 0.3), EPWP accumulated in a steadier manner, whereas the double 

amplitude axial strain started increasing in the later stage of the test when the corresponding 

EPWP ratio ru was around 0.5.  Fig. 4.15 (c) and (d) show the results for Toyoura sand for two 

densities, where it is evident that the dense samples (Dr ≈ 0.8) exhibited a more gradual increase 

in both the pore water pressure and the axial strain, whereas the looser ones (medium-density 

Dr ≈ 0.5) tend to have their axial strains and EPWP develop in the last cycles of failure.  

 
Fig.  4.14. Excess pore water pressure accumulation against normalized number of cycles for 

Tuhua silt (σc’ = 100 kPa), plotted together with a database for the same parameters for hard-

grained soil mixtures published by Dash and Sitharam (2009) 

By analysing Fig. 4.15, we observed that the effect of relative density is evident in both 

the pumiceous sand and the Toyoura sand, with the effect being more pronounced for the 

pumice sand where the differences in the undrained response are more significant. In contrast, 

the relative density did not seem to have a clear effect on the EPWP or axial strain development 

under cyclic loading of the Tuhua silt samples. However, if we consider the results for Tuhua 

silt presented in Fig. 4.8 and in Section 4.5.2., we observed the discussed trend based on the 

state parameter. In other words, samples with a negative state parameter showed a more gradual 

development of axial strain and EPWP compared to that of the samples with a positive state 

parameter. 

The liquefaction resistance is known to be dependent on relative density, effective 

consolidation pressure, fines content, particle shape, grain size and grain-size distribution of 

the material, sample reconstitution method, etc (Ishihara 1997). Given that the type of material 

tested in this study has not been tested before, we plotted its resistance against a few materials 
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chosen from published literature. The materials used for comparison and their geotechnical 

properties are given in Table 4.3 (Materials 8 to 12).   

The liquefaction resistance of the Tuhua silt for the 100 kPa consolidation stress is 

plotted against selected representative pumiceous and hard-grained soils from literature in Figs. 

4.16 and 4.17, respectively. By analysing the curves in Fig. 4.16 first, we saw that the dense 

samples of Tuhua silt (0.65 ≤ Dr ≤ 0.77) show lower resistance to liquefaction than the pure 

pumice sand (Pumice sand A (Orense et. al., 2012) Dr ≈ 0.7), tested at a similar relative density. 

 
Fig.  4.15. (a) and (c). Excess pore water pressure ratio against normalized number of cycles 

for Tuhua silt against pumiceous sand and hard-grained Toyoura sand, respectively (σc’ = 100 

kPa), (b) and (d) double axial strain accumulation against normalized numberof cycles for 

Tuhua silt against pumiceous sand and Toyoura sand, respectively (σc’ = 100 kPa) 

The medium-dense Tuhua silt samples 0.44 ≤ Dr ≤ 0.53), when compared to the Shirasu 

sand (pumiceous sand with 30% FC, (Hyodo et. al., 1998) Dr ≈ 0.5) and the PAR sand 

(pumiceous sand with 30% FC, (Licata et. al., 2018) Dr ≈ 0.4), show lower resistance as well. 

The pumice sand with 50% FC from Orense et. al., (2012) also shows higher liquefaction 

resistance in general.  

The Tuhua silt in this study generally shows a lower resistance when compared with 

hard-grained sands as well (Fig. 4.17). For the lower density (Dr = 0.44–0.53), Tuhua silt has 

lower resistance than Toyoura sand (Dr ≈ 0.5) (Yamamoto et al. 2009), and the FBM-30 
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(30%FC sand, (Rees 2010) Dr ≈ 0.5). The same is noted for the higher density (0.65 ≤ Dr ≤ 

0.72), where Tuhua silt has lower resistance than FBM-30 (30%FC sand, (Rees 2010) Dr ≈ 

0.7). An interesting observation is made when the liquefaction resistance curves from the 

higher density Tuhua silt samples are compared with those for the hard-grained silt RZ6-FC53 

(53%FC, (Cappellaro et al. 2021), Dr ≈ 0.74): the resistance of the Tuhua silt essentially 

matches that of the hard-grained sandy silt from Cappellaro’s study.  

 
Fig.  4.16. Liquefaction resistance curves of Tuhua silt and relevant pumiceous soil sands (σc’ 

= 100 kPa) 

 
Fig.  4.17. Liquefaction resistance curves of Tuhua silt and relevant hard-grained sands (σc’ = 

100 kPa) 

In summary the pumiceous Tuhua silt: (1) does not seem to fit into the observed trends 

for EPWP and axial strain development reported for pumiceous sand; (2) lies within the narrow 

band of a large database of hard-grained soils for the EPWP development during cyclic 

undrained testing; and (3) has a relatively lower liquefaction resistance than pumice and hard-

grained sands, but comes remarkably close to the resistance of the hard-grained silt with the 

same amount of fines.  
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Concise and conclusive reasoning behind the mentioned findings requires a unified 

testing campaign where testing uncertainties would be eliminated so that one parameter at a 

time could be evaluated. Acknowledging all the parameters that influence the liquefaction 

resistance and cyclic undrained behaviour of soils, this next section will focus on commenting 

on the possible influence of the pumiceous properties (i.e. pumice content and potential particle 

crushing) of the materials and the fines content.  

Firstly, we examined the possible influence of the pumice content of the soils. 

Considering the fact that the pumiceous particles are prone to particle crushing and have 

therefore been suggested to be the main contributor to the higher liquefaction resistance of 

pumiceous sands (M. S. Asadi et al. 2018), it is questionable why Tuhua silt (comprising a 

considerable amount of pumiceous particles in all grain size fractions) shows lower resistance. 

One explanation is that it has a moderate pumice content of 48% (compared with the ~100% 

pumice content in the pure pumiceous sands). In this regard, previous research on the influence 

of the pumice content in the liquefaction resistance of undisturbed samples found that major 

changes in the cyclic resistance of pumice-bearing sands were evident at relatively low 

proportions of pumice (i.e., 0% to 30%) in the soil mixture (Stringer 2022).  This finding 

indicates that pumice content alone might not be enough to describe the behaviour and 

resistance of pumiceous soil mixtures. Hence, when it comes to pumiceous properties, the next 

parameter to analyse was the level of particle crushing. As presented in the results section, the 

Tuhua silt material did not show any signs of particle crushing consequent upon sample 

reconstitution and triaxial testing. The fact that no particle crushing occurred in the material 

(within the frame of testing conditions used in the study), even with the pumice content of 

nearly 50%, might be the reason why Tuhua silt, in general, compares more closely with hard-

grained soils than with pumiceous sands. In the context of the fines content, Hardin (1985) 

introduced a potential for particle breakage that integrates individual fractions or grain sizes 

larger than 0.074 mm. He hypothesised that, the fines fraction particles are less susceptible to 

breakage under the same level of stresses that would cause particle crushing in coarse particles 

(sands and gravels), and therefore considered the potential of breakage of fines, zero. If we 

consider that the fines portion of Tuhua silt (particles < 0.075 mm) comprises less than 8% 

pumice content (Fig. 4.12), whereas the pumice content of the coarse particles is ~80%, we can 

hypothesise that the coarse particles are more susceptible to crushing than the fines. 

Considering the ratio of fines vs. coarse particles is almost 1:1, we assume that the fines are 

dominant in the soil matrix and are acting as a cushion that prevents the coarse particles from 
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breaking during the tamping method as well as during the undrained loading from the testing 

equipment (Fig. 4.18). In order to evaluate the threshold of fines content of the soil skeleton of 

the Tuhua tephra, where the role of the coarse grains becomes secondary and the fine grains 

govern the behaviour (Thevanayagam et al. 2002), a testing campaign that focuses on different 

fines contents in the Tuhua tephra is needed.  

a) b)

Cushioning zones 

Pumice sand 

Glass-shard silt

 
Fig.  4.18. Sketch of (a) pure poorly graded pumice sand and (b) sandy silt containing both 

pumiceous sand particles and silty glass-shard particles 

Overall, the results from our study suggest that the absence of particle crushing in the 

Tuhua silt material during testing contributes to this material having an undrained response 

closer to that of hard-grained soils than to the response of pumiceous sands. These findings 

emphasize the possible influence of fines on the response of pumiceous soil mixtures and raise 

the question of whether the engineering empirical correlations (such as those based on SPT, 

CPT, etc.) that are considered unsuitable for pumice sands are applicable to pumice sand-silt 

mixtures and to what extent this applicability complicates the engineering practice when it 

comes to assessing the liquefaction potential of pumice soils. Furthermore, the results imply 

that not all pumiceous soil materials would be outside the established literature related to the 

development of paleoliquefaction features as well as methods for back-calculating past 

earthquakes based on paleoliquefaction evidence. 

4.7. Conclusions  

In this study, a natural tephra (volcanic ash) material, Tuhua silt (a distal mid-Holocene tephra 

layer preserved in lake sediments) with 51% fines content and 48% pumice content, sampled 

from the northern North Island of New Zealand, was subjected to a number of undrained triaxial 

tests performed at three different relative densities (medium to dense) and two different 
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effective consolidation pressures (20 and 100 kPa). The findings from this study are 

summarized as follows: 

• The pumiceous Tuhua silt exhibited a strain-softening response during monotonic testi

ng even for medium-dense samples (Dr ≈ 0.65). A strain-hardening response was obse

rved for a relative density of Dr ≈ 0.77. The effect of the relative density, was in accor

dance with the established trends for hard-grained soils but not for those for pumiceou

s sands. The effect of the effective consolidation pressure is in accordance with the est

ablished trends for both hard-grained soils and pumiceous sands.  

• The vertical position of the critical state line of Tuhua silt against other critical state li

nes from the literature was reasonable and expected when we consider the lightweight 

properties of the material (the void ratio range of Tuhua silt is closer to the void ratio r

anges of other pumiceous materials). The high slope of the critical state line of Tuhua s

ilt is a result of the high angularity of its particles.  

• The cyclic undrained behaviour of Tuhua silt was dependent on the state parameter. Fo

r samples with a negative state parameter (-0.16 ≤ ψ ≤ 0.001), a more gradual develop

ment of failure was observed compared to that for samples with a positive state param

eter (0.08 ≤ ψ ≤ 0.39). By means of the cyclic response, based on the observed excess 

pore water pressure and axial strain development, the tested material came closer to es

tablished trends more typical for those of hard-grained soils than for those of pumice s

ands. 

• The liquefaction resistance curves of the tested material in our study were in accordan

ce with the established trends by means of relative density i.e., higher density, resulted 

in higher resistance. Compared to that of both hard-grained soils and pumice sands, th

e liquefaction resistance of Tuhua silt is relatively low.  

• Particle crushing was analysed by two methods, one that examined the change in the p

umice content and the other investigated the change in the grain-size distribution of th

e sample before and after testing. The results from both methods indicated that no part

icle crushing occurred in the samples during testing. 

• In general, the Tuhua silt material behaves closer to the established trends typical for h

ard-grained soils than to those for pumiceous sands. We infer that this conclusion is be

cause the material did not undergo any significant particle crushing during sample rec

onstitution and/or testing, most probably because of a cushioning effect from the fines 

that prevented the coarse pumiceous particles from breaking. 
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Addendum  

A1: The following paragraphs discuss the potential impact of the shift of the deviator stress to 

the negative during some of the undrained cyclic tests, in order to address the examiners, 

comment during the revision and defence of this thesis. In this context, the examiner pointed 

out that because of this phenomenon, the extension strain does not develop which could 

ultimately affect the number of cycles to liquefaction and suggested to check the accuracy of 

all experimental results.  The shift of the deviator stress is noticeable in Fig. 4.7b, and as 

presented in Appendix B.1. it is present in all the tests from Test Series (TS) 5 and 6 as well as 

the two tests from TS3 (Tu-CY-2 and Tu-CY-4). It is also noticeable in TS 5, 6, 8, 9, 11 and 

12 shown in Appendix B.2. which presents the results from the triaxial testing campaign of a 

tephra material studied in Chapters 5 and 6 of this thesis. It is worth mentioning that it is a 

phenomenon that is not uncommon and has been present in other published literature (Asadi et 

al., 2018; Gardiner et al., 2024), suggesting that is not unique to the materials or stresses being 

considered in this study. The reason behind this shift has not been identified/addressed in 

previous published literature to my knowledge. It could potentially be a mechanical or 

electronic triaxial machine issue as it seems that the load cell is not able to control a 

symmetrical compression/extension load in the cycles close to failure. Regardless, discussing 

the significance of this effect given the testing conditions considered in this study and the 

potential effect on the results is discussed in the following paragraphs. 

 

Figure A1. showing a test with the deviator stress shift – concentrated in the last cycle 

For the tests in TS3 (and 6, 10 and 11 from Appendix B.2), that were consolidated under 

100kPa consolidation stress, I consider this to have an insignificant impact to the number of 

cycles to liquefaction as it seems to be concentrated in the last few cycles and the shift is only 

small portion of the deviator stress, (less than 5%). 
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For the tests in TS5 and TS6 (as well as 5, 8, 9 and 12 from Appendix B.2), that were 

consolidated under 20kPa consolidation stress, the deviator stresses are quite small i.e. in the 

order of 5kPa, and the shift becomes more significant as in the last cycles the extension 

amplitude becomes 1.5 times larger than the compression amplitude. Here too, the shift is still 

only present and noticeable in the last few cycles. While it is arguable that the non-symmetric 

cyclic load in the last few cycles of the test might have affected the failure itself, the number 

of cycles to liquefaction for the samples tested and presented in this thesis is not affected. This 

is because in all of the tests the double strain amplitude of 5% and excess pore pressure 

development occur at the same cycle (or one cycle apart). This is especially true for the tests 

that develop a typical flow failure which was very typical for most samples (e.g. TS5). 

Furthermore, the type of failures in all of these tests are in accordance with the expected trends 

in regard to the initial states of the samples (i.e. their state parameters), which increases the 

confidence in all the undrained cyclic test results. The samples with positive state parameters 

(all except TS6 tests) failed in a typical flow liquefaction manner, whereas the three samples 

with negative state parameters (TS6) showed a dilative response. Samples consolidated under 

20 kPa consolidation pressure had not been tested prior this study, to my knowledge. Thus, 

further research (on samples consolidated under 20 kPa), ideally on a commercialized and 

extensively tested soil under different testing conditions in published literature such as e.g. 

Toyoura sand, would potentially answer questions in this as well as other topics discussed in 

this thesis. 

A2: The following paragraph is an extension (marked in bold letters) to the first paragraph on 

page 62: 

An interesting observation is made when the liquefaction resistance curves from the higher 

density Tuhua silt samples are compared with those for the hard-grained silt RZ6-FC53 

(53%FC, (Cappellaro et al. 2021), Dr ≈ 0.74): the resistance of the Tuhua silt essentially 

matches that of the hard-grained sandy silt from Cappellaro’s study. Note that no correction 

factors were applied to the CSR results (curves) from Cappellaro et al. 2021. Even though 

there are studies that show that cyclic shear and triaxial test results can be comparable (e.g. 

Bojadjieva, 2019), the authors acknowledge that the results are not directly comparable by 

default. Regardless, the Tuhua silt CSRs will still be plotting in the lower range of CSR – 

typical for hard-grained soils and below the high ranges typical for pumiceous sands. 
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A3: The following figures are a corrected versions of Figures 4.4 and 4.5 and address the 

noticed inconsistency in the curves for the Tu-CU-5 test (dark green) from one of the examiners 

of this thesis. A separate graph of this test is also presented below. 

 

Fig. 4.4 – Corrections made in the graphs for Tu-CU-5, dark green curves 

 

Fig. 4.5 – Corrections made in the graphs for Tu-CU-5, dark green curves 
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Figure A.2. Monotonic undrained compression test Tu-CU-5 (full version) 
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5.1 Abstract 

Pumiceous particles have a distinct vesicular nature as well as a complex surface texture 

that makes them potentially vulnerable to crushing under cyclic loading. Pumiceous sand 

mixtures have received more scientific attention than pumiceous silts in this regard. 

Researchers have found the undrained cyclic behaviour of pumiceous sands to be significantly 

different from that of hard-grained sands because of the particle crushing that occurs during 

cyclic testing and/or sample reconstitution. The liquefaction resistance of pumiceous sands is 

also considered to be higher because of the pore-water pressure distribution in the sample that 

occurs during particle crushing. The undrained behaviour of pumiceous silt has only been 

studied once previously: such material did not crush during sample reconstitution and 

undrained cyclic testing, which was attributed to a cushioning effect taking place between silty, 

non-crushable particles and coarse sandy pumice particles. Whether there are thresholds of 

fines content and/or pumice content at which pumiceous soil mixtures start to behave more 

similarly to hard-grained soils are yet to be unravelled and remain relevant for engineers and 

scientists. This paper analyses particle crushing after sample reconstitution and undrained 

cyclic triaxial testing of three pumiceous natural soil mixtures (lacustrine tephra deposits) from 

northern New Zealand having fines (< 0.075mm) and pumice contents ranging between 20% 

and 70% and 30% and 51%, respectively. The results examine potential changes in (1) fines 

content, (2) pumice content, and (3) undrained cyclic behaviour by comparing both pore-water 

pressure and axial strain development of the pumiceous soils with other crushable and non-

crushable soils.  

KEYWORDS: pumiceous sand-silt mixtures, particle crushing, pumice content, fines content, 

cyclic triaxial testing 
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5.2 Introduction 

Pumiceous particles are vesicular, volcanic-ash soils that are characterised by a “foam-like”, 

lightweight structure with high angularity, making them particularly vulnerable to crushing 

compared to hard-grained, quartzitic soils. The occurrence of particle crushing in pumiceous 

sands under undrained cyclic loading has been considered the main reason for the differences 

in (1) undrained cyclic behaviour and (2) liquefaction resistance of pumiceous sands compared 

with hard-grained sands (M. S. Asadi et al. 2018; Hyodo et al. 1998; Orense et al. 2012). The 

above-mentioned studies discussed results for natural pumiceous sands containing both 

pumiceous and hard-grained (mostly quartzitic) particles. Whether the amount of pumice 

particles (i.e., pumice content) could be a relevant parameter influencing the extent of particle 

crushing, and thus the undrained cyclic behaviour and liquefaction resistance, is still an open 

question. Asadi et al. (2018) analysed the different levels of particle crushing of three different 

natural pumiceous mixtures with fines content (percentage of particles finer than 0.075mm) 

varying between 0 and 13%. They inferred that the different levels of particle crushing of the 

sands could have been caused by the different pumice contents. Stringer (2022) tested 

undisturbed pumiceous sand samples and found that major changes in liquefaction resistance 

occurred at relatively low pumice contents, suggesting that the effect of particle crushing can 

be present even in sands with low pumice content.  To what extent the findings for pumiceous 

sands extend to pumiceous silts remains unknown. Until the present time, the research focus 

related to particle crushing during undrained cyclic testing has been almost exclusively on 

pumiceous sands and information about pumiceous materials dominated by silt and silty sand 

is scarce. A study about the undrained behaviour and liquefaction resistance of pumiceous 

sandy silt (51.2% fines) found the undrained cyclic behaviour of the silty material to be more 

similar to that of hard-grained soils than to that of pumiceous sands (Chaneva et al. 2023). The 

reason considered was that the high amount of fines acted as cushions between the sandy 

particles, thereby preventing significant particle crushing. Identifying the thresholds of both 

pumice and fines contents at which particle crushing becomes relevant is important to both 

geotechnical practitioners and researchers.  

This paper investigates the particle crushing under undrained cyclic triaxial testing of 

three pumiceous soil materials with different pumice contents, ranging from 30 to 51%, and 

different fines content, ranging from 20 to 70%. All three materials are natural rhyolitic 

volcanic-ash (tephra fall) materials deposited in lakes. The extent of particle crushing is 

quantified and presented from three perspectives: (1) change in grain size distribution after 
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testing; (2) change in pumice content after testing; and (3) change in undrained cyclic 

behaviour after testing (through the pore water pressure and double axial strain development). 

The results from (1) and (2) are compared with the pumice content and fines content of the 

virgin (original) materials.  

5.3 Methods and materials 

5.3.1. Sampling location and procedure  

The soil materials examined are derived from one rhyolitic pumiceous layer, Mamaku tephra, 

sampled at the shore of Lake Areare (Fig. 5.1a.), which is located in the Hamilton lowlands in 

the North Island of New Zealand. The Mamaku tephra layer (deposited ~8.0 cal ka) is one of 

many lacustrine pumiceous layers deposited in the area, which have liquefied due to 

earthquakes in the past ~17.5 cal ka (Kluger et al. 2023). At Lake Areare, the Mamaku tephra 

layer occurs in the exposed lake bed at a relatively shallow sediment depth of <0.5 m. In order 

to obtain the material, a large number of small block samples (each with a volume of ~0.0075 

m3) containing the ~2 cm-thick Mamaku tephra layer were sampled. The Mamaku tephra lies 

a few centimetres below the ~7.6 cal ka-aged Tuhua tephra layer (Kluger et al., 2023) and both 

tephras are encapsulated by organic lake sediments. The Mamaku tephra layer contains three 

different sublayers, or beds, of different grain size distributions. The three beds have 

thicknesses (from the top) of ~1 cm, ~0.3 cm, and ~0.7 cm. Once in the lab, the beds were 

carefully sampled using a spoon after being cleaned from organic contamination and oven dried 

at 40°C.  

5.3.2. Sample properties 

Relevant physical and geotechnical properties for the three beds in the Mamaku tephra layer 

were obtained to accompany the triaxial testing, including grain size distribution, particle 

density, minimum and maximum dry density, Atterberg limits, and pumice content.  

The grain size distributions were obtained before (i.e., virgin soils) and after testing 

(i.e., after reconstitution, consolidation, and shearing) on small-volume samples using laser 

diffraction analysis with a Malvern Mastersizer 3000 apparatus. 

The particle density was determined using a Quantachrome Ultrapyc 1000 nitrogen-

filled gas pycnometer following ASTM-D5550-14 (2014). Minimum and maximum dry 

densities of the samples were obtained following the Japanese standard method (Japanese 

Geotechnical Society Standard 2009) as modified by Mijic et al. (2021). Atterberg limits were 
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obtained following ASTM-D4318-17e1 (2017).  Scanning electron microscopy (SEM) was 

undertaken using a Hitachi S-4700 FE SEM. SEM images of components of the three beds of 

Mamaku tephra are presented in Fig. 5.2. 

The pumice content was estimated using a point-counting method (Frolov and Maling 

1969). Four SEM images of representative grain clusters were chosen for each sample and were 

counted systematically on crossing points (150 points per image) of rectangular grids.  

The top bed of Mamaku tephra, with 70% fines content, tested as non-plastic and will 

be referred to as Ma-ML70 hereafter (low plasticity silt, with 70% fines). 

 
Fig.  5.1. (a) Location of the sampling area for Mamaku tephra at Lake Areare in the 

Hamilton lowlands and faults in the area, North Island, New Zealand; (b) shallow trench 

where the blocks were sampled; and (c) block samples containing Mamaku tephra (cream -

coloured lower layer). 
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Fig.  5.2. SEM images of Ma-ML70 (top left), Ma-SM31(top right), and Ma-SM20 (bottom 

middle). 

The middle and bottom beds of the Mamaku tephra layer were classified as sandy silts 

with 20% and 31% fines contents, respectively, and will be referred to as Ma-SM20 and Ma-

SM31, respectively. The specific gravity Gs, mean diameter D50, pumice content PC, and 

minimum and maximum void ratios emin and emax, are summarized in Table 5.1. The grain size 

distribution curves of the virgin materials are presented in Fig. 5.3. 

 
Fig.  5.3. Grain size distribution of virgin (before testing) pumiceous soil materials (beds of 

Mamaku tephra). 

5.3.3. Triaxial testing  

A GDS advanced dynamic triaxial testing system was used for the triaxial testing of the 

samples. The samples, with a target size of 50 mm in diameter and 100 mm in height, were 



76 
 

reconstituted using the under-compaction method following the procedure of Ladd (1978). 

Samples with 15% water content were reconstituted in eight layers into a split mould mounted 

on top of the triaxial base plate. Saturation pressures of at least 800 kPa were applied over 15 

h to the samples. When the B-value of more than 0.95 was reached, the samples were 

considered to be saturated. Samples were tested at effective consolidation stresses of 20 and 

100 kPa. The low consolidation stress was chosen because it best corresponded to the in-situ 

vertical stress of the Mamaku tephra, and the higher consolidation stress was used to enable 

direct comparison of the test results with those for other materials found in the literature.  

The target relative densities were chosen so that a wide range of densities was covered. 

The sands were reconstituted within the lower range of medium-high density (as per Terzaghi 

and Peck, 1967), and the silt was reconstituted in the higher range of medium to high densities.  

A total of 21 cyclic tests were performed. The cyclic stress amplitudes were applied 

with a frequency of f = 0.02 Hz. The initiation of cyclic liquefaction, according to ASTM D 

5311 - 92, was considered. The CSR (Cyclic Stress Ratio) range for all the presented tests was 

0.06–0.18. 

Table 5.1. Index properties of materials 

Material Gs    D50  

(mm) 

FC  

(%) 

PC  

(%) 

emin emax 

Ma-ML70 2.41 0.049 70 30±11 0.88 2.07 

Ma-SM31 2.40 0.118 31 50±10 0.69 1.5 

Ma-SM20 2.40 0.169 20 51±8 0.7 1.28 

5.4 Results  

5.4.1. Grain size distribution  

The change in grain size distributions after cyclic triaxial testing is presented by 

observing the changes in the D10, D50, and D90 grain-size parameters (Fig. 5.4). Firstly, by 

analysing all the data points for the three Mamaku materials, it can be observed that there are 

no noticeable trends when considering the different consolidation stresses. The scatter in the 

data points implies that the consolidation stress did not affect any potential particle crushing of 

the samples.   

Ma-ML70 samples (yellow-coloured data points), with fines content and pumice 

content of 70% and 30%, respectively, were only tested at a relative density (Drc) of ~0.8, and 

the grain size parameters after testing are similar to those of the virgin material (indicated by 

dashed lines). Therefore, we infer that no crushing has occurred within the full range of testing 
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conditions (different consolidation stresses and cyclic stress amplitudes) for this pumiceous 

silt. Considering that Ma-ML70 did not show signs of crushing at a high relative density, it is 

expected that it would not crush at lower densities either.  

The Ma-SM31 samples (red data points), with fines content and pumice content of 31% 

and 50%, respectively, were reconstituted under a relative density of ~0.6. The grain size 

parameters D10 and D50, after testing, exhibit a slight positive offset from those values obtained 

from the virgin material, whereas no significant difference was observed in D90. Thus, the 

results imply a slight decrease in the silt to very fine sand grain size fractions. Note that the 

relative density of ~0.6 was the highest density that the samples could have been reconstituted 

using gentle moist tamping.  

The Ma-SM20 samples (orange data points), with fines content and pumice content of 

20% and 51%, respectively, were tested under two relative densities (~0.4 and ~0.6) and two 

consolidation stresses. 

The grain-size parameters of samples with lower relative density (~0.4) all 

systematically plot beneath those of the virgin material, being especially evident for D50 and 

D90 values. The negative offset in grain size parameters is even more noticeable for the samples 

reconstituted at the higher density (~0.6), indicating that particles have crushed significantly 

and hence highlighting the effect of the relative density in the extent of particle crushing. 

The grain-size distribution results for Ma-SM20 suggest that particle crushing occurred 

after testing the sand under the range of applied testing conditions. 

5.4.2. Pumice content  

The change in pumice content before and after testing was considered under the hypothesis that 

fewer pumiceous particles after testing would indicate particle crushing because the pumiceous 

particles, especially in the fine and medium sand size range, would break down down into glass 

shards – which are considered non-pumice. Note that the definition of non-pumice particles 

can be different for different pumiceous soil mixtures and, in this study, non-pumiceous 

particles are glass shard particles. The pumice content of the samples after testing, as well as 

the original pumice content of the Mamaku tephra materials, are plotted in Fig. 5.4d. 
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Fig.  5.4. Grain size parameters (a) D10, (b) D50 and (c) D90 for virgin Mamaku tephra 

samples (of the three beds) before and after testing, and (d) pumice content for virgin 

Mamaku tephra sample materials (the three beds) before and after testing. 

The coloured data points represent the pumice contents of the Mamaku materials after 

triaxial testing, together with their corresponding standard deviations, SD (vertical error bars). 

The dashed horizontal lines represent the virgin materials’ pumice contents, and the coloured 

squares represent the standard deviations of the virgin materials’ pumice content values.  The 

pumice contents of Ma-ML70 and Ma-SM31 materials obtained after testing mostly lay within 

the standard deviations of the equivalent virgin materials, indicating that the pumice contents 

of those materials did not significantly change, and, therefore, no crushing occurred due to 

triaxial testing at the consolidation stresses and relative densities considered.  The pumice 

contents of Ma-SM20 (orange data points) obtained after triaxial testing lie below the standard 

deviation of the equivalent virgin material, suggesting that particle crushing took place for this 

particular pumiceous sand, with it being most evident for the denser samples (Drc ~ 0.55). 
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5.4.3. Cyclic undrained behaviour 

The normalised axial strain development and pore-water pressure development plots are 

presented in Fig. 5.6. The full line curves (yellow, red and orange) are median curves of the 

results from the three different Mamaku beds.  

For discussion purposes, results from the studies of Asadi et al. (2018) and Chaneva et 

al. (2023) are plotted as well (Fig. 5.6). The dark green and grey zones (zones A and B) 

correspond to ranges typical for pumice sand (with a relative density of ~0.8) and hard-grained 

Toyoura sand (with a relative density of ~0.5), respectively, as per Asadi et al. (2018). The 

dashed black curve is a median curve taken from the results for the pumiceous silt (51% fines 

and 48% pumice content) from Chaneva et al. (2023).  

In their study, Asadi et al. (2018) found that the cyclic behaviour of pumiceous sands 

is characterised by a gradual increase in axial strain until liquefaction occurs. Pumice sand 

exhibits a pronounced pore-water pressure accumulation at the beginning of undrained cyclic 

loading, reaching high values of ru > 0.8, well before liquefaction is initiated. In contrast, hard-

grained Toyoura sand typically exhibits a more stable undrained cyclic behaviour with 

pronounced axial strain and pore-water pressure increases limited to the final phase of the 

undrained cyclic loading. The differences in undrained cyclic behaviour were attributed to the 

crushing of the pumice particles that we argued to be largely dependent on the relative density 

and was most evident for samples with a high relative density, e.g., ~0.8. In the study by 

Chaneva et al. (2023), it was found that pumiceous silt with 51% fines and 48% pumice content 

was not crushable, and the undrained cyclic behaviour was similar to that of hard-grained 

sands.  

If we consider the zones of the results for the pumice sand and the hard-grained sand 

from Asadi et al.’s study to be the boundaries between crushable and non-crushable undrained 

soil behaviour trends, we can discuss the results for the Mamaku tephra materials in a particle 

crushing manner. Note that other soil or particle properties that affect the undrained soil 

behaviour, such as particle shape and angularity, are not considered in the discussion. The 

different testing conditions, such as consolidation stress, density and cyclic stress ratios, are 

not discussed separately. Instead, a trend that considers the different soils by means of grain 

size and pumice content alone is observed. The Mamaku results, shown by analyses of samples 

Ma-ML70, Ma-SM31, and Ma-SM20, are presented with a single median curve per material.  
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The yellow line presents the median curve for all the Ma-ML70 tests and clearly plots 

closest to the hard-grained (i.e., non-crushable) Toyoura sand. Ma-SM20 is presented with the 

orange line, and it plots the closest to the natural crushable pumice zone published by Asadi et 

al. (2018). The results from the undrained cyclic behaviour tests for Ma-SM31 (red line) plot 

in the middle, between those for Ma-SM20 and Ma-ML70.   

 
Fig.  5.5. Normalised axial strain and pore pressure development median curves for Ma-

ML70, Ma-SM31, and Ma-SM20 (yellow, red and orange lines, respectively) plotted against 

relevant results (zones and median curves) from published literature. 

The results for the three Mamaku materials show a clear trend based on the fines 

contents of the virgin soils. Namely, the coarser the soil particles are, the closer the results plot 

to the pumice crushable sand zone, indicating higher crushability. Moreover, the results for the 

pumiceous silt from Chaneva et al. (2023) (with fines content of 51%) also fall into the trend 

with the median curve of the silt (51% fines), plotting in between the Ma-ML70 and Ma-SM31. 

Considering the fact that the pumice contents of Ma-SM31 and Ma-SM20 are relatively 

similar (50% and 51%, respectively) to the pumiceous silt (48%) from Chaneva et al. (2023), 

a pumice content-based trend is less conclusive. Yet, sample Ma-ML70 (the Mamaku tephra 
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bed with the lowest pumice content) plots closest to the hard-grained Toyoura sand zone (zone 

B), and sample SM20, with the highest pumice content (51%), plots closest to the Pumice sand 

zone (A), and so a subtle trend can be observed. Soil materials that cover a wider range of 

pumice content values should be tested in order to further investigate whether there is a 

threshold of pumice content upon which particle crushing starts.  

5.5. Conclusions  

Particle crushing of three tephra-derived pumiceous silt materials, Ma-ML70, Ma-SM31, and 

Ma-SM20, with different pumice and fines contents, based on 21 undrained triaxial cyclic tests, 

was analysed and evaluated. Observations based on grain size distribution, pumice content 

changes, and cyclic undrained behaviour allowed us to make the following conclusions:  

• No change in grain size nor pumice content was observed for the silty Mamaku Ma-

ML70.  Moreover, the cyclic behaviour, by means of pore pressure distribution as well 

as double axial strain accumulation of Ma-ML70, is similar to that of hard-grained sands 

and non-crushable silts from the literature, indicating no particle crushing occurred.  

•  The silty Mamaku sand sample with 31% fines, Ma-SM31, showed no changes in grain 

size as well as pumice content after testing. The results from the undrained cyclic testing 

do not resemble the typical crushable trends. The results for this pumiceous material 

also indicate that no particle crushing occurred during the cyclic testing.  

•  For the coarsest Mamaku sand, with 20% fines, Ma-SM20, both for the grain size and 

the pumice content, changes indicating particle crushing were evident. The undrained 

cyclic behaviour results plot the closest to the crushable zone based on published data, 

compared to the other two Mamaku materials. Thus, it can be inferred that Ma-SM21 

underwent particle crushing for the used testing condition.  

•  Considering the crushing results and the fines contents of the three materials as well as 

the available published data on pure pumiceous sand and a pumiceous (51% fines 

content) silt, if a fines threshold where particles begin to crush under cyclic triaxial 

testing is to be speculated, it would be in between 31% and 20%. 

•  Considering the fact that Ma-SM20 sand with a 50% pumice content is crushable, and 

that there are published data for pumiceous silt with 48% pumice content proven not to 

be crushable, a definitive conclusion based on the effect of pumice content alone 

cannot yet be made.   
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6.1. Abstract 

Back-analysis of ground motion characteristics, such as earthquake magnitude and peak 

ground accelerations, in paleoliquefaction studies are most commonly based on empirical 

CPT- and/or SPT-based correlations that estimate the liquefaction resistance of soil materials 

of relevance. Laboratory triaxial cyclic tests have not been explored for this purpose to date. 

Our study investigates the liquefaction resistance of three different beds (with differing 

grain-size distributions and pumice content) of a single rhyolitic (high-silica) volcanic-ash 

layer, referred to as Mamaku tephra, that was deposited ~8000 calendar years ago and 

preserved in lake sediments in multiple extant lakes in the Hamilton lowlands, North Island, 

New Zealand. Paleoliquefaction features observed in the silty and sandy beds of the Mamaku 

tephra indicate seismic activity in the past. With our main aim being to back-analyse potential 

past earthquakes that might have caused the paleoliquefaction features in Mamaku tephra 

(and other lacustrine tephras), the following steps were taken: (1) the liquefaction resistance 

of the three Mamaku tephra beds with different grain sizes and pumice contents from one 

site (Lake Areare, northern Hamilton lowlands) was investigated using undrained cyclic 

triaxial testing; (2) a framework extending the laboratory liquefaction resistance results of 

the tested Mamaku beds at Lake Areare to Mamaku tephra layers in the lake sediments across 

the lowlands was proposed; and (3) the equivalent peak ground acceleration and earthquake 

magnitude that would have caused liquefaction of all the lacustrine Mamaku tephra layers 

across the lowlands (in 13 lakes) were estimated using available empirical correlation 

methods. The limitations of the proposed framework are also discussed, alongside the 

qualitative implications on the results is also provided. It was found that the Mamaku tephra 

layers are very vulnerable to liquefaction and require very low triggering peak ground 

acceleration to liquefy, i.e. amax in the range between 0.02–0.08 g through the range of 

magnitudes, M = 5 – 8.5. 

KEYWORDS: liquefaction; tephra; lake sediments; pumiceous silts and sands; undrained 

cyclic triaxial tests; prehistoric earthquakes; earthquake magnitude; peak ground 

acceleration 

mailto:jc409@students.waikato.ac.nz


84 
 

6.2. Introduction  

Paleoliquefaction studies are interdisciplinary and incorporate methods used in 

paleoseismology, geology, geochronology, geomorphology, geophysics, and geotechnical 

engineering (Tuttle et al. 2019). The aims of paleoliquefaction studies are to estimate 

prehistoric earthquakes, improve understanding and knowledge of the seismic sources, and 

ultimately help authorities re-evaluate seismic hazard and risk, especially in areas where the 

seismic historical record is shorter than the recurrence time of large earthquakes, such as in 

central and eastern North America and New Zealand (Talwani and Schaeffer 2001; Tuttle 

2001; Villamor et al. 2016).  

The geotechnical approaches in paleoliquefaction studies analyse the liquefaction 

resistance of soil deposits that have been previously identified as historically liquefied 

through geological field observations (Green, Obermeier, and Olson 2005; Olson, 

Obermeier, and Stark 2001). The liquefaction resistance, commonly expressed through the 

cyclic resistance ratio, CRR, is estimated using empirical correlations based on field 

investigations, such as CPT and SPT (Boulanger and Idriss 2014; Seed and Idriss 1971). 

Then, for an assumed factor of safety FSL = 1 (i.e., the CRR is equal to the cyclic stress ratio, 

CSR (Seed and Idriss 1971)), the peak ground acceleration, amax, and earthquake magnitude, 

M, are evaluated (Green et al. 2005). This analysis is sometimes complemented with regional 

attenuation evaluations of the credible amax – M combinations for the site or sites of interest, 

in order to evaluate the range of possible amax – M pairs that caused the liquefaction at the 

sites.  

To date, laboratory triaxial cyclic tests have not been explored for the purpose of 

back-analysing past earthquakes from paleo-liquefaction features. 

The 2010-11 Canterbury earthquake sequence in the South Island of New Zealand 

provided enough scientific data for paleoseismologists to find that the events were caused by 

ruptures in previously unmapped, hidden faults (Tuttle et al. 2017). Those findings, 

combined with the relatively young recorded seismic history of New Zealand, highlighted 

the significance of paleoliquefaction studies in the country. Recent studies in the Hamilton 

lowlands of northern North Island, New Zealand, posited that soft-sediment deformation 

structures (SSDSs) within pumiceous volcanic-ash (tephra) layers deposited in the lake 

sediments of ~35 lakes in the Hamilton Basin were the result of paleoliquefaction (Kluger et 
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al. 2023; Melchert 2023; Melchert et al. 2023). Tephras are defined as the explosively 

erupted pyroclastic (fragmental) products of volcanic eruptions that encompass all grain 

sizes and compositions irrespective of emplacement mechanism (Lowe 2011; Lowe et al. 

2022), although the tephra layers in our study all represent fall deposits. Kluger et al., (2023) 

described SSDSs in seven post-17,500 calendar (cal)-year-old lacustrine tephra layers by 

analysing them in multiple cores taken from ten lakes using sediment/tephra descriptions and 

X-ray computed tomography (CT) scanning. Melchert (2023) and Melchert et al., (2023) 

focused on describing the SSDSs spatially and temporally in Lake Rotoroa (Hamilton Lake) 

using a combined approach of sediment/tephra description and CT scanning of cores taken 

from the lake as well as ground-penetrating radar (GPR). The findings from these studies (by 

Kluger et al. 2023 and Melchert et al., 2023) provided insight into the paleoseismic activity 

of the Hamilton lowlands and wider region and are further analysed spatially and temporally 

by Kluger et al., (unpublished data). In addition to the field- and GPR-based SSDSs 

identification studies, geotechnical studies that focussed on the liquefaction susceptibility 

and liquefaction resistance of the tephras of interest have also been performed (Chaneva et 

al. 2022, 2023, 2024). Chaneva et al., (2022) analysed the geotechnical properties of four of 

the seven tephra layers of interest, Tuhua, Mamaku, Waiohau, and Rotorua, and found that 

they were non-plastic, pumiceous, and susceptible to liquefaction. Chaneva et al. (2023), 

presented a detailed triaxial testing study of the topmost (youngest) silt-rich tephra, the 7600 

cal-year-old Tuhua tephra, taken from sediments in Lake Areare. The study investigated the 

liquefaction resistance of Tuhua tephra in relation to its fines and pumice content and, thus, 

filled in part the research gap about the effect of potential crushability of pumice particles in 

pumiceous silts on their undrained cyclic behaviour and liquefaction resistance. Chaneva et 

al. (2023) found lack of particle crushing in the pumiceous Tuhua silt, which was attributed 

to a likely cushioning effect of the silty particles, thus preventing the crushing of sandy 

particles. Lastly, Chaneva et al., (2024) discussed the effects of fines content and pumice 

content on the extent of the crushability of three different beds (two sands and one silt) of 

the single Mamaku tephra layer from Lake Areare. Mamaku tephra (deposited ~8000 cal 

years ago) is rhyolitic and typically ~2–3 cm thick, with each of the three constituent tephra 

beds being around ~0.5–1 cm thick. Chaneva et al. (2024) speculated that the threshold at 

which particles begin to crush in pumiceous sand-silt mixtures could be at a fines content 

between 20% and 31%.  
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The present study aims to continue and extend the previous geotechnical studies 

(Chaneva et al. 2022, 2023, 2024), as well as complement paleoseismology studies of the 

Hamilton lowlands and adjacent Hauraki Plain (Kluger et al. 2023; Melchert 2023; Villamor 

et al. 2024, Kluger et al. unpublished data; Ilanko et al. unpublished data), by investigating 

the liquefaction resistance of the three beds of Mamaku tephra from Lake Areare and 

extending those results into earthquake parameter evaluations, i.e. amax – M combinations. 

Because all tephra layers found in the lakes have varying thicknesses, with the maximum 

thickness being ~3 cm, it was not possible to perform field investigations such as CPT and 

SPT. Instead, a series of undrained cyclic triaxial tests were used to obtain the liquefaction 

resistance of Mamaku tephra from Lake Areare, which was then used as a basis to obtain 

amax – M combinations for Mamaku tephra across 13 lakes examined in the region. 

The main objectives of the present study are as follows: (1) obtain the liquefaction 

resistance of three different (by grain size and pumice content properties) beds, of the 

Mamaku tephra from Lake Areare tested under two consolidation stresses, 20 kPa and 100 

kPa, and two relative densities for each consolidation stress testing series; (2) derive a 

framework that extends the laboratory liquefaction resistance results performed for the three 

beds of Mamaku tephra at 20 kPa consolidation stress to all Mamaku tephra layers in the 

lake sediments across the 13 lakes we have cored in the Hamilton lowlands; and (3) obtain 

amax – M combinations for the three beds of Mamaku tephra, as well as the Mamaku tephra 

materials across the other 13 lakes. The challenges and limitations of the framework, as well 

as the qualitative implications on the results, are also discussed.  

6.3. Study area 

The Hamilton lowlands in northern North Island (Fig. 6.1a) lie on the Australian Plate with the 

Pacific Plate subducting beneath it, and are subjected to tectonic activity and the impacts of 

distant active volcanism (Nicol et al. 2017; Shane 2017). The Hamilton lowlands are currently 

classified as having low to medium seismic hazard on the basis of a short (<~150 years) 

historical record (Van Dissen et al. 2021; Downs 2005). Numerous tephra fall layers derived 

from eruptions of rhyolitic and andesitic volcanic centres in the Taupō Volcanic Zone, Taranaki 

(Egmont) Volcano, and Tuhua Volcanic Centre (Mayor Island) during the late Quaternary, are 

found in sediments in multiple blocked-valley riverine and riverine-phytogenic lakes formed 

~20,000 cal years ago in the Hamilton lowlands (Lowe and Green 2024). The thickest tephra 

layers, mainly rhyolitic (silica-rich) in composition, have been preserved in organic lake 
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sediment continuously formed in the lakes since ~20,000 cal years ago. Hence, post-deposition 

alteration is negligible (Lowe 1986, 1988). Seven of these tephra layers preserved within the 

organic lake sediments have been liquefied because of past earthquakes (Kluger et al. 2023). 

All lakes are sufficiently distal from the source volcanoes and no measurable variation in terms 

of their grain-size and/or the liquefaction deformations was found. The tephra layers are 

pumiceous silts, sandy silts, silty sands, and sands (Chaneva et al. 2022). The study reported 

here is based on the analysis of liquefaction resistance of Mamaku tephra sampled from near-

surface lake sediments exposed at the shore of Lake Areare (Fig. 6.1a). Previous studies based 

on sediment cores taken from 13 lakes have shown this tephra to be liquefied in eight lakes 

(Lake Rotokaeo/Forest Lake (FL), Lake Rotoroa/Hamilton Lake (HL), Lake Kaituna (KT), 

Lake Whakatangi (WT), Lake Koromatua (KM), Lake Mangahia (MH), Lake Ngarottoiti (NI), 

and Lake Mangakaware Lake (MK)), whereas no liquefaction of this tephra layer was found in 

the sediments in five other lakes (Lake Kainui (KN), Lake Rotokauri (RI) Lake Pikopiko (PP), 

Lake Karaeotahi/Cameron Lake (CA), and Lake Ruatuna (RT) (Kluger et al., unpublished 

data). Hence, these 13 lakes were considered in the present study (Fig. 6.1a).  

6.4. Methods and materials 

6.4.1. Sampling procedure 

The three individual beds of the Mamaku tephra layer studied in the triaxial testing programme 

were sampled at the shore of Lake Areare, where the material was located at a relatively 

shallow sediment depth of <0.5 m in the exposed lakebed (Fig. 1b). Soil block samples (each 

with volume of ~0.0075 m3) containing the Mamaku tephra layer were excavated (Fig. 1c) and 

transported to the laboratory. The block samples comprised the ~2 cm-thick Mamaku tephra 

layer, with its three internal beds, encapsulated within the organic lake sediments. The three 

Mamaku tephra beds were distinguishable by their grain-size distribution and pumice contents. 

The beds were carefully sampled in the laboratory using a spoon, manually cleaned from 

contamination of organic materials, and oven-dried at 40° C. The Mamaku tephra layers from 

the other 13 lakes could only be sampled for small-volume testing (i.e., grain-size analysis, 

particle density, pumice content) because of the limited tephra layer thickness and the limited 

number of ~2 m-long piston cores used to collect lake sediment and tephras in the lakes (Figs. 

1d and e).  



88 
 

6.4.2. Sample properties 

Some relevant physical and geotechnical properties, including grain-size distribution, particle 

density, in-situ density, and pumice content, were obtained for the Mamaku tephra layers from 

the 13 lakes. Additionally, the minimum and maximum dry densities and Atterberg limits were 

determined for the three individual beds of the Mamaku tephra that were used in the triaxial 

testing programme. Considering the thinness of the tephra layers, minimum and maximum dry 

densities and Atterberg limits could not be obtained for the Mamaku tephra samples (in 

sediment cores) from the other 13 lakes. 

The grain-size distribution of the Mamaku soil materials was determined through laser 

diffraction analysis using a Malvern Mastersizer 3000. Atterberg limits were obtained 

following ASTM-D4318-17e1 (2017). The soil classification and fines content threshold 

(%<0.075 mm) were defined following ASTM D2487-11 (2011). The particle density, ρp 

[kg/m3], was determined using a Quantachrome Ultrapyc 1000 nitrogen-filled gas pycnometer 

following ASTM-D5550-14 (2014). The minimum and maximum dry densities were obtained 

following the Japanese standard method (Japanese Geotechnical Society Standard 2009) as 

modified by Mijic et al. (2021). The Japanese standard methods for minimum and maximum 

density has been proven to cause negligible crushing in natural pumiceous soils found in the 

North Island of New Zealand (Asadi et al. 2019), and their modification by Mijic et al. was 

suitable for the presented study as it provides a scaled procedure appropriate for small volumes 

of soils.  

The saturated in-situ densities, γsat, were estimated using X-ray computed tomography 

(CT) images of the cores. CT scans have been successfully used to derive sediment densities 

from lake cores before (Flisch and Becker 2003; Fortin et al. 2013). A CT number (Hounsfield 

unit, HU) to density conversion was developed using a set of calibration materials whose 

volumes and masses were measured independently in the lab.  The Hounsfield unit is a relative 

quantitative measurement of radio density used by radiologists in the interpretation of CT 

images (Hounsfield 1973). The calibration data encompass the range of densities expected 

within a lake core. 

Using the MATLAB Volume Segmenter, each calibration material was segmented 

from the scan so that its mean CT number could be calculated. Our calibration is based on a 

provisional linear regression using this full set of calibration data. 
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Fig.  6.1. Study area presenting the locations of 14 lakes in the Hamilton lowlands featured in 

this study, and faults in the area, North Island, New Zealand. Recently identified faults are 

from (Van Dissen et al. 2021; Shane 2017) (a). Figure also shows (b) trench where the 

Mamaku tephra layer at Lake Areare was sampled, (c) block samples containing Mamaku 

tephra in between organic lake sediments, (d) example of taking a sediment core from a lake, 

and (e) a representative core segment, placed horizontally, from a sediment core from Lake 

Rotoroa/Hamilton Lake, containing Mamaku tephra with a SSDS. 
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A supplementary Fig. S3 shows the materials used to estimate the regression equation 

for the purpose of this study, (Ilanko et al. unpublished data). This regression equation between 

the CT number and the density was used to calculate the mean in-situ saturated densities for 

each tephra segmented from the cores. 

The in-situ void ratios, ein-situ, were then obtained using the following equation:  

𝒆𝒊𝒏−𝒔𝒊𝒕𝒖 =  
𝝆𝒑,𝒂𝒗𝒆𝒓𝒂𝒈𝒆−ρ𝒔𝒂𝒕

ρ𝒔𝒂𝒕− 𝝆𝒘𝒂𝒕𝒆𝒓
                                                                                                                                                          (6.1) 

where ρwater is the density of water, taken as 1000 kg/m3, and ρp,average is the average particle 

density for the Mamaku tephras (Table 6.1.). The average particle density was calculated from 

the Mamaku tephras from Lake Areare, Lake Kainui, Lake Rotokauri and Hamilton Lake 

(Table 6.1.). Please refer to Appendix A for the full derivation of Eq. 6.1. The dry in-situ 

densities, ρdry, were calculated through the in-situ void ratio using the following equation:  

ρ𝒅𝒓𝒚 =  
𝝆𝒑,𝒂𝒗𝒆𝒓𝒂𝒈𝒆

𝒆𝒊𝒏−𝒔𝒊𝒕𝒖+𝟏
                                                                                                                 (6.2) 

The minimum and maximum dry densities could not be obtained for the Mamaku tephra 

layers of the 13 lakes due to inadequate sample volumes and, therefore, their relative density 

had to be estimated from the average minimum and maximum dry densities obtained from the 

three beds of the Mamaku tephra sampled from Lake Areare (Table 6.1). 

The pumice content was quantified using the point counting approach (Frolov and 

Maling 1969; Kluger et al. 2017), based on scanning electron microscopy (SEM) images (Fig. 

6.2). The SEM images were taken using a Hitachi S-4700 FE SEM system. In the point 

counting approach, a high-resolution SEM image with a magnification of x35 of representative 

grain clusters was chosen for each sample and counted systematically on crossing points of 

rectangular grids (285 points per image). The pumice content, PC, was calculated from Eq. 6.3.  

PC = 
𝑁𝐴,𝑝𝑢𝑚𝑖𝑐𝑒

𝑁𝐴,𝑡𝑜𝑡𝑎𝑙
⋅ 100%                                                 (6.3) 

where NA,pumice is the number of points that crossed a particle with pumiceous features (i.e., 

being vesicular) and NA,total is the total number of crossing points classified (as either pumice 

or non-pumice) for a specific sample. Note that the particles classified as non-pumiceous in 

this study are primarily glass shards – broken-down pumiceous particles that no longer have 

vesicles. 
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Fig.  6.2. High magnification SEM images of (a) Ma-ML70, (b) Ma-SM31 and (c) Ma-SM20, 

showing the constituent particles closely, and a representative low magnification (x35) SEM 

of grains from Mamaku tephra used in the SEM-based pumice content evaluation point-

counting approach. 

The grain-size distribution curves of all Mamaku tephra samples (including the three 

triaxial testing samples, i.e., the individual beds from Mamaku tephra from Lake Areare, and 

samples from the other 13 lakes) are shown in Fig. 6.3. The topmost bed of Mamaku tephra 

from Lake Areare exhibits 70% fines and is non-plastic and thus was classified as low plasticity 

silt: ML (ASTM D2487-11, 2011). The middle and lowermost beds of Mamaku tephra exhibit 

31% and 20% fines, respectively, and were, thus, classified as silty sands: SM. The three beds 

of Mamaku tephra from Lake Areare, uppermost, middle, and lowermost, will be referred to 

hereafter as Ma-ML70, Ma-SM31, and Ma-SM20, respectively. The abbreviations denote the 

soil classification (i.e., ML or SM) followed by the corresponding value of the fines content 

(e.g., 70 for FC = 70%). The Mamaku tephra layers from other lakes were labelled using the 

abbreviation of the lake from which the sample was taken (e.g., Ma-FL denotes Mamaku tephra 

from Forest Lake). Note that the Mamaku layers across the lakes have varying thicknesses and 

can have more than one bed. The presented Mamaku samples from the rest of the lakes, 

correspond to the beds that showed paleoliquefaction features in the lakes with SSDS, and the 

coarsest Mamaku beds for the lakes with no SSDS. The specific gravity, grain-size parameters, 

pumice content, minimum and maximum void ratios, in-situ void ratios, and in-situ relative 

densities of all Mamaku tephra samples are summarised in Table 6.1. The corresponding depths 

below the lakebed of the Mamaku tephra layers are also given in Table 6.1.  
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Fig.  6.3. Grain size distributions of Ma-ML70 (yellow), Ma-SM31 (red), and Ma-SM20 

(orange), as well as for samples of Mamaku tephra in toto from cores taken from 13 lakes 

additional to Lake Areare (grey). 

The mineralogical properties of Mamaku tephra have been studied before (Lowe 1988), 

and were found to be similar in all the lakes, being predominantly vitric with both platy and 

pumiceous glass shards, rhyolitic in composition, together with subordinate feldspar and mafic 

crystals or crystal fragments. 

Table 6.1. Index properties of used Mamaku tephra (in toto) materials 

 
Gs D50  FC PC ρdry ein situ emin emax 

Depth in 

lakebed 
Drin-situ 

Material  [mm] [%] [%] [kg/m3]    [m]  
Ma-ML70 2.41 0.049 70 23.4 / / 0.88 2.07 2.3 1.11 
Ma-SM31 2.40 0.118 31 40 / / 0.69 1.50 2.3 0.93 
Ma-SM20 2.40 0.169 20 53 / / 0.70 1.28 2.3 0.92 
Ma-FL 2.39 0.037 66.6 29.1 1354.3 0.77 / / 2 1.12 
Ma-HL 2.42 0.074 45 42.9 1320 0.82 / / 2.1 1.00 
Ma-KT / 0.207 28.1 52.4 1405.7 0.79 / / 2.1 0.89 
Ma-WT / 0.151 21.5 51.4 1337.1 0.77 / / 1.8 1.04 
Ma-KM / 0.057 52.3 37.7 1422.9 0.75 / / 5.3 0.90 
Ma-MH / 0.133 32.1 37.4 1474.3 0.71 / / 1.9 0.93 
Ma-NI / 0.053 55.8 40.8 1405.7 0.79 / / 2.4 0.91 
Ma-MK / 0.065 48.8 43 1405.7 0.69 / / 1.3 1.03 
Ma-KN 2.40 0.143 18.4 56.4 1337.1 0.82 / / 1.2 0.99 
Ma-RI 2.38 0.047 55.9 35.2 1354.3 0.63 / / 1.8 0.95 
Ma-PP / 0.151 19.7 54.1 1371.4 0.77 / / 2 1.03 
Ma-CA / 0.083 41.5 44 1320 0.71 / / 1.4 1.04 
Ma-RT / 0.059 51.5 40.1 1354.3 0.71 / / 0.8 1.02 

Average 2.4      0.757 1.617  1.01 

SD 0.012      0.087 0.333  0.06 

 

6.4.3. Triaxial testing 

Triaxial testing was undertaken using a GDS Advanced Dynamic Triaxial Testing apparatus. 

During the specimen preparation the samples were moist-tamped following the under-

compaction procedure of Ladd (1978). Undisturbed sample testing in the triaxial setting was 
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not possible because of the small thickness of the tephras (~2 to 3cm). Sample reconstitution 

by water pluviation would have more realistically resembled the naturally occurring 

sedimentation process in the lake environment for tephra fall deposits. However, the water 

pluviation method is considered to cause segregation in sand-silt mixtures, and it is found that 

high densities are hard to achieve without an additional densifying technique, such as vibrations 

and compactions (A. Bin Huang et al. 2015; Ishihara 1997; Kuerbis and Vaid 1988).  Hence, 

the moist-tamping method was considered to be more appropriate in order to achieve more 

homogeneous samples by means of density distribution. The reconstituted relative densities in 

the testing programme were above the medium-dense range (Dr > 35%) according to the 

relative density designations, as per Terzaghi and Peck (1967). The relative density at which 

all three Mamaku tephras could be moist-tamped into the mould, without crushing the particles 

during the reconstitution of the samples, was chosen as the maximum relative density at which 

the Mamaku materials were tested (i.e., 0.5 ≤ Dr ≤ 0.6 for Ma-SM20 and Ma-SM31, and 0.7 ≤ 

Dr ≤ 0.85 for Ma-ML70).  

The target size of the triaxial specimens was 50 mm in diameter and 100 mm in height. 

Deaired and demineralised water was added to the dry sample material. The sample material 

was soaked in water for 24 hours in order to achieve a homogeneous water content distribution. 

All samples were prepared at a water content of 15%. Then, samples were reconstituted in eight 

layers of equal weight into a split mould mounted on top of the triaxial base plate comprising 

the basal filter stone. For reconstituting samples at high relative densities, a 0% under-

compaction ratio was selected for the first layers. For all other samples, an under-compaction 

ratio of 15% was chosen. The under-compaction ratio is defined in the original publication of 

Ladd (1978). The density distribution throughout the sample was checked by observing the 

shape of the sample once reconstituted and its failure pattern, following the recommendations 

of Ladd (1978).  

After reconstituting the sample, a filter stone was added to the top of the sample and 

the initial height was measured at different positions of the filter stone using a calliper. Then, 

the top cap was placed on the sample and the cell was assembled and filled with water. The 

initial height was used to calculate the initial relative density of the sample. Before the 

saturation phase, the sample was slowly flushed with deaired and demineralised water through 

the back-pressure pump by applying a constant low pore water pressure of 1 kPa. A B-value of 

more than 0.95 was reached once the sample was subjected to a back-pressure of at least 800 

kPa over 15 h. During the B-value check, the cell pressure was increased by 70 kPa and 20 kPa 
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for effective consolidation stresses, σc’, corresponding to 100 kPa and 20 kPa, respectively 

(DIN EN ISO 17892-9, 2018). More details about the tests and their specific conditions are 

summarised in Table 6.2. The effective consolidation stress of σc’ = 20 kPa was considered to 

most reasonably represent the in-situ stress conditions of the Mamaku tephra layer in its natural 

lake environment, considering the limitations in it being the lowest effective confining pressure 

that can be reproduced in the triaxial equipment, and the σc’ = 100 kPa effective consolidation 

stress condition was used in order to compare the liquefaction resistance of the materials in the 

present study with those of the other soil types reported in the literature. Not many researchers 

have performed triaxial tests on soil materials at low confining stresses (Chaneva et al. 2023; 

Fannin et al. 2005; Y. Huang et al. 2015; Lancelot et al. 2006). Most recently, Chaneva et al. 

(2023) performed undrained triaxial tests on Tuhua silt under 20 kPa consolidation stress using 

the same triaxial apparatus and provided proof that the sensors can register sufficiently high 

signal-to-noise ratios to not affect the analysis of triaxial data. Hence, meaningful results can 

be generated at 20 kPa consolidation stress. 

The post-consolidation void ratios of the samples were obtained following two different 

approaches. In the first approach, the volume change, in relation to the initial volume of the 

sample, due to consolidation was measured by the back-pressure pump. In the second approach, 

the volume change due to consolidation was derived after completing the test following the 

procedure proposed by Verdugo and Ishihara (1996). The post-consolidation void ratios 

considered in this study were calculated by either (1) averaging the values from both 

approaches, or (2) using one value for the tests where results only from one method was 

available. 

A total of 37 undrained, stress-controlled, cyclic triaxial tests were performed (Test 

series 1 to 12, Table 6.2). A sinusoidal cyclic stress amplitude was applied with a frequency of 

f = 0.02 Hz. The calculation of the CSR, double axial strain amplitude, εda, pore water pressure 

ratio, ru=u/σc’, where u is the excess pore water pressure in kPa, and number of loading cycles 

to liquefaction, NCL, followed ASTM D 5311 - 92 (2004). According to ASTM D-5311, the 

triggering of cyclic liquefaction is considered when either the double axial strain amplitude, 

εda, reaches 5% or when the pore water pressure ratio, ru, reaches 0.9.  
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6.4.4. Calculation of earthquake magnitude and peak ground acceleration 

The characterisation of seismic loading parameters, including earthquake magnitude, M, and 

peak ground acceleration, amax, was performed using the simplified empirical liquefaction 

triggering models (Boulanger and Idriss 2014; Seed and Idriss 1971).  

The irregular cyclic loading history that happens during an earthquake can be converted 

into an equivalent number of cycles from a constant-amplitude uniform cyclic loading, i.e., 

from undrained cyclic triaxial tests. Researchers have found that the equivalent number of 

cycles to liquefaction, NCL, can be correlated to an earthquake magnitude, M. The 

corresponding CRR for the selected magnitude, usually 7.5, can then be corrected with a 

corresponding magnitude scaling factor, MSF, taking into account the duration effect of 

different magnitude earthquakes (Boulanger and Idriss 2015; Seed and Idriss 1971). This study, 

for an earthquake magnitude M = 7.5, considered equivalent number of cycles NCL = 18 for 

sands (Boulanger and Idriss, 2004) and NCL = 26 for silts (Verma et al. (2019)).  

CRR values corresponding to an equivalent number of cycles to liquefaction NCL = 18 

were taken from the triaxial liquefaction curves at 20 kPa (Fig. 6.5a), for Ma-SM20 and Ma-

SM31, whereas CRR values corresponding to an equivalent number of cycles to liquefaction 

NCL = 26 from the triaxial liquefaction curves at 20 kPa (Fig. 6.5a), were taken for the silt Ma-

ML70. 

The liquefaction triggering potential is commonly expressed as a factor of safety against 

liquefaction FSL = 1 and, thus, the following calculations were performed: 

𝐹𝑆𝐿 =
𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑙𝑜𝑎𝑑𝑖𝑛𝑔
=  

𝐶𝑅𝑅

𝐶𝑆𝑅𝑀,𝜎′𝑐

                                                                                                  (6.4) 

where 𝐶𝑆𝑅𝑀,𝜎′𝑐
is expressed as follows: 

𝐶𝑆𝑅𝑀,𝜎′𝑐
= 0.65 × (

𝑎𝑚𝑎𝑥

𝑔
) × (

𝜎𝑐

𝜎′
𝑐
) × 𝑟𝑑 ×

1

𝑀𝑆𝐹
                                                                    (6.5) 

amax (measured in m/s2) is the peak ground acceleration; g is the gravitational acceleration 

constant (9.81 m/s2); 𝜎𝑐 and 𝜎′𝑐 are the in-situ total and effective consolidation stresses 

(measured in kPa), respectively; rd is a stress reduction coefficient, which accounts for local 

site amplifications depending on the model soil column’s flexibility, and MSF is a magnitude 

scaling factor that is a function of M, and represents a proxy for the duration of the loading.  



96 
 

Assuming a FSL = 1 (i.e., 𝐶𝑅𝑅 =  𝐶𝑆𝑅𝑀,𝜎′𝑐
), the amax values for corresponding M were 

calculated as follows: 

𝑎𝑚𝑎𝑥 =  
𝐶𝑅𝑅×𝑔×𝜎′

𝑐×𝑀𝑆𝐹

0.65×𝜎𝑐×𝑟𝑑
                                                                                                        (6.6) 

Table 6.2. Experimental programme – undrained cyclic triaxial tests 

Test 

series 

Label σc
’  ec Dr,c CSR NCL 

  [kPa]     

1 

Ma-ML70-CY-2 100 1.08 0.83 0.12 4 

Ma-ML70-CY-3 100 1.05 0.86 0.09 17 

Ma-ML70-CY-4 100 1.07 0.84 0.07 47 

2 

Ma-ML70-CY-5 20 1.13 0.79 0.1 9 

Ma-ML70-CY-6 20 1.04 0.85 0.08 10 

Ma-ML70-CY-7 20 1.08 0.83 0.06 27 

3 

Ma-ML70-CY-8 100 1.39 0.57 0.07 35 

Ma-ML70-CY-9 100 1.35 0.61 0.055 194 

Ma-ML70-CY-10 100 1.38 0.58 0.075 29 

4 

Ma-ML70-CY-12 20 1.36 0.60 0.07 4 

Ma-ML70-CY-13 20 1.34 0.61 0.05 5 

Ma-ML70-CY-14 20 1.29 0.65 0.03 6 

5 
Ma-SM31-CY-2 20 1.04 0.57 0.15 9 

Ma-SM31-CY-3 20 1.03 0.59 0.16 326 

6 

Ma-SM31-CY-4 100 1.05 0.56 0.16 30 

Ma-SM31-CY-5 100 1.06 0.54 0.18 12 

Ma-SM31-CY-6 100 1.06 0.54 0.15 39 

7 

Ma-SM31-CY-7 100 1.17 0.41 0.15 3 

Ma-SM31-CY-8 100 1.18 0.39 0.14 5 

Ma-SM31-CY-9 100 1.14 0.44 0.125 10 

8 

Ma-SM31-CY-10 20 1.19 0.38 0.115 12 

Ma-SM31-CY-11 20 1.18 0.39 0.1 175 

Ma-SM31-CY-12 20 1.17 0.40 0.11 73 

9 

Ma-SM20-CY-1 20 1.07 0.36 0.12 67 

Ma-SM20-CY-2 20 1.05 0.40 0.15 6 

Ma-SM20-CY-3 20 1.09 0.33 0.14 28 

10 

Ma-SM20-CY-4 100 1.04 0.40 0.14 19 

Ma-SM20-CY-5 100 1.07 0.36 0.15 24 

Ma-SM20-CY-6 100 1.07 0.36 0.155 21 

Ma-SM20-CY-13 100 1.05 0.40 0.13 66 

11 

Ma-SM20-CY-7 100 0.99 0.51 0.17 11 

Ma-SM20-CY-8 100 0.99 0.50 0.16 15 

Ma-SM20-CY-9 100 1.00 0.49 0.125 206 

12 
Ma-SM20-CY-10 20 0.94 0.58 0.15 45 

Ma-SM20-CY-12 20 0.93 0.60 0.165 21 

 

  

Dana Chaneva
Text Box
18
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6.5. Results and discussion 

6.5.1. Cyclic triaxial test results 

Fig. 6.4 presents three examples of cyclic undrained behaviour for the denser samples, one for 

each of the three Mamaku tephra beds. Graphs show developments of axial strain, ɛ, and excess 

pore water pressure, u, with the number of loading cycles, NC (Figs. 6.4a, c, e), and deviator 

stress vs. axial strain hysteresis loops (Figs. 6.4b, d, f). In general, for Ma-ML70, regardless of 

the density, all samples exhibited flow liquefaction failure when the double axial strain 

amplitude, εda, exceeded 5% and the pore water pressure ratio, ru, reached 0.9. For the other 

two Mamaku tephras, Ma-SM31 and Ma-SM20, the denser samples failed more gradually, 

whereas looser samples exhibited a typical flow liquefaction failure. Refer to Appendix B2 for 

the complete set of undrained cyclic triaxial testing results.  

The cyclic resistance ratio, CRR, and the data points (i.e., liquefaction resistance) for 

all cyclic tests, together with their corresponding liquefaction resistance curves, are shown in 

Fig. 6.5 (Table 6.2). The liquefaction resistance curves were obtained using power functions in 

the form of CSR = a·NCL
b and depend on relative density and effective consolidation stress 

(Table 6.2, Fig. 6.5). The results for the 20 kPa and 100 kPa consolidation stresses are shown 

in Fig. 6.5a and Fig. 6.5b, respectively. The Ma-ML70 material (yellow diamond data points 

and line) showed extremely low liquefaction resistance at 20 kPa consolidation stress for the 

lower density (0.60 ≤ Dr ≤ 0.65), Fig. 6.5a. The samples of this silty Mamaku material were 

problematic during the docking process of the loading ram due to their very low stiffness. The 

confining pressure, i.e., the consolidation stress of 100 kPa, seemed to contribute to the 

sample’s stiffness sufficiently for the docking process to pass. Yet with the samples under a 

confining stress of 20 kPa, we experienced difficulties in getting a satisfactory number of 

successful tests. Note that the presented tests results in this thesis (as shown in Appendix B) 

are all successfully sheared tests. The mentioned issues with the docking, applies to a large 

number of terminated tests before the shearing stage as the samples were essentially destroyed 

i.e. overly compressed from the loading ram. As the NCL results obtained were far from the 

range of the number of (equivalent) cycles that correspond to a magnitude of 7.5 for silts (NCL 

= 18), manual extrapolation was necessary for the next steps of the study (dashed yellow line). 

The results show that an increase in both the consolidation stress and relative density meant an 

increase in the liquefaction resistance of all three beds of the Mamaku tephra (Fig. 6.5 and Fig. 

S5). 
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If we consider the singular origin (same volcanic eruption) and similarity in 

mineralogical properties of all the Mamaku tephras (Lowe 1988), we can analyse the 

dependence of the cyclic resistance of the tested Mamaku tephras on their fines content or 

pumice content alone. In general, an increase in the fines content, FC meant lower liquefaction 

resistance, and an increase in pumice content, PC meant higher liquefaction resistance. The 

effect of the pumice content can, however, be correlated with the fines content. Namely, the 

fine particles in the Mamaku tephras are mainly glass shards, or broken-down pumice particles, 

so a higher fines content generally means lower pumice content. A correlation between the FC 

and PC of the three beds of Mamaku tephra at Lake Areare as well as the rest of the Mamaku 

tephras are presented in Fig. S4. The correlation proves that for the soil materials used in this 

study discussing a separate effect of the fines content and pumice content on the liquefaction 

resistance results would be redundant. In Fig. 6.6 the liquefaction resistance of the beds for the 

Mamaku tephra at Lake Areare, Ma-SM20, Ma-SM31, and Ma-ML70, at 100 kPa effective 

consolidation stress, is compared with that for some representative pumiceous and non-

pumiceous sand-silt mixtures in published literature. The materials used for comparison and 

their geotechnical properties, as well as relative densities, Dr, that they were tested under (all 

in the range of 0.4–0.7, mostly around 0.55), are given in Table 6.3.  

By analysing the curves in Fig. 6.6, we observed that all three beds of the Mamaku 

tephra generally plot lower than the two pumiceous sands PAR (Licata et al. 2018) and Pumice 

sand A (Orense et al. 2012) and within the same range of liquefaction resistance as the 30% 

fines pumiceous Shirasu sand (Hyodo et al. 1998), hard-grained Toyoura sand (Yamamoto et 

al. 2009) and the pumiceous Tuhua silt (Chaneva et al. 2023). The higher liquefaction 

resistance of pumiceous sands (e.g. Pumice sand A) has been attributed to the vesicular nature 

as well as the complex surface texture of the pumiceous particles, which leads to significant 

particle crushing during cyclic loading, especially in samples with high relative densities (M. 

S. Asadi et al. 2018; Orense et al. 2012). 

In contrast, for pumiceous silts, i.e., Tuhua silt, it was found that particle crushing does not 

occur, which is most probably the result of the cushioning effect: fines particles prevent the 

crushing of sandy pumiceous particles (Chaneva et al. 2023). Consequently, Tuhua silt was 

found to have liquefaction resistance plotting closer to the range of hard-grained soils rather 

than pumiceous sands. 
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Fig.  6.4. Representative undrained cyclic responses by means of axial strain and excess pore 

water pressure development (a), (c), and (e), and deviator stress vs axial strain hysteresis (b), 

(d) and (f) graphs, for Ma-SM20 (a & b), Ma-SM31 (c & d) and Ma-ML70 (e & f) 
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In a previous study, we analysed the level of particle crushing of Ma-SM20, Ma-SM31, 

and Ma-ML70 (Chaneva et al. 2024) under undrained cyclic loading for medium-high and high 

relative densities. It was found that the silty Ma-ML70 showed no signs of particle crushing, 

whereas the sandy Ma-SM31 and, in particular, Ma-SM20, showed some changes in the grain 

size distribution and pumice content after testing. Yet, the extent of crushing did not 

dramatically affect the undrained cyclic behaviour, as, for example, found in the case of 

pumiceous sands (M. S. Asadi et al. 2018). 

  

Fig.  6.5. Liquefaction resistance curves of Ma-SM20 (orange), Ma-SM31 (red), and Ma-

ML70 (yellow), tested at two different relative densities and two effective consolidation 

pressures, 20 and 100 kPa. 

Based on the liquefaction resistance curves presented in this study and the previously 

published data on the Mamaku materials from Lake Areare (Chaneva et al. 2024), it can be 

inferred that for the range of fines content between 20 and 70%, within the ranges of coarse silt 

to fine sand, this tephra material has liquefaction resistance values that reasonably fall into the 

range more typical for hard-grained soils as opposed to pumiceous soils. Therefore, typical 

empirical correlations based on hard-grained soils should be transferable to the Mamaku 

materials. 

6.5.2. Proposed framework to extend the liquefaction resistance results to 

the Mamaku tephra materials across 13 lakes in the Hamilton lowlands 

In order to extend the liquefaction resistance results from the tested beds of the Mamaku tephra 

into the in-situ lacustrine Mamaku tephras, several influencing factors were quantitatively 

addressed. 

The influencing factors that were taken into consideration when extending the 

laboratory obtained liquefaction results onto the rest of the Mamaku tephras across the 13 lakes 
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are the: (1) in-situ density, (2) grain-size properties and (3) pumice content. Note that the effect 

of the grain-size properties was considered through a single grain-size parameter, i.e., the fines 

content (FC). Supplementary Fig. S5 shows a linear correlation exists between the FC and D50, 

which suggests that a single grain-size parameter is sufficient to use in the analysis. Moreover, 

the mineralogical properties of Mamaku tephra are similar in all the lakes, (Lowe 1988) and 

the layers are all liquefiable, as they do not contain more than 5% clay sized particles (Chaneva 

et al. 2022), which furthermore supports the choice of a single geotechnical grain-size 

parameter to be used for the characterisation.  

Table 6.3. Geotechnical properties of selected materials from literature 
 

 

 
Fig.  6.6. Liquefaction resistance curves of Ma-SM20, Ma-SM31, and Ma-ML70 and relevant 

pumiceous and non-pumiceous sands (σ’c = 100 kPa). Note that the relative densities for the 

Mamaku are shown as the average values from the samples of the corresponding test series. 

A flowchart showing the steps of the proposed framework is presented in Fig. 6.7. 

 Soil 

Classifi

cation1 

 

Specifi

c 

gravity, 

Gs 

Median 

grain 

size, 

D50 

Fines 

content, 

FC 

Pumice 

content, 

PC 

Tested 

Dr 

Testing 

apparatus 

 

Reference 

Material   [mm] [%] [%]    

Toyoura sand     SP 2.65 0.18 0 0 ~0.5 Triaxial Yoshimine 

et al., 

(2006) 

Pumice sand A SP 1.95 1.15 2 100 ~0.7 Triaxial  Orense, et 

al., (2012) 

Shirasu Sand  SM 2.49 0.15 30 n/a ~0.5 Triaxial  Hyodo et 

al., (1998) 

PAR SM 2.51 0.15 30 n/a ~0.4 Triaxial  Licata et 

al., (2018) 

Tuhua silt  ML 

w/S  

2.41 0.073 51.2 48 ~0.5/0.7 Triaxial  Chaneva et 

al., (2023) 
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The first step in this framework was to select the obtained CRR7.5 values from the 

liquefaction curves for the samples tested at 20 kPa (Fig. 6.5a). Fig. 6.8a plots the CRR7.5 values 

for each of the two tested densities for each of the three tested Mamaku beds. Namely, the 

orange circle data points correspond to the liquefaction resistance results and reconstituted 

densities of Ma-SM20 (e.g., the CRR that corresponds to 26 cycles to liquefaction, NCL, from 

the Ma-SM20 liquefaction curves) for both densities, Dr = 0.33–0.4 (~0.37) and Dr = 0.58–0.6 

(~0.59)). The red diamond data points and yellow triangle data points correspond to the CRR7.5 

values taken at 26 (for sands) and 18 cycles to liquefaction (for silts) (Verma et al. 2019) for 

Ma-SM31 and Ma-ML70, respectively.  

1. Proposed framework to extend the liquefaction resistance results of the three Lake Areare Mamaku tephras, 
to the Mamaku tephra materials across all the studied lakes in the Hamilton lowlands

STEP 3: Plot the CRR  values corresponding to target relative density ( r  (100%)), for Ma-SM20, Ma-SM31 
7.5 in-situ

D
and Ma-ML70, against fines content ( ) and pumice content ( ) (Fig. 6.9)FC PC

STEP 4: Evaluate CRR  = and CRR  =  correlations from previous step (Fig. 6.9)
7.5 7.5

f(FC) f(PC)

STEP 5: Evaluate CRR  for all the Mamaku layers across studied lakes using obtained CRR  = and 7.5 7.5 f(FC) 
CRR  = in  and calculate the average CRR from the two correlations

7.5 7.5 
f(PC) STEP 4,

STEP 1: Select CRR  values for the corresponding tested relative densities, r, from the liquefaction resistance curves 
7.5

D
of Ma-SM20, Ma-SM31 and Ma-ML70, tested at 20 kPa (Fig. 6.5a) 

STEP 2: Obtain CRR  values for a target relative density ( r  (100%)), for Ma-SM20, Ma-SM31 and Ma-ML70 
7.5 in-situ

D
by extrapolating the CRR values from  tested relative densities (Fig. 6.8a) 7.5 

 

Fig.  6.7. Flowchart for the proposed framework to extend the liquefaction resistance results 

of the three beds of Mamaku tephra at Lake Areare to the resistance of the Mamaku tephra 

layer (in its entirety) in lake sediment cores across all 13 lakes in the Hamilton lowlands. 

Considering the in-situ relative densities were all found to be around a value of 1, with 

the average in-situ density being Dr = 1.01 ± 0.06 (Table 6.1), the tested relative densities were 

considerably lower than the in-situ densities (Table 6.2). Relative densities of around 1 could 

not be achieved with light tamping in the sample reconstitution procedure. So, the range of the 

tested densities was used to extrapolate the values to the corresponding in-situ relative density, 

Dr = 1.01. Therefore, step two, was to obtain linear extrapolation equations, that correspond 

to the CRR7.5 – Dr data points for Ma-SM20, Ma-SM31 and Ma-ML70, Fig. 6.8a. The linear 
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correlations (presented in the upper left corner in Fig. 6.8a) were then used to calculate the 

CRR7.5 for a Dr = 1.01 for each of the three Lake Areare Mamaku tephras (cross symbol-data 

points). 

 

Fig.  6.8. (a) Extrapolated CRR7.5 values from liquefaction curves (tested relative densities in 

the undrained cyclic triaxial campaign) to obtain the CRR7.5 value for the tested relative 

density (in situ average relative density, Drin-situ = 100%); amax–M combination curves for (b) 

Ma-SM20, (c) Ma-SM31 and (d) Ma-ML70, for three relative densities, dashed lines 

correspond to tested relative densities, and full lines correspond to the average in-situ relative 

densities for Mamaku tephra across the 13 lakes. 

In the third step, the effect of the fines content, FC, and pumice content, PC, were 

taken into consideration, by plotting the CRR7.5 vs FC and CRR7.5 vs PC data points for the 

three beds of Mamaku tephra materials from Lake Areare. The plots were then used, in step 
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four, to obtain linear correlations where the cyclic resistance ratio can be described as a 

function of the fines content and pumice content, respectively (Figs. 6.9a and b).  

Finally, step five consisted of calculating the CRR7.5 for every Mamaku layer in the studied 

lakes. The average CRR7.5,AV from both CRR7.5,FC and CRR7.5,PC was then calculated for every 

Mamaku layer across the lakes. The CRR7.5,FC, CRR7.5,PC and CRR7.5,AV values for all the 

Mamaku tephras across the lakes are presented in Table 6.5.   

 

Fig.  6.9. CRR7.5 vs FC and CRR7.5 vs PC plots for the three beds of Mamaku tephra at Lake 

Areare showing fitted linear correlations (Table 6.4) 

Table 6.4. CRR7.5 values for the three beds of Mamaku tephra at Lake Areare 

Material Drav, 

triaxial 

CRR7.5,triax Drav, in-situ CRR7.5,extrapolated 
σv σ'v rd 

 [%]  [%]  [kPa] [kPa]  

Ma-SM20 

(uppermost bed) 

36 0.140 
100 0.259 

24.81 2.45 0.99 

50 0.166 

Ma-SM31 

(middle bed) 

39 0.114 
100 0.216 

58 0.146 

Ma-ML70 

(lowermost bed) 

63 0.004 
100 0.117 

85 0.062 

6.5.3. Challenges and limitations of the proposed framework and 

implications on the results 

This section discusses the challenges and limitations of the presented study in regard to the 

simplifications made in the calculations of the relative densities of the Mamaku tephras as well 

as the transferring of laboratory liquefaction resistance into field liquefaction resistance that 

was not able to be quantified.  
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Because of the limitations with not having enough volume of soil for all the Mamaku 

tephras in the studied lakes, in the relative density calculations of the in-situ Mamaku tephras, 

two simplifications were made: (1) The particle density of the tephras was taken to be the 

average particle density from Mamaku tephras from the lakes Areare, Hamilton lake, 

Rotokauri, Forest lake and Kainui lake, and (2) the average minimum and maximum void ratios 

for the Mamaku tephras sampled on-shore of Lake Areare, were taken for all the other Mamaku 

tephras across all the lakes. In this context, considering the conclusions in regard to the particle 

density of the Mamaku tephras from Chaneva et al. 2022 (i.e. all being close to 2.4 g/cm3), we 

have a certain confidence in using the average particle density for all the Mamaku tephras. The 

use of average minimum and maximum dry density calculated from three Mamaku tephras 

across all 13 lakes, is a simplification that needs to be listed as a possible limitation that could 

impact the final results.  

The use of liquefaction resistance obtained through undrained cyclic triaxial testing to 

study thin in-situ soil layers is not straightforward, and it demands a qualitative discussion of 

the influencing factors that were not able to be quantified in the framework.  

The first important factor that was not quantified in the calculations was the ratio 

between the in-situ liquefaction resistance, CRRfield and the laboratory liquefaction resistance, 

CRRTX. (Seed 1979b):   

𝐶𝑅𝑅𝑓𝑖𝑒𝑙𝑑 = 0.9 ∗ (
1+2𝐾𝑜𝑓𝑖𝑒𝑙𝑑

3
) ∗ 𝐶𝑅𝑅𝑇𝑋                                                                               (6.7) 

where Ko is the coefficient of earth pressure at rest. Eq. 6.7 takes into account the type of soil 

material, through the Ko parameter, and the direction of cyclic loading, which is different in-

situ compared with the loading in a triaxial test setting, i.e. uni-directional. Obtaining the Ko 

coefficient is not trivial, and it depends on the materials, in particular, the peak friction angle 

of the Mamaku tephra layer. Monotonic undrained tests for the Mamaku tephra layers were not 

considered in this study, and so Ko could not be evaluated. However, if we consider that Ko 

normally varies between 0.31–0.67 for normally consolidated sand-silt mixtures (Mesri and 

Hayat 1993), then Eq. 6.7 would translate into: 

𝐶𝑅𝑅𝑓𝑖𝑒𝑙𝑑 = (0.48 − 0.72) × 𝐶𝑅𝑅𝑇𝑋                                                                                   (6.8) 

The above ratio indicates that the CRR values in situ are expected to be considerably 

lower, i.e., by 28–52%, than the triaxial CRR values obtained in this study. The decrease in the 
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CRR values would translate into the trigger amax, resulting in lower trigger peak ground 

accelerations to induce liquefaction. 

A second influencing factor that was not quantified was the choice of sample 

preparation method. The reasoning behind the chosen moist tamping method for the triaxial 

campaign is given in Section 3.3. For hard-grained soils, it is commonly known that high-

quality undisturbed testing most closely represents the liquefaction resistance of the soil in-situ 

(Ishihara 1997). Recent studies on sandy silts from Christchurch noticed that moist-tamped 

reconstituted samples exhibit similar overall liquefaction strength as high-quality undisturbed 

gel-pushed samples (Taylor et al. 2013). Published research about high-quality undisturbed 

pumiceous samples is relatively scarce (Asadi et al. 2015; de Cristofaro et al. 2022; Orense et 

al. 2020; Stringer 2022; Suzuki and Yamamoto 2004). Moreover, studies that compare 

undrained cyclic behaviour and liquefaction resistance between undisturbed and reconstituted 

pumiceous samples is even more limited. Suzuki and Yamamoto (2004) found that the 

liquefaction resistance of undisturbed pumiceous samples of Shirasu sand is higher than of that 

of equivalent air-pluviated ones, independently of the initial effective confining stress. 

Considering the gaps in literature, and the grain-size and pumice content variability of the 

Mamaku tephras (Table 6.1), the potential over- or underestimation of the liquefaction 

resistance in the presented study is hard to be speculated without further research.  

Table 6.5. CRR7.5 values for Mamaku tephra (in toto) across the lakes 

Material 

Depth 

in 

lakebed 

σv σ'v rd FC PC CRR7.5,FC CRR7.5,PC CRR7.5,AV 
amax, 

M = 5 

amax, 

M = 7.5 

[m] [kPa] [kPa]  [%] [%]    (g) (g) 

Ma-FL 2 21.58 1.96 0.99  66.6 29.1 0.098 0.160 0.129 0.039 0.020 

Ma-HL 2.1 22.66 2.06 0.99 45 42.9 0.179 0.226 0.202 0.062 0.031 

Ma-KT 2.1 22.66 2.06 0.99 28.1 52.4 0.224 0.272 0.248 0.076 0.038 

Ma-WT 1.8 19.42 1.76 0.99 21.5 51.4 0.242 0.267 0.254 0.077 0.039 

Ma-KM 5.3 57.19 5.19 0.96 52.3 37.7 0.159 0.201 0.180 0.060 0.029 

Ma-MH 1.9 20.50 1.86 0.99 32.1 37.4 0.213 0.200 0.207 0.063 0.032 

Ma-NI 2.4 25.89 2.35 0.99 55.8 40.8 0.149 0.216 0.183 0.056 0.028 

Ma-MK 1.3 14.03 1.27 1.00 48.8 43 0.168 0.226 0.197 0.059 0.030 

Ma-KN 1.2 12.95 1.18 1.00 18.4 56.4 0.250 0.291 0.270 0.081 0.042 

Ma-RI 1.8 19.42 1.76 0.99 55.9 35.2 0.149 0.189 0.169 0.051 0.026 

Ma-PP 2 21.58 1.96 0.99 19.7 54.1 0.247 0.280 0.263 0.080 0.041 

Ma-CA 1.4 15.11 1.37 1.00 41.5 44 0.188 0.231 0.210 0.063 0.032 

Ma-RT 0.8 19.42 1.76 0.99 51.5 40.1 0.161 0.212 0.186 0.056 0.029 

The third influencing factor was the effective consolidation stress. Namely, in the 

triaxial setting, the samples were tested at a 20 kPa effective consolidation stress (isotropic 

conditions). In-situ, the stress conditions were somewhat different, with the in-situ vertical 
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effective consolidation (overburden) stresses being even lower at 1.2–5.2 kPa (Table 6.5), 

because of the low depths in the lakebed as well as the low density of the organic lake 

sediments. Cyclic undrained triaxial tests at 1–5 kPa could not be performed, so the test results 

from the 20 kPa consolidation stress were used without correcting the effect of the 

consolidation stress. Furthermore, the overburden correction factor Kσ (Boulanger and Idriss 

2014), was omitted in the calculations of amax in the present study. The reason for not taking 

Kσ into consideration is the fact that this study used consolidation stresses of 20 kPa and 100 

kPa and noticed that the CRR increased with consolidation stress, which contradicts the 

commonly accepted behaviour of soil to decrease in CRR with consolidation stress (e.g., Vaid 

& Sivathayalan’s study (1996) (see supplementary Figure S6). Qualitatively, not considering 

the Kσ factor overestimates the liquefaction resistance of the tephras.  

Finally, the effect of ageing of soils in the in-situ environment is also known to affect 

their in-situ liquefaction resistance (Towhata et al. 2016). The ageing effect is mostly attributed 

to weathering and/or cementation processes that occur in soils over time. No signs of 

weathering were observed in the tephras we studied, which have been preserved in the lakes 

by permanent reducing (anaerobic) conditions together with a lack of oxidising micro-

organisms such as aerobic bacteria. Considering the low confining pressures as well as their 

lakebed in-situ conditions, we infer that the ageing effects would be minimal and would not be 

further discussed in a qualitative manner.   

In summary, qualitatively speaking, it is reasonable to conclude that the liquefaction 

resistances i.e. CRRs of the Mamaku tephras, would be lower in-situ than the ones estimated 

from the undrained cyclic triaxial testing presented in this study. 

6.5.4. M and amax combination curves for the three beds of Mamaku tephra 

from Lake Areare 

The equivalent magnitude and peak ground acceleration values needed to trigger liquefaction 

were first obtained for the three beds of Mamaku tephra materials from Lake Areare that were 

subjected to undrained cyclic loading in the triaxial tests. The CRR7.5 for the tested densities, 

as well as the extrapolated target density (Fig. 6.8a) were used to calculate the magnitude, M 

and peak ground acceleration, amax, combinations for the Lake Areare Mamaku materials using 

Eq. 6.6 (Section 6.4.4). The values for input parameters for Eq. 6.6. the in-situ total and 

effective consolidation stresses the 𝜎𝑣 and 𝜎′𝑣 as well as the stress reduction coefficient rd, for 
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the three beds of the tested Mamaku tephra are given in Table 6.4. amax was calculated across 

magnitude values within the range 5 to 8.5. 

The M and amax results for Ma-SM20, Ma-SM31 and Ma-ML70, are presented in Figs. 

6.8b, 6.8c and 6.8d respectively. The dashed curves in the figures correspond to the tested 

densities, whereas the solid line curves show the results for the average relative density, Drav,in-

situ = 1.01. The standard deviation corresponds to the range of in-situ relative densities for the 

Mamaku tephra layers (in sediment cores) across the lakes (Table 6.1.). The grey areas in the 

figures below the full lines show the area of M and amax combinations that are insufficient to 

cause liquefaction in situ for the Ma-SM20, Ma-SM31, and Ma-ML70 tephras at Lake Areare, 

whereas all the values above the full lines show the area of M and amax combinations that are 

required to cause liquefaction. 

In general, for the coarsest Mamaku tephra Ma-SM20, with the highest liquefaction 

resistance, the required amax across the magnitudes has the highest values, whereas the finest 

Ma-ML70, with the lowest liquefaction resistance requires noticeably lower peak ground 

accelerations to liquefy.  

6.5.5. M and amax combination curves for Mamaku tephra layers across 13 

studied lakes 

The amax – M combination curves for the Mamaku tephra layers in the other 13 lakes are plotted 

in Fig. 6.10. Fig. 6.10a shows the amax – M combination curves for all Mamaku tephra layers 

in the lakes where SSDSs were not observed (thin, light blue lines) as well as the average amax 

– M combination curve (dark blue line). Fig. 6.10b shows the amax – M combination curves for 

all the Mamaku layers in the lakes where SSDSs were observed (thin, light red lines) as well 

as the average amax – M combination curve (dark red line). The average curves for the Mamaku 

tephra layers in lakes with SSDSs (dark red) and the Mamaku tephra layers in lakes with no 

SSDS (dark blue) are plotted together and shown in Fig. 6.10c. The input parameters for amax 

(Eq. 6.6) – in-situ total and effective consolidation stresses the σv and σ’v as well as the stress 

reduction coefficient rd, for all the Mamaku tephra layers across the 13 lakes are given in Table 

6.5. As for the tested Mamaku tephras from Lake Areare, amax was calculated across magnitude 

values within the range 5 to 8.5 for all the other Mamaku tephra layers too. 

The peak ground acceleration values, amax, needed to liquefy the tephras for lakes both 

with and without SSDSs along the full spectrum of magnitudes, from M = 5 to M = 8.5, fall 
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within a relatively small range of relatively low values, from ~ 0.02g to 0.08g. By comparing 

the average amax – M combination curves for the lakes with and without SSDSs (Fig. 6.10c), it 

can be noticed that the values of peak ground accelerations needed for liquefaction to be 

induced are very close and within the range of 0.023g for a magnitude of 8.5 and 0.061 for a 

magnitude of 5.  

Considering that the threshold peak ground acceleration needed to trigger liquefaction, based 

on a statistical analysis of case studies, including a range of magnitudes between 5.9 and 8+, is 

considered to be 0.09 g (De Magistris et al. 2013), the results for the Mamaku tephra layers 

presented in this study are lower than the commonly considered peak ground acceleration 

threshold. It is important to note that paleoliquefaction case studies in shallow tephra layers 

(average depth for Mamaku tephra is ~ 2 m below lake bed) in lake environments are not typical 

and are not included in the statistical calculations behind the estimation of the threshold peak 

ground acceleration needed to trigger liquefaction. The liquefaction resistance of the tephras, 

expressed through CRR, as presented in Section 6.5.1., was within the common liquefaction 

resistance range for other sandy and silty materials found in literature. Yet, as discussed in 

Section 6.5.3, the in-situ liquefaction resistance is expected to be somewhat lower. Therefore, 

the estimated low peak ground accelerations are considered to be a result of relatively low 

liquefaction resistance of the Mamaku tephras as well as their shallow depth, i.e. low effective 

overburden stresses (Table 6.5) across the lakes. 

A spatial presentation of the amax – M results, in relation to the SSDS occurrence, is 

shown through a single earthquake scenario in Fig. 6.11. That is, Fig. 6.11 shows the amax 

values needed for the Mamaku tephra layers in the 13 lakes to liquefy for an M = 5, ranging 

from 0.039 g for Lake Rotokaeo/Forest Lake (yellow) to 0.081 g for Lake Kainui (dark 

red/brown). The lakes marked with black circles are those where SSDSs were present in the 

corresponding Mamaku tephra layer. Similarly, the lakes marked with white circles are those 

where SSDSs were not found in the Mamaku tephra layer. The amax (g) values for magnitudes 

M = 5 as well as M = 7.5 are given in Table 6.5. 

Considering that the focus of the presented study is the framework that analyses 

paleoliquefaction features in Mamaku tephra across the lowlands based on undrained cyclic 

triaxial test results of three beds of Mamaku tephra, and does not include regional attenuation 

evaluations of the credible amax – M combinations for the area, the following paragraphs discuss 

the obtained amax (g) between the lakes in relation to the SSDS occurrences alone. The amax (g) 
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values are briefly discussed in the context of the current seismic hazard in the Hamilton 

lowlands, in the addendum of this chapter. Other factors, such as possible earthquake sources, 

basin effect, directivity etc. are acknowledged but not included in the discussion.   

 

Fig.  6.10. amax–M combination curves for the Mamaku tephra layer across the 13 lakes that 

show (a) no SSDSs, (b) with SSDSs, and (c) with the corresponding average curves shown in 

separate graphs 

By observing the triggering amax (g) values and the SSDS occurrence in the lakes in Fig. 

6, there does not seem to be a clear and concise trend by means of shaking intensity and 

liquefaction occurrence. In other words, SSDSs have been identified in both lakes with lower 

triggering peak ground accelerations, such as Lake Rotokaeo/Forest Lake, FL (amax = 0.049g) 

as well as lakes that require higher liquefaction inducing peak ground accelerations, such as 

Lake Kainui, KN (amax = 0.081g). Similarly, SSDS seem to be missing in lakes within the full 
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range of liquefaction inducing peak ground accelerations as well, e.g. SSDS have not been 

identified neither in Lake Rotokauri, RI (amax = 0.051g) nor in Lake Pikopiko, PP (amax = 

0.080g). 

Considering the peak ground accelerations vary within the order of 0.01g, which is 

noticeably low, possible explanations such as, proximity of the lakes to the earthquake source 

faults, basin effects and directivity, seem to be less likely. Additionally, if we consider that the 

trigger peak ground accelerations that correspond to larger magnitudes, i.e. 6 and above, are 

even lower than the documented threshold peak ground acceleration needed to trigger 

liquefaction, ~0.0.9g (De Magistris et al. 2013), it would have been expected that all Mamaku 

tephra layers around the study area had SSDSs.   

A likely explanation could be related to the small number of cores per lake that were 

sampled. That is, considering the small diameter of the cores (~60 to 85 mm) and the surface 

area of the lakes (up to 55 ha (Lowe and Green 2024)), and the fact that for most of the lakes, 

only two to three cores were sampled (with the exception of Hamilton Lake), it is possible that 

the presence of SSDSs was not identified in some of the lakes, and all the Mamaku tephras 

across the studied area have liquefied in the past. This explanation would imply that the tephras 

in the lakes are extremely vulnerable to even small levels of earthquake shaking and identifying 

large pre-historic earthquakes (magnitudes 6 and above) based on the geotechnical 

paleoliquefaction approach alone would be difficult. A study that analyses the frequency of 

SSDSs occurrence, length of dykes etc. (Kluger et al. unpublished data), is needed to 

complement the geotechnical approach in order to draw more precise conclusions about the 

implications of the discovered SSDSs for the local seismic hazard. 

This research suggests the potential benefit to paleoliquefaction investigations of similar 

shallow deposits, very sensitive to liquefaction at low ground shaking in order to estimate past 

small magnitude earthquakes, e.g. M ≤ 5, which are commonly not studied. Considering 

paleoseismic evidence of smaller earthquake events (M ≤ 5) are not likely to be preserved in 

the sedimentary records, studying deposits that are very sensitive to liquefaction at low ground 

shaking, could potentially help identify those small events (Pillar Villamor, personal 

communication November 2023). Earthquakes with magnitudes of 5 and smaller, may not be 

as destructive as larger ones, but knowledge about the frequency of their occurrence, assists in 

determining the overall seismic hazard of an area of interest, as even smaller earthquakes can 

cause community concerns through damage, economic impact and stress. 
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Fig.  6.11. amax values needed for the Mamaku tephra layer (in 13 lakes) to liquefy. Black 

circles mark the lakes with SSDS, and white circles mark lakes with no SSDS 

6.6. Conclusions  

In this study, three distinct beds (with different grain size distributions and pumice content) 

making up a natural ~8000-cal-year-old lacustrine tephra (volcanic ash) fall deposit, Mamaku 

tephra, were sampled from Lake Areare in the Hamilton lowlands, northern North Island. The 

beds were reconstituted and subjected to cyclic undrained triaxial tests performed at two 

different relative densities (medium to dense) and two different effective consolidation stresses 

(20 and 100 kPa), in order to obtain the liquefaction resistance curves for the materials in each 

bed. The liquefaction resistance obtained from the laboratory triaxial tests was used to estimate 

peak ground acceleration and magnitude (amax – M) combination curves for the entire Mamaku 

tephra layer preserved in sediment cores from 13 lakes in the lowlands. Our conclusions can 

be summarised as follows:  
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• The liquefaction resistance curves of the tested material were in accordance with the 

established trends by means of relative density, i.e., higher density, resulting in higher 

resistance. Compared to that of both hard-grained soils and pumice sands, the 

liquefaction resistance of the three beds of the Mamaku tephra materals from Lake 

Areare was closer to the established trends typical for hard-grained soils and 

pumiceous non-crushable silts than to those for crushable pumiceous sands.   

• The Mamaku tephra layers in cores taken from 13 lakes were found to be sensitive 

and vulnerable to liquefaction at very low peak ground accelerations, i.e. a range of 

0.02–0.08 g through the range of magnitudes, M = 5 – 8.5. The high vulnerability to 

liquefaction across all the Mamaku layers in the Hamilton lowlands was considered to 

be the result of the very low in-situ overburden stresses as well as the relatively low 

liquefaction resistance.  

• Considering the low estimated values of amax across the study area, as well as the 

small difference between the amax thresholds in the layers that show SSDSs vs layers 

with no SSDSs across the lakes i.e., in the order of 0.01 g. we infer that it is most 

likely that SSDSs were missed as a result of small number of sampled cores in some 

of the lakes, and all the Mamaku tephras across the studied have liquefied in the past.  

• The high vulnerability to very small levels of earthquake shaking makes speculating 

and/or identifying large pre-historic earthquakes (magnitudes 6 and above) based on 

the geotechnical paleoliquefaction approach rather difficult. Complementary 

geologically based paleoliquefaction analyses are needed for more conclusive results.   

• The potential advantage of paleoliquefaction studies that investigate similar shallow, 

very sensitive to liquefaction at low ground shaking level layers to estimate past small 

magnitude earthquakes, e.g. M ≤ 5 was discovered.  
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Addendum  

This addendum discusses two points raised at the oral examination of this thesis related to the 

(1) methodology and (2) results presented in this chapter. 

Firstly, the use of a FSL = 1 in the calculation of the triggering amax – M combination values will 

be critically discussed. The deterministic liquefaction triggering approach in engineering 

practice, uses a FSL = 1, which statistically corresponds to a probability of liquefaction, PL = 

15% (Boulanger and Idriss, 2014). As this study analysed already (paleo) liquefied layers of 

tephra, taking a higher probability of liquefaction, thus lower factor of safety than 1, seems to 

be a reasonable approach. Published geotechnical approaches for studying paleo liquefaction 

features have not explored this in sufficient detail to date, therefore only a qualitative discussion 

and the potential implications to the results will be provided here. Exploring different (and 

higher than 15%) probabilities of liquefaction (thus lower FSL) could provide more insight 

regarding the explanation as to why some tephras liquefied and others didn’t. For example, all 

of the northern lakes (five in total) in this study (Fig. 11), show similar levels of liquefaction 

resistance, yet only 3 of them show SSDS (KN, KT and WT).  In other words, 66% of the 

Mamaku tephras in the northern lakes with a similar CRR (~0.25) liquefied. So, the answer 

might be close to considering a probability of liquefaction of 66% (which corresponds to 

a FSL ~ 0.8). Moreover, considering lower than one factor of safety, will result in higher 
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triggering amax – M combinations, which would be a more conservative approach. The scope 

of this thesis did not include a detailed analysis of how to select an appropriate FSL for the back 

analysis of peak ground acceleration values, but raises the potential for future research in the 

area as well as the impact it would have on the final results.  

The second point of discussion in this addendum will be focused on including some 

information about the recorded earthquake history in the Hamilton lowlands in the last 120 

years, and how that compares to the results from this study, considering the known active faults 

in the area. Currently there is only one strong motion sensor in Hamilton City (Fig. A1); this 

sensor was installed in 2014. Two sensors with slightly longer records are installed in the 

neighbouring Hauraki Basin within approximately 50 km of Hamilton (Fig. A1). Based on the 

recorded data during the period of 1900 - 2024 collected by GeoNet Geological hazard 

information for New Zealand, there are only 3 earthquakes with magnitude larger than 5 located 

within 50 km of Hamilton City (Table A1). All three earthquakes are relatively shallow with 

depths ranging from 7 to 25 km, and originate from faults outside of the Hamilton lowlands. 

Information about the ground motion recorded in Hamilton is only available for one of those 

earthquakes (01-04-2023).  

 

Fig. A1. Currently installed and running strong motion sensors in Hamilton and close to 

Hamilton city 
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Table A1. List of recorded earthquakes, with a M >5 in the last ~100 years in the Hamilton 

Lowlands 

Date of earthquake Epicenter distance from  

Hamilton city 

Earthquake 

magnitude 

PGA range in 

Hamilton lowlands 

26-05-1912 ~50 km 5.7 Uknown 

11-07-1927 ~50 km 5.5 Uknown 

01-04-2023 ~50 km 5.1 0.01 to 0.02 g 

 

This chapter analyzed the Mamaku tephra deposited in the lake sediments around 8000 

cal. yr BP. The estimated average needed peak ground accelerations to trigger liquefaction in 

the Mamaku tephra across the studied lakes for the range of magnitudes 5 to 6 (considering a 

FSL = 1) is between 0.045g to 0.06g (Fig. 6.10). During the 5.1 earthquake in 2023, with an 

epicentre in the Hauraki Basins, the recorded peak ground acceleration in the Hamilton strong 

motion centre (Fig. A2) was 0.011. The range of peak ground accelerations in the lowlands was 

between 0.01 to 0.02g, which is lower than the estimated (minimum i.e. FSL = 1) liquefaction 

triggering peak ground accelerations for the Mamaku tephra. 

 

Fig. A2. Peak ground acceleration contour map from the M = 5.1 earthquake, 2023 

Considering all of the above, in addition to the chapter content and results it can be inferred 

that: (1) An earthquake with an epicentre in the Hamilton lowlands, caused by a local fault (e.g. 

recently discovered faults in Hamilton (Moon and de Lange, 2017) has not been recorded in 

the last 120 years. (2) The ground motion data for the one of three earthquakes with epicentres 



117 
 

within 50km of Hamilton city, combined with the results from the minimum triggering peak 

ground accelerations for magnitudes M = 5 to 6, suggest that earthquakes caused by more 

distant faults are not likely to have caused the liquefaction in the tephras. Therefore (3) there 

is a risk of hidden faults (or the newly discovered faults) within the lowlands that have the 

capacity to produce earthquakes that would cause the tephras to liquefy. The scope of this thesis 

does not include going into great detail in discussing or analysing site to source distances as 

well as sophisticated fault rupture modelling. Yet, the final results and the lack of recorded data 

are in the favour of confirming the primary hypothesis that inspired this research “The 

liquefaction in the tephras is caused by hidden faults”.  
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6.  
7.  

7. Chapter 7: Conclusions and recommendations  

7.1. Research summary   

This PhD research was focused on geotechnical analyses of pre-historically liquefied lacustrine 

tephra layers in the Hamilton lowlands, North Island, New Zealand, in order to estimate the 

pre-historic earthquake parameters (amax and M) that might have caused the layers to liquefy. 

The research outcomes of this thesis complement a broader paleoliquefaction study within the 

frameworks of the “Tephra Seismites” project which also includes investigations from both 

geological and seismological perspectives (as described by Kluger et al. 2023). Moreover, the 

findings within the scope of the research objectives of the thesis add important engineering and 

scientific contribution as they also address key research questions in the context of liquefaction 

of pumiceous sand-silt mixtures, which had not been investigated before. The following section 

summarizes the most important findings in response to the research objectives (outlined earlier 

in sub-chapter 1.5).   

The starting point for the research was to characterize the geotechnical properties of 

all the tephras of interest, i.e. with identified soft sediment deformation structures in the 

studied lakes with the purpose of defining their liquefaction susceptibility. Not all 

individual tephra layers of interest could be analysed in the context of undrained cyclic 

behaviour and liquefaction resistance through undrained triaxial testing, as mentioned in sub-

chapter 2.1. Therefore, analysing the liquefaction susceptibility of the tephras was crucial as it 

(1) would support the hypothesis that they had indeed been liquefied in the past and (2) would 

assist the development of a framework that extends the liquefaction resistance results from the 

undrained cyclic tested tephras into the other relevant tephras in the lakes. This objective was 

addressed in Chapter 3 of this thesis. Four tephras, Tuhua (7.6 cal ka), Mamaku (8.0 cal ka), 

Waiohau (14.0 cal ka), and Rotorua (15.6 cal ka) were investigated by means of their grain-

size properties, pumice contents, specific gravity, and mineralogical properties. Additionally, 

for the topmost two tephras, Tuhua and Mamaku that were sampled for large volume testing 

(as well as subsequent triaxial testing), the minimum and maximum dry densities were 

quantified as well. The liquefaction susceptibility was defined by analysing whether the tephra 

https://tephra-seismites.com/
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properties fall in the range of the liquefiable soils by means of grain size, as well as analysing 

their plasticity following the current most conclusive method based on the Atterberg limit tests. 

For the tephras where Atterberg limits could be performed, the clay mineralogy of the clay-

sized fractions (<2 μm) was studied in order to define their potential plasticity. The hypothesis 

was that if clay-sized particles lack clay minerals, the tephras were non-plastic and thus 

liquefaction susceptible. It was found that most of tephras that show SSDSs were liquefiable, 

as well as pumiceous across the size range of silts to sands by means of their grain sizes. The 

first finding supported the hypothesis that the SSDSs were earthquake induced liquefaction 

structures, and the second finding supported the second objective as it emphasized the need to 

fill in the research gaps related to liquefaction of pumiceous silts. An interesting result (a 

“byproduct” of the chapter) were the specific gravity vs pumice content, and characteristic void 

ratio vs pumice content trends. The trends implied that with a large enough data base, potential 

empirical correlations could be established to enable engineers to define pumice content by 

analysing other geotechnical properties, such as specific gravity and/or characteristic void 

ratios, through these correlations.   

The undrained monotonic and cyclic behaviour of a pumiceous silt was studied as 

part of the second research objective with the purpose to fill knowledge gaps, related to 

potential particle crushing affecting undrained cyclic behaviour as well as liquefaction 

resistance of this type of soil material. Considering, as per previously published literature, 

pumiceous sands seem to exhibit different undrained cyclic behaviour and can even have higher 

liquefaction resistance compared to hard-grained soils (as a result of the crushable nature of 

the pumiceous sands), empirical correlations developed on hard-grained sands were considered 

to be not applicable for pumiceous sands. Therefore, the second research objective aimed to 

answer the questions of (1) whether pumiceous silts are also crushable and (2) if their cyclic 

undrained behaviour and liquefaction resistance are more similar to those of pumiceous sand 

or of hard-grained soils. This objective was addressed in Chapter 4. The results indicated that 

no particle crushing occurred in the samples during testing. In general, the Tuhua silt material 

behaved closer to the established trends typical for hard-grained soils than to those for 

pumiceous sands. It was inferred that the reason why the material did not undergo any 

significant particle crushing during sample reconstitution and/or testing, was because of a 

cushioning effect from the fines that prevented the coarse pumiceous particles from breaking. 

The broader science/engineering contribution from this objective was the added content by 
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means of the extensive undrained monotonic and cyclic loading investigation that was 

performed on a pumiceous silt for the first time.  

The study on Tuhua silt, opened more questions that needed to be addressed before 

addressing the final aim. As mentioned before, the pumiceous tephras ranged from silts to silty 

sands to sandy silts to sands. If pumiceous sands were known to behave differently from hard-

grained sands and to exhibit higher liquefaction resistance, pumiceous silt was now found to 

behave closer to hard-grained soils, the question posed was whether there was a potential 

threshold of pumice content and/or fines content, at which sand-silt mixtures become 

crushable. The third objective therefore involved the investigation of three beds making up 

Mamaku tephra, a silt and two silty sands with different fines contents as well as different 

pumice contents in order to study their crushability. Crushability as assessed by examining the 

changes in grain size and pumice content after testing as well as whether their cyclic undrained 

behaviour compared closer to hard-grained or pumiceous sand patterns (Chapter 5). The results 

showed no change in grain size or pumice content for the silty Mamaku Ma-ML70 as well as 

the silty Mamaku sand Ma-SM31 following cyclic undrained triaxial testing. Moreover, their 

cyclic behaviour, by means of pore pressure generation as well as double axial strain 

accumulation, was found to be similar to that of hard-grained sands and the non-crushable 

Tuhua silt, which indicated that no particle crushing had occurred in both Ma-ML70 and Ma-

SM31. For the coarsest Mamaku sand bed, Ma-SM20 with 20% fines, both the grain-size 

distribution and the pumice content (before and after testing) changed, indicating that particle 

crushing was evident. The undrained cyclic behaviour results plotted the closest to the zone of 

crushable materials based on published data, compared to the other two Mamaku materials, yet 

still not evidently like the trends reported for pumiceous sand. It was inferred that Ma-SM20 

underwent some particle crushing and a fines content threshold where particles begin to crush 

under cyclic triaxial testing between 31% and 20% was speculated.    

Lastly, the final part of the overarching aim, which was to estimate the pre-historic 

earthquake parameters (amax and M) that might have caused the deformation structures 

in the lacustrine tephra layers, was covered in the fourth objective through proposing a 

framework that extended the laboratory-obtained liquefaction resistance results on the 

collected tephras from one lake, into the other relevant tephras within the lakes in the 

Hamilton lowlands. In this investigation (Chapter 6), the liquefaction resistance curves of the 

three distinct beds (with different grain size distributions and pumice content) of the Mamaku 
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tephra, were obtained. The liquefaction resistance obtained from the laboratory triaxial tests 

was used to estimate peak ground acceleration and magnitude (amax – M) combination curves 

for the entire Mamaku tephra layer preserved in sediment cores from 13 lakes in the lowlands. 

Considering there were no Mamaku tephras coarser than Ma-SM20, which had shown signs of 

particle crushing during undrained cyclic testing, the empirical methods based on hard-grained 

soils were considered appropriate and thus used in the study. The Mamaku tephra layers in the 

lakes were found to be vulnerable to liquefaction at very low peak ground accelerations, i.e. 

with a range of 0.02 to 0.08 g through the range of earthquake magnitudes, M = 5 to 8.5 

considered. The high vulnerability to liquefaction across all the Mamaku layers in the Hamilton 

lowlands was considered to be the result of very low in-situ overburden stresses as well as the 

relatively low liquefaction resistance. The high vulnerability to very small levels of earthquake 

shaking made speculating and/or identifying large pre-historic earthquakes (magnitudes 6 and 

above) based on the geotechnical paleoliquefaction approach rather difficult. Complementary 

geologically based paleoliquefaction analyses obtained by other work within the “Tephra 

Seismites” project were found to be crucial for more conclusive results. A bonus research 

outcome was the discovered potential advantage of paleoliquefaction studies that investigate 

similar shallow deposits, very sensitive to liquefaction at low ground shaking to estimate past 

small magnitude earthquakes, e.g. M ≤ 5, which are commonly not studied. Considering 

paleoseismic evidence of smaller earthquake events (M ≤ 5) are not likely to be preserved in 

the sedimentary record, studying deposits that are very sensitive to liquefaction at low ground 

shaking could potentially help identify those small events. Earthquakes with magnitudes of 5 

and smaller may not be as destructive as larger ones, but knowledge about the frequency of 

their occurrence, assists in understanding the overall seismic hazard of an area of interest, the 

activity of as even smaller earthquakes can cause community concerns through damage, 

economic impact and stress. In other words, as discussed in the addendum of chapter 6, 

although recent records have captured some magnitudes around 5, which are not necessarily a 

seismic risk for the urban areas around, the paleoliquefaction data suggests that there might 

have been more earthquakes of such magnitudes (or bigger) from different sources that if 

identified and discovered could impact the seismic hazard, and from an engineering perspective 

the earthquake design parameters.  

Ultimately, this PhD thesis provides research contributions: (1) that complemented the 

geological and seismological research segments of a multidisciplinary paleoliquefaction 

project, (i.e., the “Tephra Seismites” project based at the University of Waikato), by estimating 

past earthquake parameters that could have triggered liquefaction in the lacustrine tephras, in 

https://tephra-seismites.com/
https://tephra-seismites.com/
https://tephra-seismites.com/
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particular, the Mamaku tephra; (2) in the geotechnical package of approaches in 

paleoliquefaction studies, which have mostly used in-situ investigations as opposed to 

laboratory based ones in the past; and (3) that filled key research gaps related to undrained 

behaviour and liquefaction resistance of pumiceous silts and silty sands, which will assist both 

scientists as well as engineers in the future, as well as inspire future research that may address 

the additional research questions that were developed in the course of the work.   

7.2. Recommendations for future research and engineering 

applications  

In the following few paragraphs, I summarize the thoughts and take-away messages that I 

derived during my PhD study in regard to: (1) the geotechnical procedures for obtaining 

geotechnical properties of soils and in a form of (2) ideas that were inspired from my results as 

recommendations for future research that I believe both engineers and researchers working 

with pumiceous sand-silt mixtures in the future could benefit from. 

In general, in my study I found that the pumiceous particles, which are potentially 

crushable due to their highly vesicular nature, are mostly present in the sand grain-size range 

(0.075 – 2 mm). In other words, within the grain-size range of fines (< 0.075 mm), the particles 

seemed to be mostly (~99%) broken-down pumice, i.e., glass shards. Considering that 

the particle crushing was inversely dependent on the fines content, i.e., the finer the sand-silt 

mixture, the less prone it was to particle crushing during triaxial testing, it can be inferred that 

the vulnerability to particle crushing of pumiceous soils comes from the sand particles. This 

suggests that choosing the most convenient testing procedures for deriving both the grain-size 

distribution as well as pumice content, of pumiceous soil mixtures is crucial. For example, 

grain-size distributions estimated with the standard sieving method, which are based on the 

mass of individual fractions of the soil mixture, might over-estimate the fines portion, 

considering the lighter yet larger sandy pumiceous particles. This might be even more 

pronounced in natural pumiceous sand-silt mixtures, where heavier, hard-grained, (e.g., quartz 

and/or feldspar particles as well as mafic mineral grains) are present as well. Particle-volume-

based grain-size estimation procedures should provide a more accurate representation of the 

grain-size distribution of pumiceous sand-silt mixtures, compared to particle-mass-based 

procedures.  
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Similarly, for the pumice content evaluation, I found the pumiceous vs. hard-grained 

particles nomenclature is not fully inclusive and that a distinction between pumiceous 

(vesicular) and non-pumiceous (non-vesicular) might be more fitting. Previous studies on 

natural pumiceous soils, have analysed mixtures of pumiceous and (mostly) quarzitic sand 

particles. Considering difference in the structure of pumiceous (bubble wall texture 

surrounding vesicles) and quarzitic (solid mineral) particles, means the ease with which pumice 

particles can be broken down is much greater.  Therefore, the terminology pumiceous vs hard 

grained initially seems to be appropriate. However, in natural sand-silt mixtures, containing 

fines particles that would inevitably contain glass shards (already broken-down pumice) which 

are unlikely to crush further once the vesicularity has been destroyed, characterizing the 

particles as pumiceous and non-pumiceous would be more suitable. In this context, considering 

that as pumiceous particles can have the same particle density as glass-shard particles (result 

of potentially lacking internal voids in the pumiceous particles – see Chapter 3), a more 

convenient methods for pumice content evaluation in pumiceous soil mixtures comprising 

fines, might be the ones based on the potential of particle breakage as opposed to particle 

density.   

 Considering all the above, and all the potentially relevant geotechnical aspects that 

could not have been covered in the scope of this thesis, the following investigations would 

potentially answer some of the questions related to pumiceous sand-silt mixtures:  

- A comparative study between crushing potential-based and density-based pumice 

content procedures, on a large data base of pumiceous sand-silt mixtures (silty sands, 

sandy silts, and silts), complemented with a specific gravity vs pumice content 

correlation, and SEM based pumice content evaluation, in order to find the optimum 

pumice content method for these types of soils. 

- A laboratory undrained testing campaign on varying natural (both pumiceous and 

quartz/feldspar rich) sand-silt mixtures, with different fines/pumice content, in order to 

observe whether there will be the crushing of particles if the fines are hard-grained, or 

mixed glass-shards with hard-grained particles (as opposed to glass-shards alone).  

- A numerical simulation study, based on e.g., discrete element methods (DEM), where 

the effect of the cyclic loading upon the particles of sand-silt mixtures can be studied 

closely in order to observe the “cushioning” effect of the fines particles, as found in this 

study, on a particle element level. 

- Complementing laboratory investigations with in-situ based ones, such as SPT, CPT 



124 
 

and Vs-based methods, in order to investigate whether there the empirical correlations 

are applicable for pumiceous sand-silt mixtures. It would be interesting to investigate 

whether, for a pumiceous sand-silt mixture that did not show signs of particle crushing 

during undrained laboratory testing, the results from the in-situ investigations fall 

within the expected range of values for a corresponding hard-grained soil material. This 

would also assist future researchers/engineers in finding the threshold of fines/pumice 

content at which empirical correlations established on hard-grained soils, stop being 

applicable to pumiceous mixtures. In other words, the threshold should more or less be 

a match between laboratory based and in-situ based studies. In the in-situ based studies, 

the fines/pumice content threshold could potentially be the one where the in-situ values 

for e.g. cone tip resistance, number of blows etc. no longer falls within the range of 

values expected for that type of soil, and/or the empirically obtained e.g. CRR are not 

within the expected range of values obtained from laboratory testing.  

- Lastly, a comparative study of undisturbed vs reconstituted undrained cyclic testing of 

pumiceous sand-silt mixtures would investigate the potential effects of different 

reconstitutions method with these types of soil mixtures.  
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Appendix A: Supplementary figures, tables and equation 

 

 

 

Fig. S1. Pore water pressure (a), deviator stress (b) and axial strain (c) and (d) vs time plots 

for a single cycle (first or last) of test Tu-CY-21, showing the transducer oscillations in order 

to confirm the data quality of the tests 
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Fig. S2. Developments of axial strain and excess pore water pressure for tests Tu-CY-10, Tu-

CY-17 and Tu-CY-20 that were tested under the similar conditions by means of relative 

density, (Dr ≈ 0.5), effective consolidation stress (σc
’ = 100kPa) and same cyclic stress ratio 

(CSR = 0.11) with a different loading frequency (f = 0.02, 0.1 and 1 Hz respectively) 
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Fig.  S3. Mean CT numbers and measured densities for manually segmented materials 

Regression equation shown in the top right corner (Ilanko et al. unpublished data) 

 

Fig.  S4. Correlation between FC and PC for the three tested beds of Mamaku, as well as the 

Mamaku tephra layers from the other studied lakes. 

 



140 
 

 

Fig.  S5. Correlation between FC and D50 for the three tested beds of Mamaku, as well as the 

Mamaku tephra layers from the other studied lakes. 

 

 

 

Fig.  S6. CRR (at ɛda = 5%) vs Dr for the three tested beds of Mamaku tephra for both used 

consolidation stresses, 20 kPa and 100 kPa, showing the correlation between the CRR and 

consolidation stress 
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Table S1. Void ratio and relative density, initial as well as consolidated values, from both 

method (1) based on sample dimensions before testing and sample volume loss during 

consolidation and method (2) based on the Verdugo and Ishihara (1996) procedure 

Test 

series 

Type of 

test  

Label ei Dr,i  ec1 ec2 Dr,c1  Dr,c2  ec Dr,c  

1 

Monotonic  Tu-CU-1 1.80 0.34 1.61 0.51 n/a n/a 1.61 0.51 

Monotonic  Tu-CU-3 1.51 0.60 1.41 0.69 1.42 0.68 1.42 0.69 

Monotonic  Tu-CU-2 1.80 0.34 1.61 0.51 n/a n/a 1.61 0.51 

Monotonic  Tu-CU-4 1.53 0.58 1.45 0.65 1.46 0.64 1.46 0.65 

Monotonic  Tu-CU-5 1.39 0.71 1.31 0.78 1.34 0.75 1.33 0.77 

Monotonic  Tu-CUE-1 1.77 0.37 1.62 0.50 n/a n/a 1.62 0.51 

Monotonic  Tu-CUE-2 1.76 0.38 1.62 0.51 1.62 0.50 1.62 0.50 

2 

Cyclic  Tu-CY-12 1.85 0.29 1.69 0.44 n/a n/a 1.69 0.44 

Cyclic  Tu-CY-11 1.79 0.35 1.62 0.50 n/a n/a 1.62 0.5 

Cyclic  Tu-CY-10 1.76 0.38 1.59 0.53 n/a n/a 1.59 0.53 

Cyclic  Tu-CY-7 1.82 0.33 1.65 0.47 n/a n/a 1.65 0.47 

3 

Cyclic  Tu-CY-4 / / n/a n/a 1.45 0.65 1.45 0.65 

Cyclic  Tu-CY-5 1.48 0.63 1.38 0.72 1.49 0.62 1.43 0.67 

Cyclic  Tu-CY-2 1.45 0.65 1.38 0.72 n/a n/a 1.38 0.72 

Cyclic  Tu-CY-6 1.49 0.62 1.39 0.71 1.40 0.70 1.40 0.7 

4 

Cyclic  Tu-CY-18 1.85 0.29 1.76 0.37 1.53 0.58 1.65 0.48 

Cyclic  Tu-CY-16 1.83 0.32 1.74 0.40 n/a n/a 1.74 0.4 

Cyclic  Tu-CY-15 1.81 0.33 1.61 0.51 n/a n/a 1.61 0.51 

Cyclic  Tu-CY-14 1.81 0.34 1.69 0.43 n/a n/a 1.69 0.43 

5 

Cyclic  Tu-CY-19 1.49 0.61 1.42 0.68 n/a n/a 1.42 0.68 

Cyclic  Tu-CY-13 1.52 0.59 1.44 0.66 1.44 0.67 1.44 0.66 

Cyclic  Tu-CY-8 1.34 0.76 1.45 0.65 1.42 0.68 1.43 0.67 

6 

Cyclic  Tu-CY-21 1.33 0.76 1.27 0.82 1.31 0.78 1.29 0.8 

Cyclic  Tu-CY-22 1.35 0.75 1.28 0.81 n/a n/a 1.28 0.81 

Cyclic  Tu-CY-23 1.34 0.75 1.30 0.79 1.29 0.74 1.30 0.79 

F 
Cyclic  Tu-CY-17 1.83 0.31 1.67 0.45 n/a n/a 1.67 0.45 

Cyclic  Tu-CY-20 1.77 0.37 1.61 0.51 n/a n/a 1.61 0.51 

n/a = not available  
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Table S2. Roundness coefficient (Rc), aspect ratio (Ar), and angular coefficient (Ac) for all 80 

particles (20 per fraction) used in the particle shape analysis of Tuhua Silt. 

Fraction Fraction 

prop.  

Particle  a 

min 

b 

min 

Length Area Ar Rc Ac Ave. 

Ar 

Ave 

Rc 

Ave 

Ac 

 [mm] [%]            

>0.25 14.07 1 5.8 9.3 33.3 53.6 1.6 1.6 1.4 1.74 1.40 1.26 

  2 10.9 14.4 46.1 134.7 1.3 1.3 0.9    

  3 5.9 13.4 35.3 67.8 2.3 1.5 1.6    

  4 8.7 12.2 34.4 73.4 1.4 1.3 1    

  5 6 12.8 31.5 49.5 2.1 1.6 1.7    

  6 7.6 12.2 35 70.3 1.6 1.4 1.2    

  7 9 14.9 44 118.5 1.7 1.3 1.1    

  8 6 9.9 30.6 48 1.6 1.5 1.4    

  9 6.7 15.8 39.5 78.1 2.3 1.6 1.8    

  10 7.6 8.6 26.1 46.9 1.1 1.2 0.7    

  11 7 10 33.2 60.6 1.4 1.4 1.2    

  12 7.1 12.1 35.1 73.2 1.7 1.3 1.2    

  13 6 9.9 27.8 48.4 1.7 1.3 1.1    

  14 4.4 14 36.9 64 3.2 1.7 2.3    

  15 8 9.7 30.4 62.7 1.2 1.2 0.8    

  16 6.3 10.7 32.4 60.8 1.7 1.4 1.2    

  17 7 12.5 33.6 63.9 1.8 1.4 1.3    

  18 9.2 10.5 34.6 74.3 1.1 1.3 0.9    

  19 5.6 11 27.1 42.1 2 1.4 1.4    

  20 6.9 12.6 29.9 53.9 1.8 1.3 1.2    

0.125-0.25 20.92 1 7.9 12.9 35.1 78.2 1.6 1.3 1.1 1.87 1.45 1.38 

  2 4.1 11.4 29.2 43.2 2.8 1.6 2    

  3 6.8 16.4 43.2 85.2 2.4 1.7 1.9    

  4 9.4 13.4 41.4 104.4 1.4 1.3 1    

  5 8.5 11.9 34.4 76.7 1.4 1.2 0.9    

  6 7.7 18.5 47.6 106.5 2.4 1.7 1.9    

  7 6.3 18.8 48.9 104.1 3 1.8 2.3    

  8 8.9 12.8 36.3 81.9 1.4 1.3 1    

  9 7.5 10.8 38.4 76.1 1.4 1.5 1.3    

  10 9.3 16.4 42.4 85.4 1.8 1.7 1.6    

  11 7.3 16.9 41.3 81.4 2.3 1.7 1.8    

  12 5.9 14.1 35.9 69.6 2.4 1.5 1.7    

  13 10.1 16.6 43.7 113.4 1.6 1.3 1.2    

  14 8.9 13.8 38 93.6 1.5 1.2 1    

  15 8.3 11.9 33.9 71.6 1.4 1.3 1    

  16 5 10.6 26.3 39.4 2.1 1.4 1.5    

  17 11.1 20.2 51.7 151.3 1.8 1.4 1.3    

  18 10.6 13.3 39.5 103.1 1.3 1.2 0.8    

  19 8.8 11.4 35 78.8 1.3 1.2 0.9    

  20 6.4 11.8 34.5 58.4 1.8 1.6 1.5    

0.063-0.125 19.01 1 7.3 13.1 37.9 78.2 1.8 1.5 1.4 1.62 1.42 1.23 

  2 7.1 9.2 32.3 57.3 1.3 1.4 1.1    
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  3 12.1 14.5 47.4 115.6 1.2 1.5 1.1    

  4 6.9 9.8 30.5 54.5 1.4 1.4 1.1    

  5 10.5 13.7 45.1 123.7 1.3 1.3 1    

  6 9.6 15.4 42.6 100.4 1.6 1.4 1.2    

  7 7.3 15.2 44 85.7 2.1 1.8 1.8    

  8 5 11.1 26.9 41.3 2.2 1.4 1.5    

  9 5.4 10.1 27.5 43.6 1.9 1.4 1.3    

  10 6.1 8.8 30.1 50.9 1.6 1.4 1.2    

  11 8.7 13.6 41.5 87.4 1.9 1.6 1.5    

  12 7.3 13.9 37.5 74.9 1.9 1.5 1.4    

  13 8.2 9.7 29.9 57.3 1.2 1.2 0.8    

  14 9.1 13.1 36.6 88.7 1.4 1.2 0.9    

  15 6.1 11.6 32.2 57.1 1.9 1.4 1.4    

  16 9.6 10.9 32.9 66.1 1.1 1.3 0.9    

  17 8.2 14.1 39.1 83.8 1.7 1.5 1.3    

  18 7.7 12.7 37.2 79.9 1.6 1.4 1.2    

  19 5.7 11.5 35.8 68.2 2 1.5 1.5    

  20 10 13.8 45.5 116.9 1.4 1.4 1.1    

  21 6.6 10.3 33.1 65.3 1.6 1.3 1.1    

<0.063 46 1 5.5 11.5 30.6 43.8 2.1 1.7 1.8 1.92 1.51 1.48 

  2 6.5 11.8 37.3 72.9 1.8 1.5 1.4    

  3 4.8 11.1 34.5 59.7 2.3 1.6 1.7    

  4 6.7 14.8 37.3 73.7 2.2 1.5 1.6    

  5 6 9.7 28.1 49.3 1.6 1.3 1.1    

  6 5 14.7 36.2 67.3 2.9 1.5 2    

  7 4.7 11 30 40 2.3 1.8 2    

  8 7.2 12.1 37.6 78.8 1.7 1.4 1.3    

  9 5.7 11.9 30.8 47.1 2.1 1.6 1.6    

  10 6.4 7.1 25.8 35.7 1.1 1.5 1    

  11 5.2 10.3 25.8 35.2 2 1.5 1.5    

  12 4.3 8.3 22.4 28.8 2 1.4 1.4    

  13 4.6 6.3 19.4 24.6 1.4 1.2 0.9    

  14 5 10.1 29.9 43.1 2 1.7 1.7    

  15 6.2 9.5 27.8 46.4 1.5 1.3 1.1    

  16 4 11.2 26.5 36.1 2.8 1.5 1.9    

  17 6.6 10.7 30.9 55.1 1.6 1.4 1.2    

  18 5.5 8.3 26.9 38.9 1.5 1.5 1.2    

  19 9.1 14.3 47.1 96 1.6 1.8 1.6    

       Final values  1.83 1.47 1.38 
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Equation 6.1.  

The following equation thread proves the deriving of Equation (6.1): 

𝒆𝒊𝒏−𝒔𝒊𝒕𝒖 =  
𝝆𝒑,𝒂𝒗𝒆𝒓𝒂𝒈𝒆−ρ𝒔𝒂𝒕

ρ𝒔𝒂𝒕− 𝝆𝒘𝒂𝒕𝒆𝒓
                                                                                                       (6.1) 

A generic version of Equation (6.1) is:  

𝑒 =  
𝝆𝒑−ρ𝒔𝒂𝒕

ρ𝒔𝒂𝒕− 𝝆𝒘𝒂𝒕𝒆𝒓
                                                                                                                  (6.1.1) 

where ρwater is the density of water, taken as 1000 kg/m3, ρsat is the saturated density of the 

sample and ρp is the particle density of the sample sample. Expressing the densities through 

the corresponding masses and volumes and assuming full saturation Vw = Vv (volume of water 

in the voids is equal to the volume of the voids in the sample), equation (6.1) becomes:  

𝑒 =  

𝒎𝒑

𝑉𝑝
 − 

𝒎𝑝+𝑤

𝑉𝑝+𝑤
𝒎𝑝+𝑤

𝑉𝑝+𝑤 
 − 

𝒎𝒘
𝑉𝑤

                              (6.1.2) 

Where, mp is the mass of the soil particles, mp+w is the mass of the soil particles plus the mass 

of the water (in the voids), mw is the mass of the water (in the voids), Vp is the volume of the 

particles, and Vw is the volume of the water.  

By mathematically tidying the equation 6.1.2, we can derive:  

𝑒 =  

𝒎𝒑(𝑉𝑝+𝑤)− 𝒎𝑝+𝑤(𝑉𝑝)

𝑉𝑝(𝑉𝑝+𝑤)

𝑉𝑤(𝒎𝑝+𝑤)− 𝒎𝒘(𝑉𝑝+𝑤)

𝑉𝑤(𝑉𝑝+𝑤) 

 = 

𝒎𝒑𝑉𝑝+ 𝒎𝒑𝑉𝑤− 𝒎𝑝𝑉𝑝−𝒎𝑤𝑉𝑝

𝑉𝑝
𝑉𝑤𝒎𝑝+𝑉𝑤𝒎𝑤− 𝒎𝒘𝑉𝑝−𝒎𝒘𝑉𝑝

𝑉𝑤

=

𝒎𝒑𝑉𝑤−𝒎𝒘𝑉𝑝

𝑉𝑝
𝑉𝑤𝒎𝑝− 𝒎𝒘𝑉𝑝

𝑉𝑤

=
𝑉𝑤

𝑉𝑝
=

𝑉𝑣

𝑉𝑝
                           (6.1.3) 

Finally, Equation 6.1.1, becomes:  

𝒆 =  
𝝆𝒑−ρ𝒔𝒂𝒕

ρ𝒔𝒂𝒕− 𝝆𝒘𝒂𝒕𝒆𝒓
=

𝑽𝒗

𝑉𝒔
                 (6.1.4) 

 

Equation 6.1.4 is the commonly known equation of void ratio expressed through the volume 

of voids and the volume of particles (soilds) of the sample. 
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Appendix B.1: Undrained cyclic triaxial tests – Tuhua silt 
 

Test series 2: 
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Test series 3: 
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Test series 4: 

 

 

 



148 
 

Test series 5: 
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Test series 6: 
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Appendix B.2: Undrained cyclic triaxial tests – Mamaku 

tephras 

 

Test series 1: 
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Test series 2: 
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Test series 3: 
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Test series 5: 
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Test series 6: 
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Test series 7: 
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Test series 8: 
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Test series 9: 
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Test series 10: 
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Test series 11: 
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Test series 12: 
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Appendix C: Poster abstracts 
 

C. 1.  Cyclic undrained behaviour and liquefaction 

resistance of a lacustrine pumiceous sandy silt, North 

Island, New Zealand 

Jordanka Chaneva1, Max O. Kluger1, Vicki G. Moon1, David J. Lowe1 & Rolando P. 

Orense2 

1School of Science/Te Aka Mātuatua, University of Waikato, New Zealand, jc409@students.waikato.ac.nz 
2Department of Civil and Environmental Engineering, University of Auckland, New Zealand 

Poster presented at the 2022 Te Hiranga Rū QuakeCoRE Annual Meeting, 29-31st August 2022, Napier New 

Zealand 

Abstract 

Experimental data related to the mechanical behaviour of crushable pumiceous soils are quite 

limited compared with those for hard-grained soils. The main focus of previous studies has 

2022 Te Hiranga Rū QuakeCoRE Annual Meeting – Poster Abstract Book Page 9 of 42 been 

on pumiceous sands, whereas pumiceous silts have not been investigated to date. A series of 

monotonic and cyclic triaxial tests were therefore performed to investigate the cyclic undrained 

behaviour and liquefaction resistance of a pumiceous sandy silt from northern New Zealand. 

The material tested, comprising tephra fallout from a volcanic eruption c. 7,600 years ago and 

preserved in Holocene lake sediments in the Hamilton Basin, is non-plastic sandy silt with 

pumice content of 45-48%. The samples were reconstituted in the laboratory using the under-

compaction method and tested at two different consolidation stresses (20 kPa and 100 kPa) and 

three different relative densities (medium, medium-dense, and dense). The silt material tested 

exhibited three significant differences when compared with pumice sand. Firstly, it was more 

contractive even at medium to high relative densities, leading to a lower resistance to static 

(flow) liquefaction. Secondly, while it exhibited similar trends in excess pore pressure and axial 

strain accumulation (when relative density was used as a basis for comparison), the relative 

density had an only slight influence on the cyclic undrained behaviour. Thirdly, the material 

exhibited a significantly lower cyclic liquefaction resistance. In general, the cyclic undrained 

behaviour of the pumiceous sandy silt was similar to that of hardgrained silt. The difference in 

the response between pumiceous sandy silt and pumiceous sand may be explained by the lower 

degree of particle crushing the former experienced during cyclic shearing.  

KEYWORDS: pumice; volcanic soil; silt; liquefaction; undrained triaxial tests; state 

parameter; lake sediment. 
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C. 2.  Towards an evaluation of earthquake hazard in 

the Hamilton lowlands using geotechnical analysis of 

liquefied volcanic-ash layers in lakes 

Jordanka Chaneva1, Max O. Kluger1, Vicki G. Moon1, David J. Lowe1 & Rolando P. 

Orense2 

1School of Science/Te Aka Mātuatua, University of Waikato, New Zealand, jc409@students.waikato.ac.nz 
2Department of Civil and Environmental Engineering, University of Auckland, New Zealand 

Abstract for the Disastrous Doctorates 2023 Symposium, 22-24th February, Wellington, New Zealand. 

Abstract 

The Hamilton lowlands, North Island, New Zealand, are currently classed as having low to 

medium seismic hazard. There is urgent need to reassess this level of seismic hazard in light of 

the area’s uncertain/barely known seismic history, the discovery of hidden faults in Hamilton 

and beyond, and the identification of paleoseismic-derived liquefaction features in tephra 

layers preserved in ~20,000 yr-old lakes in the lowlands. I use laboratory geotechnical analysis 

of the liquefied tephra layers to back calculate past earthquakes that might have caused the 

liquefaction. The tephra layers are pumiceous silts, sandy silts, silty sands, and sands. The 

analyses include (1) assessing the liquefaction susceptibility of the liquefied tephras; (2) 

determining their liquefaction potential by performing undrained cyclic triaxial tests under the 

range of densities and consolidation stresses relevant in situ; and (3) using the liquefaction 

resistance results from the liquefaction potential analysis to back calculate peak ground 

accelerations and moment magnitudes that caused the past liquefaction. The results will then 

be used within a wider research programme to (1) provide a means of improved detection and 

understanding of seismic geohazards; (2) inform the National Seismic Hazard Model, which 

underpins the New Zealand Building Code; (3) develop an ability to generate site-specific 

hazard assessments; and (4) lead to improvement in the earthquake resistance standards for 

buildings, critical facilities and infrastructure in and around Hamilton. 
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C. 3.  Particle crushing in pumiceous sands and silts 

during cyclic triaxial loading. 

Jordanka Chaneva1, Max O. Kluger1, Vicki G. Moon1, David J. Lowe1 & Rolando P. 

Orense2 

1School of Science/Te Aka Mātuatua, University of Waikato, New Zealand, jc409@students.waikato.ac.nz 
2Department of Civil and Environmental Engineering, University of Auckland, New Zealand 

Poster presented at the 2023 Te Hiranga Rū QuakeCoRE Annual Meeting, August 2023 

Abstract 

Pumiceous particles have a distinct vesicular nature as well as a complex surface texture that 

makes them potentially vulnerable to crushing under cyclic loading. Pumiceous sand mixtures 

have received more scientific attention than pumiceous silts in this regard. Researchers have 

found the undrained cyclic behaviour of pumiceous sands to be significantly different than of 

that of hard-grained sands, because of the particle crushing process that occurs during cyclic 

testing and/or sample reconstitution. The liquefaction resistance of pumiceous sands is also 

considered to be higher, as a result of the pore-water pressure distribution that occurs during 

particle crushing. Methods based on field tests, such as CPT and SPT, are also considered 

unsuitable for these types of sands. The undrained behaviour of pumiceous silt was only studied 

once. The material (with 51% fines content and 48% pumice content) did not crush during 

sample reconstitution and undrained cyclic testing, which was attributed to the silty particles 

acting as cushions between the coarse sandy pumice particles. The thresholds of fines content 

and pumice content, at which pumiceous soil mixtures start to behave more closely as hard-

grained soils, are yet to be unravelled and remain relevant for engineers and scientists. This 

paper analyses the particle crushing after sample reconstitution and undrained cyclic triaxial 

testing of five pumiceous natural soil mixtures from Northern New Zealand, having fines and 

pumice contents ranging between 18% and 80% and 30% and 60%, respectively. The results 

analyse the extent of particle crushing of the different soil mixtures and discuss potential 

influence of the fines content and/or the pumice content on the particle crushing. 

KEYWORDS: pumiceous sand-silt mixtures, particle crushing, pumice content, fines content, 

cyclic triaxial testing 
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Appendix D: Co-authored manuscript: 

Seismically-induced down-sagging structures in tephra 

layers (tephra-seismites) preserved in lakes since 17.5 cal 

ka, Hamilton lowlands, New Zealand 

Max O. Kluger1, David J. Lowe1, Vicki G. Moon1, Jordanka Chaneva1, Richard Johnston2, 

Pilar Villamor3, Tehnuka Ilanko1, Richard A. Melchert1, Rolando P. Orense4, Remedy C. 

Loame1, Nic Ross5 

1School of Science/Te Aka Mātuatua, University of Waikato, Hamilton, New Zealand.  
2Faculty of Science and Engineering, Swansea University, Swansea, United Kingdom.  
3GNS Science, Lower Hutt, New Zealand.  
4Department of Civil and Environmental Engineering, University of Auckland, Auckland, New Zealand. 
5Hamilton Radiology, Hamilton, New Zealand. 

Published in Sedimentary Geology 445, 2023; 106327;  

DOI: doi.org/10.1016/j.sedgeo.2022.106327; © 2023 Elsevier Ltd. 

Abstract 

We analysed numerous soft-sediment deformation structures (SSDS) identified in seven 

unconsolidated, up to 8-cm thick, siliceous tephra layers that had been deposited in ~35 

riverine-phytogenic lakes within the Hamilton lowlands, northern North Island, New Zealand, 

since 17.5 calendar (cal) ka BP. Based on sediment/tephra descriptions and X-ray computed 

tomography scanning of cores taken from ten lakes, we classified these SSDS into elongated 

load structures (i.e., down-sagging structures) of different dimensions, ranging from 

millimetre-to decimetre-scale, and centimetre-long dykes. Down-sagging structures were 

commonly manifested as intrusions of internal tephra beds of very fine to medium sand into 

underlying organic lake sediments. The tephra layers commonly exhibited an upper silt bed, 

which was not directly affected by deformation. Dry bulk density and grain size distribution 

analyses of both the organic lake sediment and the internal tephra beds provided evidence for 

the deformation mechanism of down-sagging structures and their driving force: the organic 

lake sediment and the upper silt bed are less liquefiable, whereas the very fine to medium sand 

internal tephra beds are liquefiable. The tephra layers and encapsulating organic lake sediments 

formed three-layer (a-b-a) density systems, where ‘a’ denotes the sediment unit of lower 

density. We infer that downward-directed deformation was favoured by the a-b-a density 

system with the upper, less-liquefiable, silt bed within the tephra layer preventing upward 

intrusion during the liquefaction process. The spatial distribution and ages of SSDS within the 

lakes provided some evidence that liquefaction of the older tephra layers, i.e., Rerewhakaaitu, 

Rotorua, and Waiohau tephras, deposited 17.5, 15.6, and 14 cal ka BP, respectively, was 

triggered by a seismic source to the northeast of the Hamilton lowlands (i.e., Kerepehi and/or 

Te Puninga faults). In contrast, the liquefaction of the younger tephra layers, i.e., Opepe, 

Mamaku, and Tuhua tephras, deposited 10.0, 8.0, and 7.6 cal ka BP, respectively, may have 

been triggered by movement on local faults within the Hamilton lowlands, namely the 

Hamilton Basin faults, or by distant faulting at the Hikurangi subduction margin east of North 

Island. 

KEYWORDS: Soft-sediment deformation structures (SSDS); tephra; liquefaction; 

paleoearthquakes; Kerepehi Fault; Te Puninga Fault  
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1. Introduction 

Soft-sediment deformation structures (SSDS) occur in unconsolidated sediments during or 

shortly after their deposition, and before significant diagenesis (Owen et al., 2011). Common 

SSDS include water-escape and injection structures, load structures, convolute laminations, 

deformed cross-bedding, slumps, and collapse structures (Obermeier, 1996; Rodrı́guez-Pascua 

et al., 2000; Kang et al., 2010; Owen and Moretti, 2011; Mazumder et al., 2016). Water-escape 

and injection structures are commonly formed when sediment is transported upwards by the 

expulsion of water during the process of fluidisation and liquefaction, resulting in dykes, sills, 

disk-and-pillar structures, and sand volcanoes (Owen et al., 2011). Liquefaction describes the 

loss of grain contacts and a temporary transfer of grain weight to the pore fluid under undrained 

conditions, and is seen as the most common mechanism for the formation of dykes (Nichols, 

1995). 

Downward-directed SSDS occur either from mainly passive collapse of overlying 

materials into fissures and cracks, caused by extensional tectonics or glaciogenic processes 

(i.e., neptunian dykes) (Obermeier, 1996; Bektas et al., 2001; Montenat et al., 2007; Moretti 

and Sabato, 2007; Fortuin and Dabrio, 2008; Kang et al., 2010; El Taki and Pratt, 2012; 

Basilone et al., 2016; Lunina and Gladkov, 2016; Mazumder et al., 2016; Ozcelik, 2016; 

Gavrilov, 2017), or from liquefaction in reverse density gradient systems forming load 

structures (Anketell et al., 1970; Owen, 2003; Gladkov et al., 2016; Belzyt et al., 2021). 

Reverse density gradient systems are denoted as b-a density systems, where ‘a’ refers to the 

sediment unit of relatively lower density (Anketell et al., 1970). Load structures are common 

in two-layer b-a density systems, but have only been sparsely reported in three-layer a-b-a 

density systems, where a dense sediment is interlayered between members of relatively lower 

density (Moretti and Ronchi, 2011; Törő and Pratt, 2016). 

To improve the understanding of sediment deformation processes in a-b-a density 

systems, a comprehensive multidisciplinary analysis was conducted on records of late 

Quaternary sediment cores taken from lakes, formed about 20 calendar (cal) ka, that lie in the 

Hamilton lowlands (northern New Zealand) amidst newly-discovered Hamilton Basin faults 

(Fig. 1) (Moon and de Lange, 2017). The cores comprise highly organic, unconsolidated lake 

sediments of low density with interlayered, silicic tephra-fall deposits (layers up to 8-cm thick) 

of relatively higher density, each of which forms an individual a-b-a density system with the 

enclosing lake sediment. Tephra deposits are the explosively-erupted, unconsolidated, 



167 
 

pyroclastic products of a volcanic eruption of any grain size or composition (Lowe, 2011). 

Paleoliquefaction in tephra deposits has been rarely investigated previously. Only a handful of 

papers on the topic is known to us (Sieh and Bursik, 1986; Mazumder et al., 2016; Yang et al., 

2019; Molenaar et al., 2021). Following the commonly accepted concept of liquefaction 

discussed above, sediment deformations in a-b-a density systems should be directed upwards, 

following the direction of least resistance. However, in our lake records, the tephra layers were 

almost exclusively deformed downwards, forming SSDS in the form of several decimetre-long, 

elongated load structures (Fig. 2) (Lowe, 1988b). 

The SSDS were imaged using X-ray computed tomography (CT), described in cross-

section, and then analysed via bulk density measurement, grain size distribution analyses, and 

determination of Atterberg limits. Then, their mechanisms of deformation, the driving force of 

deformation, and possible triggering mechanisms, were interpreted following the protocols 

provided by Owen and Moretti (2011). The spatial and temporal occurrence of SSDS was 

mapped across the studied lakes within the Hamilton lowlands and an attempt was made to link 

the occurrence of the SSDS to seismic activity on regional faults including two faults in the 

adjacent Hauraki Plains, the Kerepehi and (newly-identified) Te Puninga faults (Persaud et al., 

2016; Van Dissen et al., 2021), as well as on the local faults within the Hamilton lowlands (the 

Hamilton Basin faults) (Van Dissen et al., 2021). 

2. Geological setting 

The Hamilton lowlands lie within the tectonically formed Hamilton Basin in the northern North 

Island of New Zealand (Fig. 1a-b), adjacent to tephra-generating volcanic centres in the Taupō 

Volcanic Zone, offshore Tuhua Volcanic Centre, and distant Taranaki Maunga volcano (Fig. 

1c). The basin’s most recent infilling deposits – Quaternary ignimbrites, volcanogenic 

alluvium, and tephra deposits – underlie low hills surrounded and partly buried by younger, 

secondary volcaniclastic alluvium, the Hinuera Formation, deposited ~20 cal ka by the 

ancestral Waikato River (Hume et al., 1975; Selby and Lowe, 1992; Manville and Wilson, 

2004; Peti et al., 2021).  

Around 35 riverine and riverine-phytogenic lakes occur adjacent to the antecedent hills. 

Deposition of the Hinuera Formation across the mouths of small valleys formed alluvial dams, 

generating shallow basins in which groundwater and drainage formed these blocked-valley 

riverine lakes (Green and Lowe, 1985; Lowe and Green, 1992).  
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Fig. 1. Study area. (a) Locations of ten lakes cored in our study and recently identified faults 

(Moon and de Lange, 2017; Van Dissen et al., 2021) in the Hamilton lowlands (in the 

Hamilton Basin). Base map is a low-resolution DEM from Land Information New Zealand. 

L. = Lake. Abbreviated lake names are provided in parentheses. (b) Wider view of the 

locations of faults in the Hamilton Basin (Fig. 1a) and the Te Puninga and Kerepehi faults in 

adjacent Hauraki Plains (Persaud et al., 2016). (c) Map of the North Island, New Zealand, 

with general tectonic setting and the main volcanic centres active since 20 cal ka (Leonard et 

al., 2010). The tephra deposits preserved in the lakes originated from Okataina (OVC), Taupō 

(TVC), Tongariro (TgVC), and Tuhua (TuVC) volcanic centres, and Taranaki Maunga 

volcano (TMv). 

In many cases, massive peat growth on top of the alluvium formed a second-storey dam, 

resulting in larger, peat-dominated riverine-phytogenic lakes (Green and Lowe, 1985, 1994). 

These closed-basin lakes have provided a repository since ~20 cal ka for ~40 distal tephra 

deposits, as well as numerous sparse cryptotephras, preserved in ~3–6 m of organic lake 

sediment (Lowe, 1988b; Loame et al., 2018). Derived from rhyolitic and andesitic eruptions in 

Taupō Volcanic Zone, Tuhua Volcanic Centre, and Taranaki Maunga volcano, these tephras 

range from sub-millimetre to ~8 cm in thickness, the thickest layers being rhyolitic (Lowe, 

1988b, 2019).  
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SSDS have already been recorded in some of the tephra layers (Lowe, 1988b) as 

elongated, sometimes fissure-like load structures with pointy ends, each load structure being 

up to a few centimetres wide and up to 20 cm long (Fig. 2). The load structures were commonly 

associated with prominent collapse structures at the top of the tephra layer (Fig. 2b), indicating 

volume loss of the tephra layer during downward-directed intrusion into underlying organic 

lake sediments. Lowe (1988b) suggested (with some uncertainty expressed) that bioturbation 

was the only plausible mechanism that could have caused the downward-directed SSDS in the 

tephra layers because, at that time, the Hamilton lowlands were believed to lack active faults 

(Edbrooke, 2005; Langridge et al., 2016) and therefore designated as having low to moderate 

seismic risk (Stirling et al., 2012). However, new evidence of faults (Fig. 1) and seismic 

activity, including within the Hinuera Formation (Hume et al., 1975; Kleyburg et al., 2015; 

Persaud et al., 2016; Moon and de Lange, 2017; Van Dissen et al., 2021), now provide a 

seismogenic explanation for the downward-directed SSDS.  

3. Materials and Methods 

3.1. Coring 

Ten lakes from three different parts in the Hamilton lowlands were cored: three in the south 

(Ngāroto, Mangakaware, Maratoto), four in the centre (Rotoroa, Rotokaeo, Waiwhakareke, 

Rotokauri), and three in the north (Kainui, Rotokaraka, Leeson’s Pond) (Fig. 1a). The distance 

between the southernmost lake (Ngāroto) and the northernmost one (Rotokaraka) is ~40 km. 

For each lake, one or more cores ~1.5–2 m in length were collected from partly overlapping 

sediment depths using a modified Livingstone piston corer with a 50-mm internal diameter 

PVC coring tube (Rowley and Dahl, 1956) for historical cores taken in the 1980s, and 65- or 

80-mm internal diameter for cores taken more recently in 2016, 2020, and 2022.  

The cores in most cases were collected from the deepest basin(s) of the lakes where 

typically the thickest sediments occur, and where the tephra beds are essentially horizontal 

(Lowe, 1985) and unaffected by other aseismic trigger mechanisms specific to other 

depositional environments (Owen and Moretti, 2011). In Lake Maratoto, the cores were 

extracted from ten sites throughout the lake (Green and Lowe, 1985), whereas at Lake Rotoroa, 

seven sites throughout the lake were selected for coring including in shallow areas. Where more 

than one core was required to fully capture the entire sediment thickness in the lake, 

overlapping cores were taken and then easily correlated using the distinctive physical 

properties of the glass-rich tephra layers present in the lake sediments, the layers being typically 
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different in colour and thickness (e.g., see illustrations in Green and Lowe, 1985; Lowe, 1988b, 

2019), to generate a composite core ~3–5 m in length for each lake.  

 

Fig. 2. Examples of downward-directed SSDSs in Rotorua (Rr) tephra layers in historic 

cores from various lakes (i.e., Kainui, Rotokaraka, Leeson’s Pond). For locations of lakes 

see Fig. 1a. (a) Down-sagging structure with internal flow structures indicating pore 

pressure release (Lowe, 1988b). (b) Up to 20-cm long, fissure-like down-sagging 

structure (Lowe, 1988b). (c-e) Down-sagging structures. Wh = Waiohau tephra. The 

scale bars are in cm. 
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An example showing the construction of a composite core using tephrochronology is 

provided in supplementary Fig. S1. In most lakes, duplicate cores were also collected from 

different sites within the lake basin. Because of the duplication and the overlapping cores, the 

majority of tephra layers could be investigated more than once in each lake (up to 20 times in 

Lake Maratoto; Green and Lowe, 1985), increasing the confidence in characterising SSDS. The 

sediment strata and stratigraphy of all but two lakes (Waiwhakareke, Rotokaeo) have been 

described previously (Green and Lowe, 1985; Lowe, 1985, 1988b, 2019). Additional 

information about the sediment cores is provided in supplementary Table S1. 

3.2. CT imaging 

X-ray computed tomography (CT) imaging was performed using a medical CT scanner on all 

whole-round cores prior to opening (except for historical cores from lakes Mangakaware, 

Maratoto, Rotokaraka, and Leeson’s Pond, which were not available for CT imaging). CT 

volumes were processed using imageJ, Drishti ver. 2.7 (Limaye, 2012), VGStudio Max (ver. 

2.1.5, Volume Graphics, Germany), and Syglass (ver. 1.6, IstoVisio, Inc. Morgantown, WV) 

(Pidhorskyi et al., 2018). Drishti and imageJ were used to create tiff slices from DICOM files. 

Slice data were loaded into Syglass, a volumetric virtual reality software. The physical cuts 

through the core samples were correlated to the precise virtual slice within the 3D CT data 

using a co-registration tool within Syglass utilising four fiducial markers across the 3D X-ray 

volume and the 2D core cut image – a methodology previously demonstrated in 3D scanning 

electron microscope data to confocal microscopy images of brain tissue (Thomas et al., 2021).  

Once the physical core cut was identified in the 3D X-ray CT volumes, the data were 

loaded into VGStudio Max and, to aid subsequent segmentation, the outer plastic tubing of the 

core was excluded using the ellipse selection tool to isolate the material inside the tube in the 

sagittal plane. The organic lake sediments above and below the tephra layers were removed 

digitally in both VGStudio and Syglass by applying a global histogram threshold based on X-

ray attenuation, which was significantly different between the two constituents, and allowed 

images and videos to be exported revealing only the tephra deposit. The global histogram 

threshold was chosen to best correlate the tephra SSDS (at a longitudinal slice through the 

centre of the X-ray CT volume) to the physical cut of the lake core. 
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3.3. Characterisation of tephra layers 

Individual tephra layers in each core were classified into three types: (i) ‘SSDS’ (i.e., some 

kind of SSDS was identified), (ii) ‘intact’ (i.e., no post-depositional deformation of tephra layer 

was identified), or (iii) ‘discontinuous’ (i.e., the tephra layer exhibited some kind of disruption 

that could not be definitely associated with any SSDS), on the basis of detailed sediment 

description and CT imaging. Supplementary Fig. S2 shows typical examples of tephra layers 

classified as discontinuous because they were disrupted, varied in thickness within the extent 

of the core, were partly covered by sawdust from the core liner, or were located at the base of 

the core and, thus, could not be characterised satisfactorily. Discontinuous tephra layers were 

not considered further because of uncertainty about whether the disturbance was caused by 

liquefaction or by other processes.  

The other tephra layers (classified as ‘SSDS’ or ‘intact’), and the organic lake 

sediments, were further characterised by means of dry bulk density measurements, grain size 

distribution analyses, organic content, and Atterberg limits. Locations and depths of samples 

analysed by the four methods are provided in supplementary Table S2. Bulk density was 

determined by cutting tephra layers and organic lake sediments into rectangular prisms of 

varying dimensions depending on the available volume. A cutter knife was used in order to cut 

prisms without causing too much disturbance to the soil structures of the samples. Volumes of 

bulk density samples varied from 1 to 40 cm3. Dry bulk densities were determined multiple 

times to aid the reliable (reproducible) calculation of mean values with sufficient confidence: 

organic lake sediment (eight samples), Tuhua tephra (eleven samples), Mamaku tephra (six 

samples), Waiohau tephra (six samples), and Rotorua tephra (16 samples). Grain size 

distribution analyses were performed using a Malvern Mastersizer 3000. Grain size distribution 

curves were processed using GRADISTAT 9.1 (Blott and Pye, 2001) and basic statistical 

parameters were determined using the geometric method of moments (Krumbein and Pettijohn, 

1938). Grain size nomenclature is based on standard sedimentological class boundaries (Folk, 

1980) with clay defined as particles <2 m in diameter. Where applicable, equivalent classes 

based on volcanological grain size classes (White and Houghton, 2006) are provided. Atterberg 

limits and organic content were determined on representative organic lake sediments (ASTM 

D 4318-17e1, 2017; ASTM D7348-21, 2021). 

The dimensions of SSDS were analysed and compared to the total tephra thickness and 

the thickness of internal beds of tephra layers. For every instance where a tephra layer exhibited 
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one or more SSDS in a core, the area of all SSDS associated with this particular tephra layer 

was measured using a geographic information system (GIS). The total area of SSDS was then 

averaged by the number of SSDS observed in the tephra layer. The area of SSDS was 

considered here to represent a first level approximation of the volume of SSDS. The dimensions 

of SSDS were further quantified by measuring the maximal vertical length of the SSDS. 

4. Sedimentary facies 

The sedimentary succession as present in sediment cores taken from the riverine and 

riverine-phytogenic lakes in the Hamilton lowlands comprised three main geological units, 

namely pre-lake volcanogenic alluvial deposits (Hinuera Formation), organic lake sediments, 

and tephra-fall deposits interlayered within the organic lake sediments (Fig. 3). 

4.1. Pre-lake deposits (Hinuera Formation) 

The oldest unit preserved in the core records comprised unconsolidated, brownish-

greyish clays and clayey silts. This unit exhibited a massive soil texture with minor horizontal 

stratification and was only observed in six out of ten lakes within the Hamilton lowlands. In 

any event it was not involved in any soft-sediment deformation (Fig. 3c).  

The unconsolidated clays and clayey silts of this unit were interpreted as pre-lake 

alluvial deposits of the Late Pleistocene Hinuera Formation (Schofield, 1965; Hume et al., 

1975; Kear and Schofield, 1978). The Hinuera Formation refers to a thick (up to 90 m) 

heterogeneous unit of secondary volcaniclastic (Di Capua et al., 2022) gravelly sands, sandy 

gravels, sands, silts, and peat beds that form an alluvial plain within the Hamilton lowlands. 

Gravel-sized material was found to be dominated by fragments of rhyolitic breccia, rhyolite, 

pumice and ignimbrite, whereas sand and silt fractions were dominated by volcanic quartz, 

oligoclase/andesine plagioclase, pumice, and glass shards (Hume et al., 1975). The 

unconsolidated clays and clayey silts were likely deposited from suspension in abandoned 

braided channels and flood basins (Hume et al., 1975). 

4.2. Organic lake sediment 

The main sedimentary unit preserved in the core records comprised unconsolidated, 

massive, olive-grey, dark brown to black, organic clayey silt. It hosted the tephra layers that 

exhibited SSDS. The organic content of this sediment ranged between 16 and 20 wt. % and  



174 
 

Fig. 3. (a) Stratigraphy of eight prominent tephra layers deposited in lakes throughout the 

Hamilton lowlands. The Pleistocene-Holocene boundary and the subdivisions of the 

Holocene follow Walker et al. (2009) and Walker et al. (2019), respectively. (b) Sedimentary 

facies of the seven most relevant tephra layers showing nomenclature, grain size classes, and 

thicknesses of internal beds used throughout the present study. Tephra layers were grouped 

(groups I–III) based on their thickness and internal bedding characteristics. (c) Correlation of 
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post-20-cal-ka major tephra layers between northern, central, and southern lakes within the 

Hamilton lowlands, indicating the different types of SSDS observed in specific tephra layers. 

Tephra names (Froggatt and Lowe, 1990; Moebis et al., 2011) and volcanic sources (in 

parentheses: see Fig. 1c) are as follows: Tp = Taupō (TVC); Tu = Tuhua (TuVC); Ma = 

Mamaku (OVC); Op = Opepe (TVC); Mm = Mangamate (TgVC); Wh = Waiohau (OVC); Rr 

= Rotorua (OVC); Rk = Rerewhakaaitu (OVC). Ages of tephras are from Moebis et al. 

(2011), Lowe et al. (2013), and Lowe et al. (2018). 

 

bulk densities were commonly exceptionally low, with wet densities of 𝜌 ≈ 1,100 𝑘𝑔/𝑚3 and 

dry densities of 𝜌𝑑 ≈ 300 𝑘𝑔/𝑚3. The organic lake sediment was classified as highly 

compressible organic silt (OH) of low plasticity based on the Unified Soil Classification 

System (ASTM D2487-06, 2010), with an average plastic limit of 𝑤𝑃 = 119% and liquid limit 

of 𝑤𝐿 = 301%. The organic clayey silts were deposited in late Quaternary, typically 

dystrophic, lake environments and were found to be rich in humic material, being mainly 

classified as dy-gyttja and gyttja, or peat in shallow-water cores (Green and Lowe, 1985).  

4.3. Tephra deposits 

Eight prominent tephra layers were identified in the cores and correlated between lakes 

(Fig. 3c) using their stratigraphic positioning, physical properties, mafic and felsic 

mineralogical assemblages, and glass-shard major element compositions (Lowe, 1988b). Seven 

of these tephras (Taupō, Tuhua, Mamaku, Opepe, Waiohau, Rotorua, and Rerewhakaaitu) were 

rhyolitic, with colours ranging from white to light grey, and one (Mangamate tephra) was 

andesitic, and dark grey to dark olive in colour. They range in age from ~17.5 cal ka to ~1.7 

cal ka BP (ages from Lowe et al., 2013). Each of the tephras is consistent in its mineralogical 

assemblages (dominated by volcanic glass, both vesicular and non-vesicular, with subordinate 

felsic and mafic minerals) across lakes in the lowlands (Lowe, 1988b). This lack of spatial 

variability in mineralogical assemblages is expected, given that these are distal tephras >100 

km from their source vents (e.g., Juvigné and Porter, 1985; Lowe, 1988a; Alloway et al., 2013).  

The observed tephra deposits commonly comprise horizontally bedded layers with 

distinctive boundaries with under- and overlying organic lake sediments (Fig. 3b). Taupō 

tephra, being the youngest tephra deposited at ~1.7 cal ka, was commonly only 1–3 mm thick 

and was therefore not considered further. The other seven tephra layers exhibited average 

thicknesses between 8 mm (i.e., Rerewhakaaitu tephra) and 44 mm (i.e., Rotorua tephra). Each 

of the tephra layers contained internal beds characterised by different grain sizes, varying 

between silt (i.e., extremely fine ash) and medium sand (i.e., medium ash). Except for 
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Mangamate tephra, the tephra layers commonly had an upper silt bed, typically up to several 

millimetres thick. The upper silt bed was underlain by coarser beds, the number and grain size 

varying between tephras.  

Tephra layers were grouped (groups I–III) according to their total thickness and internal 

bedding characteristics (Fig. 3b). Group I tephras included Opepe (Op), Waiohau (Wh), and 

Rerewhakaaitu (Rk). They were thin (between 8 and 13 mm thick) and commonly exhibited 

only two dominant beds, which we designated by numbers: an upper silt bed (e.g., Op-1, Wh-

1, and Rk-1) underlain by a fine sand bed (e.g., Op-2, Wh-2, and Rk-2). In Waiohau tephra, 

two additional beds were observed in some lakes underlying the fine sand bed (Wh-3 and Wh-

4). Group II tephras included Mangamate (Mm) (commonly 11 mm thick), which comprised 

up to five beds with the central medium sand bed (Mm-3) being the thickest one. Group III 

tephras included the remaining three tephras, Tuhua (Tu), Mamaku (Ma), and Rotorua (Rr), 

which were significantly thicker (21–44 mm) than the other tephra layers. The group III tephras 

commonly comprised five main internal beds as follows (from top to base): an upper silt bed 

(Tu-1, Ma-2, Rr-1), a very fine to fine sand bed (Tu-2, Ma-3, Rr-2), a medium sand bed (Tu-

3, Ma-4, Rr-3), a thin silt bed (Tu-4, Ma-5, Rr-4), and a very fine to fine sand bed at the base 

(Tu-5, Ma-6, Rr-5). 

The variability in thicknesses of tephra layers and their internal beds was studied for 

the cores taken from the ten lakes considered in our study (Fig. 4). For the majority of tephra 

layers (i.e., Mamaku, Opepe, Waiohau, and Rerewhakaaitu), the thicknesses of the tephra 

layers and their internal beds were similar throughout the Hamilton lowlands. Mangamate 

tephra, exhibiting similar thicknesses throughout the Hamilton lowlands, was typically 

dominated by the central medium sand bed (Mm-3), but the full sequence of internal beds was 

only present at one lake (Lake Rotokaeo, C2). The remaining tephras (Tuhua and Rotorua) 

exhibited larger variability in tephra thickness.  

The overall thickness of Tuhua tephra varied between 20 mm (in Lake Rotoroa, C1) 

and 42 mm (in Leeson’s Pond, N3). A slight directional trend could be observed in the overall 

thickness of Tuhua tephra (Fig. 5). The thickness of Tuhua tephra seemed to increase from 

south to north. This observation is in accordance with Lowe (1988b) and Hopkins et al. (2021). 

The internal bedding characteristics of Tuhua tephra differed with overall tephra thickness. We 

observed that thicker layers commonly exhibited the full set of internal beds (Tu-1 to Tu-5), 
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whereas the thinner layers lacked some of the internal beds. For example, in Lake Rotokaraka 

(N2) only internal beds Tu-2 to Tu-4 could be observed.  

 

Fig. 4. Variability of tephra thickness and internal bedding characteristics between lakes. 

Note that internal bedding characteristics were not available for every tephra layer and lake 

due to lack of a specific tephra in that lake or due to incomplete sediment description. Full 

lake and tephra names are provided in Figs. 1a and 3a. 

The overall thickness of Rotorua tephra varied between 25 mm (in Lake Rotoroa, C1) 

and 77 mm (in Lake Kainui, N1). A slight directional trend could also be observed for Rotorua 

tephra, increasing in thickness towards the north-west. This observation is contradictory to the 

published literature (Nairn, 1980; Lowe, 1988b). For Rotorua tephra, the thickness of internal 

beds was linked to the overall thickness of the tephra layer (with the exception of Lake 

Waiwhakareke, C3). For example, the thickness of the upper silt bed increased with overall 

thickness, but the proportions between internal beds remained more or less constant. 
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Fig. 5. Variability in thickness of Tuhua (Tu) and Rotorua (Rr) tephras within the Hamilton 

lowlands. The orientation of thickness contours (black solid lines) follow Lowe (1988b). 

5. Description of SSDS 

All seven major tephra layers exhibited SSDS in the form of mainly elongated load structures 

(i.e., down-sagging structures), dykes, and collapse structures, their occurrence and dimensions 

being variable throughout the Hamilton lowlands (Fig. 3c). SSDS were differentiated into three 

main types based on their dimensions, ranging between 30–100 mm (type 1), 10–30 mm (type 

2), and <10 mm (type 3).  

5.1. Type 1a solitary down-sagging structures 

The term ‘type 1a solitary down-sagging structure’ was used to describe elongated, ~30–100-

mm long, solitary load structures that intruded (from the tephra layer) into underlying organic 

lake sediments. This type of SSDS was observed in six tephra layers and was restricted to 

deformations in the relatively thick Tuhua and Rotorua tephras deposited in central and north-

western lakes (i.e., Rotokaeo, C2; Rotokauri, C4; Kainui, N1) (Figs. 1a, 3c).  

Fig. 6 shows two typical examples of type 1a solitary down-sagging structures by 

means of core photos, our interpretation of internal beds and deformation features, and CT 

images from the outside of the whole-round core and as a longitudinal slice through the centre 

of the core. In the CT images, the organic lake sediment was removed using a high-pass filter. 

The organic lake sediment and SSDS sometimes exhibited similar CT densities. Therefore, it 

was not always possible to remove the entire organic lake sediment from CT datasets. As a 

result, the SSDS shown in CT images are slightly larger than those shown in the core photos. 

The two typical examples of type 1a solitary down-sagging structures (Fig. 6) are also available 

as rotational 360-degree videos in supplementary videos S1–S4. 
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The deformation involved all internal tephra beds (except for the upper silt beds Rr-1 

and Tu-1) and underlying organic lake sediment. Type 1a solitary down-sagging structures 

shown in Fig. 6 were commonly up to 10-mm wide and up to 80-mm long, deformation 

features, which decreased in width towards the base. They exhibited sharp, distinct boundaries 

with surrounding organic lake sediment. Down-sagging structures appeared to be sheet-like in 

CT images and resembled load casts (sensu Owen, 2003). Disruptions of the thin silt beds (Rr-

4, Tu-4) and underlying very fine to fine sand beds (Rr-5, Tu-5) indicate that the infill material 

of the down-sagging structure originated from the upper very fine to fine sand beds (Rr-2, Tu-

2) or medium sand bed (Rr-3), or both.  

The down-sagging structure Rr-6, which formed in the Rotorua tephra layer (Fig. 6a), 

exhibited a sheet-like geometry with vertical orientation and pointed end, whereas in the Tuhua 

tephra layer (Fig. 6b), three sheet-like down-sagging structures (Tu-6, Tu-7, Tu-8) were 

present, one of them (Tu-8) inclined at ~45 degrees, and all extending down towards Mamaku 

tephra, the latter occurring ~80 mm below the Tuhua tephra layer. In addition to the three down-

sagging structures, a small normal fault with an offset of ~4 mm was observed in the lower 

beds of Tuhua tephra (Tu-4, Tu-5). 

A collapse structure (C-1) was observed in the Tuhua tephra shown in Fig. 6b. Here, 

organic lake sediment overlying the tephra layer collapsed into the upper silt bed (Tu-1), 

corresponding to the down-sagging structure Tu-6 below. 

5.2. Type 1b complex down-sagging structures 

The term ‘type 1b complex down-sagging structure’ was used to describe heterogeneous, ~30–

100-mm long, often interconnected load structures that intruded from tephra layers into 

underlying organic lake sediments. This type of SSDS was observed in ten tephra layers and 

was restricted to deformations in Rotorua tephras deposited in central and north-eastern lakes 

(i.e., Rotoroa, C1; Rotokaeo, C2; Rotokaraka, N2; Leeson’s Pond, N3) (Figs. 1a, 3c).  

Fig. 7 shows three typical examples of type 1b complex down-sagging structures. One 

of those examples is also available as rotational 360-degree videos in supplementary videos 

S5–S6. Similar to the type 1a SSDS, the type 1b complex down-sagging structures involved 

deformations in all internal beds of Rotorua tephra (except for the upper silt bed Rr-1) and the 

underlying organic lake sediment. Furthermore, down-sagging structures exhibited sharp, 

distinct boundaries with surrounding organic lake sediment. The infill material of the down- 
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Fig. 6. SSDS in the shape of 30–100-mm long, type 1a solitary down-sagging structures  

observed in (a) Rotorua (Rr) and (b) Tuhua (Tu) tephras. Panels show (from left to right) core 

photos, interpretations of internal bedding and deformation structures, and CT images of the 

tephra layer and its deformation structures (with the organic lake sediment removed using a 

high-pass filter) from the outside of the whole-round core and as a longitudinal slice through 

the centre of the core. (a) Down-sagging structure (Rr-6) intrudes from medium sand bed (Rr-

3) through basal beds (Rr-4, Rr-5) into underlying organic lake sediment. Note that the 

fractured appearance of the upper silt bed (Rr-1) is considered to be a coring artefact (i.e., A) 



181 
 

and does not represent deformation during the SSDS formation. (b) Three down-sagging 

structures (Tu-6, Tu-7, Tu-7) intrude from very fine to fine sand bed (Tu-2) through basal 

beds (Tu-4, Tu-5) into underlying organic lake sediment. Labels and boxes in left panel 

indicate locations chosen for grain size sampling. 

sagging structures originated from the upper very fine to fine sand beds (Rr-2) or medium sand 

bed (Rr-3), or both.  

Individual type 1b complex down-sagging structures shown in Fig. 7 were commonly 

2–3 mm wide and up to 90 mm long (with most down-sagging structures being ~30–40 mm 

long) with pointed ends. Down-sagging structures were found to resemble load casts and 

pseudonodules (sensu Owen, 2003) in the split core. However, when considering the volumes 

of tephra and SSDS in CT scans, in which the less-dense organic lake sediment had been 

removed, down-sagging structures appeared to be continuous and no pseudonodules could be 

observed. Individual deformations, together forming the type 1b complex down-sagging 

structures, were observed to be curved (e.g., Rr-7), wavy (e.g., Rr-10), or straight (e.g., Rr-8, 

Rr-15, Rr-17), and often oriented vertically or at an angle between 90° (vertical) and 0° 

(horizontal). In one example (Rr-13), flame-like structures were observed within the down-

sagging structure, being directed upwards, horizontally, as well as downwards. Sometimes 

(e.g., Rr-16), the down-sagging structure consisted of a main deformation feature from which 

and a number of smaller sub-deformations originate.  

Distinct collapse structures (C-2 to C-5) were observed at the boundary between 

organic lake sediment and the tephra layers. Collapse structures corresponded to deformations 

within internal tephra beds below. For example, the collapse structure C-2 corresponded to the 

type 1b complex down-sagging structure Rr-9 (Fig. 7a). As a consequence of multiple collapse 

structures, the upper interface between the tephra layer and organic lake sediment appeared 

flame-like rather than straight (e.g., Fig. 7a). In one case (C-4, Rr-13), the organic lake sediment 

collapsed down into very fine to fine sand and medium sand beds (Rr-2, Rr-3), resulting in a 

normal fault with an offset of ~40 mm within the upper silt bed (Rr-1). 

5.3. Type 2a down-sagging structures  

The term ‘type 2a down-sagging structure’ was used to describe ~10–30-mm long load 

structures that intruded from a tephra layer downwards into underlying organic lake sediments. 

Thirteen of this type of SSDS were observed across various lakes (Ngāroto, S1; Maratoto, S3; 
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Rotoroa, C1; Rotokaeo, C2; Rotokauri, C4; Leeson’s Pond, N3; Fig. 1a). They occurred in 

Mamaku, Mangamate, Waiohau, and Rotorua tephras (Fig. 3c).  

 

Fig. 7. SSDS in the shape of 30–100-mm long, type 1b complex down-sagging structures in 

Rotorua (Rr) tephra. Panels show (from left to right) core photos, interpretations of internal 

bedding and deformation structures, and (in 7(a) only) CT images of the tephra layer and its 

deformation structures (with the organic lake sediment removed using a high-pass filter) from 

the outside of the whole-round core and as a longitudinal slice through the centre of the core. 

Down-sagging structures (Rr-7 to Rr-18) intruding from medium coarse sand bed (Rr-3) 

through basal beds (Rr-4, Rr-5) into underlying organic lake sediment. Numerous collapse 

structures (C-2 to C-5) corresponded with deformations within tephra beds and indicate loss 

in tephra volume due to the process of down-sagging of tephra material. The labels and boxes 

in the upper left panel indicate locations chosen for grain size samples. 
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Fig. 8. SSDS in the shape of 10–30-mm long, type 2a down-sagging structures (a-b), and 

type 2b dykes (a, c) observed in (a) Waiohau (Wh) and (b-c) Rotorua (Rr) tephras. Panels 

show (from left to right) core photos and interpretations of internal bedding and deformation 

features. (a) Type 2a down-sagging structure (Wh-4), with associated collapse structure (C-

6), intruding from very fine to fine sand bed (Wh-2) through the basal silt bed (Wh-3) into 

underlying organic lake sediment. A type 2b dyke (Wh-5) was observed in the same tephra 

layer, intruding upwards within very fine to fine sand bed (Wh-2). (b) Tephra intruded from 

medium sand bed (Rr-3) through basal beds (Rr-4, Rr-5) forming two type 2a down-sagging 

structures (R-19, R-20). (c) Type 2b dyke (Rr-21) intruding from very fine to fine sand bed 

(Rr-2) into silt bed above (Rr-1). 

Fig. 8a-b shows typical examples of type 2a down-sagging structures. The down-

sagging structure (Wh-4) involved deformations within the very fine to fine sand bed (Wh-2), 

underlying silt bed (Wh-3), and organic lake sediment below the tephra layer (Fig. 8a). The 

down-sagging structure was ~15 mm wide and ~15 mm long and decreased in width towards 

the bottom. The boundary between the down-sagging structure and the organic lake sediment 

was slightly more diffuse compared with that for the type 1 down-sagging structures. A distinct 

collapse structure (C-6) was also associated with this type 2a down-sagging structure. Further 

type 2a down-sagging structures were observed in Rotorua tephra (Fig. 8b). Here, tephra 

material from the medium sand bed (Rr-3) intruded downwards through basal tephra beds (Rr-

4, Rr-5) forming two down-sagging structures (Rr-19, Rr-20). Rr-19 was ~15 mm wide and 

~20 mm long and exhibited a rounded end, whereas Rr-20 was narrow and appeared 

discontinuous in the split core photo. Both down-sagging structures comprised load casts and 

pseudonodules, the latter likely being a result of the location of the plane of observation relative 

to the SSDS. 
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5.4. Type 2b dyke 

The term ‘type 2b dyke’ was used to describe ~10–30-mm long upward-directed 

intrusions from a tephra layer into the upper silt bed within the tephra layer. Two of this type 

of SSDS were observed at two lakes (Rotoroa, C1; Rotokauri, C4; Fig. 1a). They occurred in 

Waiohau and Rotorua tephras (Fig. 3c).  

A type 2b dyke (Wh-5) was observed within the Waiohau tephra, which also provided 

the source of the type 2a down-sagging structure Wh-4 (Fig. 8a). The dyke, which originated 

from the very fine to fine sand bed (Wh-2), was ~10 mm wide, ~15 mm long, and inclined at 

~45°. It seemed that the upper silt bed (Wh-1) was lifted upwards as a consequence of the 

deformation process of dyke Wh-5. A second type 2b dyke (Rr-21) was observed in Rotorua 

tephra (Fig. 8c). Here, tephra from the very fine to fine sand bed (Rr-2) intruded upwards into 

the upper silt bed (Rr-1), where it stopped propagating in the middle of the silt bed. The dyke 

was 18 mm wide, 25 mm long, slightly curved, and tapered upwards. 

5.5. Type 3 down-sagging structures 

The term ‘type 3 down-sagging structure’ was used to describe small, less than 10-mm long, 

load structures that intruded from the tephra layer downwards into underlying organic lake 

sediments. Type 3 down-sagging structures were observed in nine tephra layers and occurred 

in Mamaku, Opepe, Waiohau, Rotorua, and Rerewhakaaitu tephras deposited in central and 

northern lakes (i.e., Rotoroa, C1; Rotokaeo, C2; Waiwhakareke, C3; Kainui, N1; Rotokaraka, 

N2; Leeson’s Pond, N3) (Figs. 1a, 3c).  

Type 3 down-sagging structures were found to be irregularly shaped, downward-

directed intrusions into underlying organic lake sediment, forming load casts (e.g., Ma-7, Wh-

10) or pseudonodules (e.g., Ma-8, Wh-11). Pseudonodules appeared as small lumps 

(commonly up to ~5 mm long) entirely separated from the tephra layer. Down-sagging 

structures were commonly associated with the collapse of overlying organic lake sediment into 

the tephra layer (e.g., C-8, Ma-7; C-15, Wh-11). 

6. Interpretation of SSDS 

The different types of SSDS found in tephra deposits in the lakes within the Hamilton lowlands 

were interpreted by firstly establishing a deformation mechanism and driving force system and 
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then providing evidence for the most likely triggering mechanism using both the context-based 

and criteria-based approaches (Owen and Moretti, 2011; Owen et al., 2011). 

6.1. Deformation mechanism 

The SSDS analysed in the present study (i.e., down-sagging structures and dykes) are 

commonly interpreted to be a consequence of liquefaction, although a number of other 

processes may also produce similar deformations in the sedimentary record (Moretti and van 

Loon, 2014). Liquefaction is a failure process that commonly occurs in water-saturated, loosely 

compacted granular materials. In those materials, shear stresses (e.g., from earthquake-induced 

shaking or rapid burial) may cause the grain fabric to collapse and become compact, leading to 

strength loss and temporary transfer of stress from the grain-to-grain contacts to the pore water. 

In environments where pore water pressure is prevented from dissipating, shear stresses may 

lead to a complete transfer of stress to the pore water, resulting in strength loss and viscous 

fluid-like behaviour of the granular material, with little or no yield strength (Owen and Moretti, 

2011).  

A number of compositional and geological characteristics define whether or not a 

sediment may be considered susceptible to liquefaction (Kramer, 1996). Compositional 

characteristics include the grain size distribution and the packing density (i.e., relative density) 

of the sediment (or tephra deposit). Liquefaction is commonly restricted to coarse silt to fine 

sand deposits (Moretti et al., 1999), although exceptions exist where liquefaction has been 

observed in gravelly soil (Cubrinovski et al., 2017; Zhou et al., 2020). Fine to medium silt is 

commonly considered less-liquefiable than coarse silt and sand (although cases exist, such as 

that of Ishihara, 1985), especially when clay minerals are present, preventing the collapse of 

the grain fabric during shearing (Boulanger and Idriss, 2006). In our study, SSDS were only 

observed in very fine to fine sand and medium sand tephra beds, whereas the upper silt beds 

and encapsulating organic lake sediments were not directly involved in the deformation 

process: the upper silt bed was passively involved in the collapse of organic lake sediment 

overlying the tephra layer and the organic lake sediment below the tephra layer deformed 

because of the intrusion of SSDS. Grain size distribution curves were obtained for the organic 

lake sediment, and for the upper silt beds (where applicable) and deformable beds (i.e., tephra 

source beds from which SSDS were initiated) of each of the seven major tephra layers (Fig. 

10). For some thick tephra layers comprising SSDS (i.e., Tuhua, Rotorua), grain size 

distribution curves could also be obtained for the type 1a down-sagging structures. We 
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observed from these plots that the grain size distributions of the organic lake sediment and 

upper silt beds exhibited a large proportion of fines and were therefore systematically located 

outside the range for liquefiable soils defined by Tsuchida (1970), these ranges being widely 

used to distinguish liquefiable from less-liquefiable soils (Moretti et al., 1999; Rodríguez-

Pascua et al., 2016; Villamor et al., 2016). The grain size distribution curves of deformable 

beds and down-sagging structures were mostly located within the liquefiable or potentially 

liquefiable ranges (Fig. 10).  

The packing of the sediment (including tephra in our case) is another compositional 

characteristic governing liquefaction susceptibility (Owen and Moretti, 2011). Liquefaction 

develops most readily in loosely packed deposits, because when sheared, these become 

compacted and produce a more pronounced pore water pressure than more densely packed 

deposits. The packing (i.e., relative density) of individual internal tephra beds could not be 

directly assessed in the present study because of the relatively large amount of tephra material 

needed to perform the required laboratory tests from which relative density would be derived 

(i.e., dry bulk density, minimum and maximum dry density tests, DIN 18126, 1996). The finely 

bedded tephra-fall layers were deposited through water soon after being explosively erupted 

and carried by wind from source volcanoes (Fig. 1c). It is very likely that the internal bedding 

in the tephra layers largely reflects primary atmospheric dispersal and fallout processes (e.g., 

Alloway et al., 2013; Hopkins et al., 2015; Mastin et al., 2023) rather than substantial re-sorting 

or potential reworking during, or after, falling through the shallow lake-water columns: in the 

Hamilton lowlands, the lakes are closed-basin and ground-penetrating radar evaluation (Lowe, 

1985) has shown (in Lake Maratoto) that individual, discrete tephra layers follow lake basin 

contours, a characteristic of tephra-fall beds (Houghton and Carey, 2015). Water sedimentation 

of quartz sand has been found to form deposits of medium densities (Wood et al., 2008). It is 

unknown how tephra-derived particles, overwhelmingly dominated by volcanic glass shards 

(Lowe, 1988b, a) and having a low particle density, large surface roughness, and usually high 

vesicularity, would deposit through water, but it may be expected that pumiceous tephra 

particles will form looser grain fabrics, within the loose to medium density range, than quartz 

sand.  

Geological characteristics used for liquefaction susceptibility assessments include the 

sedimentary environment, groundwater conditions, age of deposition, and depth of burial 

(Youd, 1991). Fluvial, estuarine, and aeolian sediments are more often found to have liquefied 

because such materials occur in sedimentary environments that favour deposition of loose and 
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well-sorted fine to medium sands (Kramer, 1996). The sedimentary environment may also 

control the presence of permeability barriers within the sedimentary succession, such as mud 

layers, which increase the chance of liquefaction by creating zones of elevated pore water 

pressures (Obermeier, 1996; Owen and Moretti, 2011). The sedimentary environment in our 

study (i.e., lacustrine, together with tephra-fall deposition) favoured water-saturated 

successions of relatively loosely packed, relatively thin tephra deposits interlayered with fine-

grained organic lake sediments. Furthermore, the sedimentation (atmospheric fallout) process 

of tephra layers generated the internal tephra bedding, typically with an upper silt bed at the 

top. It is plausible that the organic lake sediment above and below the tephra as well as the 

upper silt bed acted as permeability barriers and therefore increased the susceptibility to 

liquefaction in the very fine to fine and medium sand tephra beds. Deformation in Mangamate 

tephra was observed in only one lake (Lake Rotokaeo, C2). In this lake, Mangamate tephra 

exhibited an upper and lower silt bed. In all other lakes, Mangamate tephra was found to be 

intact and only consisted of the fine sand and medium sand beds (Mm-2 to Mm-4). Hence, it 

is concluded here that the lack of the upper silt bed in most lakes led to a lower liquefaction 

susceptibility for the Mangamate tephra layer.  

Liquefaction susceptibility commonly decreases with time after deposition due to post-

depositional processes, including cementation, consolidation, and compaction–the last two 

being the consequence of increase in overburden sediments with time. It has been shown that 

the liquefaction resistance of sandy soils increases by 40% within 400 years after deposition 

because of cementation and grain dislocation (Towhata et al., 2017) and that most liquefaction 

is observed in sediments buried less than 5 m (Obermeier, 1996). The tephra layers in our 

lacustrine study were deposited since ~17.6 ka cal BP and their interlayering within 

permanently saturated (anoxic) organic lake sediments has prevented significant alteration by 

hydrolysis or other chemical weathering processes (e.g., Churchman and Lowe, 2012). The 

high analytical totals of major elemental analyses of glass shards from the lacustrine tephras 

(Lowe, 1988b), which are extremely vulnerable to rapid hydration and dissolution (e.g., 

Kirkman and McHardy, 1980; Wolff-Boenisch et al., 2004; Churchman and Lowe, 2012), show 

that the glasses remain essentially pristine (shown also in other lacustrine-tephra studies, e.g.,  

Newnham et al., 2004; Hopkins et al., 2015; Watson et al., 2016). In addition, the presence of 

easily weatherable silicate minerals, including olivine, in the ferromagnesian mineral 

assemblages (Lowe, 1988b) also indicates a lack of weathering. Only in special circumstances, 

such as very high acidity, are glasses and mafic minerals susceptible to dissolution in anoxic 
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environments (e.g., Hodder et al., 1991; Hodder et al., 1996). Hence, the tephra layers in our 

study have not undergone cementation, precluding a decrease in liquefaction susceptibility due 

to cementation.  

Consolidation and compaction are similarly limited for the tephra layers in our study: 

they may be considered unconsolidated because the overburden stress is estimated to be very 

low (i.e., 𝜎𝑧 < 20 𝑘𝑃𝑎) due to the low bulk densities of organic lake sediments; and 

deformations described in our study occurred in tephra layers buried by less than 4.5 m of 

organic lake sediments. Thus, the liquefaction susceptibility of these tephras is likely to have 

persisted since their deposition. 

Since liquefaction involves the temporary transition of the sediment body from solid-

like to viscous fluid-like behaviour, the ensuing deformation will be ductile in character. Brittle 

features may only be observed in sediment that was adjacent to liquefied material when the 

deformation took place (Owen and Moretti, 2011). The SSDS observed in our study commonly 

featured ductile deformations characterised by internal flow structures (e.g., Figs. 6a, 7). 

Furthermore, SSDS commonly penetrated through basal (internal) tephra beds into underlying 

organic lake sediments, indicating high pore water pressure within the source tephra beds in 

which deformation was initiated. The boundaries between SSDS and organic lake sediments 

were found to be mostly brittle (although exceptions exist, e.g., the flame-like structure in type 

1b down-sagging structure R-13), probably due to the low plasticity of the organic lake 

sediment. The upper silt beds exhibited collapse structures often associated with down-sagging 

structures below (e.g., Fig. 7). These collapse structures exhibited mainly ductile but also 

sometimes brittle deformations, indicating that the upper silt beds were at the transition 

between ductile and brittle soil behaviour. 

The preceding discussion summarised the liquefaction-related compositional, 

geological, and morphological characteristics of organic lake sediments and tephra layers. It 

may be inferred here that the source tephra beds from which the deformation was initiated (i.e., 

very fine to fine sand and medium sand beds, equivalent to very fine to fine and medium ash 

beds in the volcanological grain size scale) exhibited considerably higher susceptibility to 

liquefaction than the upper silt beds (extremely fine ash beds) and organic lake sediments. We 

note that in order to obtain a holistic liquefaction susceptibility of the silt beds, Atterberg limits 

would have been required (Boulanger and Idriss, 2006). However, determining Atterberg limits 

on the internal tephra beds was not possible in our study due to the small volume of tephra 
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material available. Liquefaction is evidently a feasible deformation mechanism for the SSDS 

described in our study. In subsequent sections we assume that SSDS reported here were caused 

by liquefaction. 

6.2. Driving forces of deformation 

6.2.1 Influence of tephra thickness on occurrence and type of SSDS 

The analyses of sedimentary facies and SSDS revealed that the thickness of tephra layers and 

their internal beds varied somewhat throughout the lakes of the Hamilton lowlands (Fig. 4) and 

that deformation was commonly initiated within the very fine to fine sand and medium sand 

beds (e.g., Rr-2, Rr-3), but constrained by the upper silt bed (e.g., Rr-1), where deformation 

was limited to the collapse of organic lake sediments and upper silt beds into underlying tephra 

beds (Figs. 6-9). It may be assumed that variations in thickness (i.e., available volume during 

the deformation process) of tephra layers and their internal beds may have therefore controlled 

the occurrence and type of SSDS.  

An initial assessment of the driving forces of deformation was performed by analysing 

the thicknesses of tephra layers and their internal beds and comparing them to the type and 

dimensions of SSDS. The total tephra thickness ℎ𝑇𝑜𝑡 and the thicknesses of the upper silt bed 

ℎ𝑆𝑖𝑙𝑡 and liquefiable (‘deformable’ in previous sections) beds ℎ𝐿𝑖𝑞 were correlated to the 

dimensions of SSDS by means of the average area (visible in the split core) and the maximal 

vertical length of individual SSDS, respectively (Fig. 11). A fairly strong positive relationship 

was obtained for the correlation between the total tephra thickness and the average area of 

SSDS, with a Pearson’s correlation coefficient of 𝑅 = 0.91 (Fig. 11a). Hence, we conclude 

that the average area of SSDS linearly increases with the total tephra thickness. Furthermore, 

it was found that SSDS occurred in tephra layers of at least ~8 mm thickness and that the type 

of SSDS depended on the total tephra thickness and, thus, the available volume of liquefiable 

tephra material. Type 2 and 3 SSDS, having the smallest dimensions of SSDS analysed in our 

study, commonly occurred in tephra layers with total thicknesses less than ~20 mm (with some 

exceptions). Type 1b complex down-sagging structures exhibited larger dimensions and 

occurred in tephra layers of intermediate thickness (~30 mm). Type 1a solitary down-sagging 

structures exhibited the largest dimensions and occurred in tephra layers at least ~40 mm in 

thickness.  
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Fig. 9. SSDS in the shape of <10-mm long, type 3 down-sagging structures present in various 

tephras and lakes with collapse structures (C-8 to C-17) indicating loss of tephra volume due 

to the processes of deformation. 

The thickness of the upper silt bed and the thickness of the liquefiable bed(s) correlated 

with the average area of SSDS too, with Pearson’s correlation coefficients of 𝑅 = 0.91 and 

𝑅 = 0.70, respectively (Fig. 11b-c). The fairly strong correlation between the thickness of the 

upper silt bed, which was not directly involved in the liquefaction process, and the average area 

of SSDS, is considered here to be a result of the intrinsic relationship between the total tephra 

thickness and the thickness of its internal beds.  

It may be expected that with an increase in total tephra thickness, the thicknesses of 

internal beds would increase likewise, keeping the proportions more or less constant. This latter 

relationship can be directly observed, especially in Rotorua tephra (Fig. 4). The maximal 

vertical length of SSDS was only moderately correlated with the thickness of liquefiable bed(s) 

(Fig. 11d). Therefore, the maximal vertical length of SSDS is considered less suitable for 

assessing the dimensions and type of SSDS for a given tephra layer.  
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Fig. 10. Grain size distribution curves of (a) organic lake sediment and (b-f) tephra layers. If 

applicable, grain size distribution curves were distinguished for upper silt beds, deformable 

beds, and SSDS. Boundaries for liquefiable and potentially liquefiable soils are from 

Tsuchida (1970). In each plot, transparent and solid curves indicate individual and averaged 

grading curves, respectively. 

The role of the liquefiable bed(s) on the occurrence and type of SSDS was further 

studied through relationships shown in Fig. 11e-f. In these graphs, the thickness of the 

liquefiable bed(s) was normalised by the total tephra thickness (Fig. 11e) and by the thickness 

of the upper silt bed (Fig. 11f). We observed from these graphs that type 1 and 2 (10–100-mm 

long) SSDS formed only in tephra layers in which the thickness of liquefiable bed(s) was less 

than 45% of the total tephra thickness (i.e., ℎ𝐷𝑒𝑓/ℎ𝑇𝑜𝑡 < 0.45) and up to two times thicker than 



192 
 

the upper silt bed (i.e., ℎ𝐷𝑒𝑓/ℎ𝑆𝑖𝑙𝑡 < 2). This finding implies that the presence of a thick upper 

silt bed (in relation to the liquefiable beds) is an important control for the liquefaction process 

forming these two types of SSDS in our study. Type 3 (<10-mm long) SSDS, on the other hand, 

formed over a wider range of proportions of internal tephra beds (i.e., 0.2 < ℎ𝐷𝑒𝑓/ℎ𝑇𝑜𝑡 < 1.0 

and 1 < ℎ𝐷𝑒𝑓/ℎ𝑆𝑖𝑙𝑡 < 9), indicating that the liquefaction process forming this type of SSDS 

was driven to a lesser extent by the presence of an upper silt bed.  

6.2.2. Down-sagging structures 

The down-sagging structures reported in the present study exhibited internal flow 

structures and may resemble downward-directed dykes formed as consequence of fluidisation 

in the later stage of liquefaction (Owen et al., 2011). However, downward-directed dykes are 

physically impossible (even in reverse b-a density gradient systems) due to the normal 

hydraulic gradient in the pore water. The only exception for downward-directed dyke formation 

due to fluidisation is in subglacial environments, where the hydrogeological system may allow 

for injections being directed upwards, laterally, and downwards (Eyles and Clark, 1985). 

Downward-directed dykes are not feasible in our study because the northern North Island of 

New Zealand did not undergo significant glaciation (i.e., no glacierisation) before or since the 

formation of the lakes within the Hamilton lowlands (Newnham et al., 1989; Newnham et al., 

1999; Barrell et al., 2013; Lorrey and Bostock, 2017). 

Alternatively, the down-sagging structures could have formed as sand infills into 

fissures and cracks in environments controlled by extensional tectonics. This type of SSDS is 

commonly referred to as Neptunian dyke and is considered to form passively due to gravity 

and not necessarily because of a the process of fluidisation and liquefaction (Moretti and 

Sabato, 2007; Basilone et al., 2016). The Hamilton lowlands are not known to have been 

affected by any extensional tectonics in the past 20 kyrs (e.g., Edbrooke, 2005). Furthermore, 

it is considered unlikely here that fissures and cracks could form in the soft, unconsolidated, 

organic lake sediment. Therefore, it is not possible that the down-sagging structures reported 

in our study are Neptunian dykes. 

We conclude that the down-sagging structures most closely represent some sort of load 

structures. The driving force of deformation of load structures is considered to be related to 

gravitational instabilities caused by the reverse density gradient system between the tephra 

layer and the relatively less-dense organic lake sediment below (Anketell et al., 1970). 
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Fig. 11. Correlation between intact tephra and SSDS dimensions. (a-c) Correlations 

between average area of SSDS and tephra thickness, specifically: (a) thickness of total 

tephra layer; (b) thickness of upper silt bed; and thickness of liquefiable bed(s). (d) 

Correlation between thickness of liquefiable bed(s) and maximal vertical length of SSDS. 

(e-f) Influence of proportions of liquefiable bed(s) on occurrence and type of SSDS, with 

respect to (e) thickness of total tephra layer and (f) thickness of upper silt bed. 

In our study, all types of down-sagging structures occurred in tephra deposits 

interlayered with organic lake sediment and commonly containing an upper silt bed. To better 

understand the driving mechanism in such a system, dry bulk densities and mean grain sizes 
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were obtained for the relevant internal beds of the Tuhua and Rotorua tephras, these being the 

two thickest tephra layers in our study. These parameters were plotted next to conceptual 

representations of those tephra layers once liquefied (Fig. 12a-b). The SSDS shown in these 

conceptual three-dimensional models represent simplifications of the type 1a solitary down-

sagging structures presented for Tuhua and Rotorua tephras in Fig. 6. 

 

Fig. 12. Schematics illustrations of density systems in our study. (a-b) Variability in bulk dry 

density and mean grain size of organic lake sediments and internal beds of (a) Tuhua and (b) 

Rotorua tephras. Both tephras formed a-b-a density systems together with overlying and 

underlying organic lake sediment. The liquefiable internal tephra beds exhibited considerably 

higher mean grain sizes than organic lake sediments, and upper silt beds indicate higher 

degree of liquefaction susceptibilities. (c-d) Schematic diagrams showing the driving force of 

load structure formation for reverse density gradients that occur in (c) two-layer b-a density 

systems (after Owen, 2003) and (d) three-layer a-b-a density systems (this study). The two-

layer density system is solely controlled by the reverse density contrast of the two layers, 

whereas in the three-layer density system, the less liquefiable upper silt bed prevented 

upward-directed dyke formation. The three-layer density system is considered a valid model 

for load structure formation (i.e., down-sagging structures) reported in our study. 𝜌 and 𝑘 

denote the densities and relative kinematic viscosities of the reverse density system, 

respectively (Anketell et al., 1970). 
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Both Tuhua and Rotorua tephra layers exhibited dry bulk densities up to ~four times 

larger than those of the overlying and underlying organic lake sediment and, thus, created three-

layer a-b-a density systems. Furthermore, the mean grain size 𝑥̅ (here representing the position 

of the grain size distribution curve relative to the boundaries of liquefiable soils) was found to 

be considerably larger for the liquefiable beds (60 ≤ 𝑥̅ ≤ 130 𝜇𝑚) than for the organic lake 

sediments and upper silt beds (the last two having 𝑥̅ ≈ 10 𝜇𝑚). Based on these grain size 

results, the liquefiable beds of Tuhua (Tu-2) and Rotorua (Rr-2, Rr-3) tephras are considered 

to have moderate (i.e., “potentially liquefiable”, sensu Tsuchida, 1970) and high susceptibilities 

to liquefaction (i.e., “liquefiable”, sensu Tsuchida, 1970), respectively, whereas the organic 

lake sediment and upper silt beds may be considered to have low susceptibility to liquefaction.  

Collecting dry bulk density samples from the other tephra samples was not feasible 

because of their thinness. The grain size distribution curves of the upper silt beds (where 

applicable), and of the liquefiable beds of the remaining tephra layers (i.e., Mamaku, Opepe, 

Mangamate, Waiohau, Rerewhakaaitu), followed similar trends as shown for Tuhua and 

Rotorua tephras (Fig. 10). Therefore, we conclude that the remaining tephras probably 

deformed because of a similar driving mechanism as that described for the Tuhua and Rotorua 

tephras.  

Building on the early work of Anketell et al. (1970), Owen (2003) published 

comprehensive concepts for load structure formation in reverse b-a density systems. Hence, 

the morphologies of load structures depend on the contrast in density 𝜌 and relative kinematic 

viscosity 𝑘 between the upper and lower layer (Fig. 12c). For reverse b-a density systems (i.e., 

𝜌𝑎 < 𝜌𝑏), for which the relative kinematic viscosity of the lower layer is much smaller than 

that of the upper layer (i.e., 𝑘𝑎 ≪ 𝑘𝑏), it may be expected that narrow, elongated, downward-

directed load structures comprising the relatively denser material, would form together with 

wide, upward-directed dome-shaped structures comprising the relatively less-dense material  

(Owen, 2003). The down-sagging structures we have reported here resemble the narrow, 

elongated load structures of this model.  

We adapted the concept for load structure formation published by Owen (2003) to 

three-layer (a-b-a) density systems (Fig. 12d), where units a1 and a2 represent the organic lake 

sediment above and below unit b of relatively higher density (i.e., a tephra layer containing the 

upper silt bed). The organic lake sediment is assumed to exhibit a considerably lower kinematic 

viscosity than the tephra layer. The upper, less-dense unit a1 likely exhibits a slightly lower 
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density and stress state than the underlying, less-dense unit a2, due to normal consolidation of 

the sediment column in the lake. Therefore, liquefaction in unit b would cause upward-directed 

intrusion into the overlying sediment unit a1. However, the presence of a less-liquefiable 

permeability barrier at the top of the central unit b is preventing upward-directed dyke 

formation. Instead, the tephra liquefies, resulting in loss of shear strength, and behaves in a 

viscous fluid-like manner, while sagging downwards into the underlying less-dense organic 

lake sediment. A similar driving force of deformation has been proposed for multi-layered 

reverse density systems (Moretti and Ronchi, 2011).  

Wide, upward-directed, dome-shaped structures are commonly associated with this 

type of load structure (Owen, 2003). However, wide, upward-directed dome-shaped structures 

were not seen in our study. This is probably a result of the coring and sampling approach used 

in our study. The use of sediment/well cores to study large-scale SSDS, which can vary in 

dimensions and type within relatively small lateral distances (Morsilli et al., 2020), has 

limitations, as discussed comprehensively by Ezquerro et al. (2015).  

 Törő and Pratt (2016) studied a lacustrine sedimentary record from the Eocene Green 

River Formation (Wyoming, U.S.A.) and reported small upward- and downward-directed 

SSDS in three-layer a-b-a systems. It is considered likely here that the concept for load structure 

formation in three-layer (a-b-a) density systems of our study could be applicable to other 

lacustrine sedimentary records, such as the one studied by Törő and Pratt (2016).  

6.2.3. Dykes 

Dykes were observed only twice among the large number of down-sagging structures 

described in our study and were restricted to small intrusions from the liquefiable source beds 

into the upper less-liquefiable silt beds (Fig. 8). Such upward-directed injection follows the 

deformation mechanism for sand liquefaction in normal density gradients (Rodrı́guez-Pascua 

et al., 2000; Owen and Moretti, 2011; Belzyt et al., 2021). 

6.2.4. Collapse structures 

In the present study, we observed distinctive collapse structures, sometimes with 

associated faults, that coincided with the down-sagging structures (Figs. 6-9). Collapse 

structures were characterised by the mixing of overlying organic lake sediment with parts of 

the upper silt bed of the tephras, sometimes forming fold-like structures (e.g., Fig. 7a). Similar 

deformation structures have been interpreted as water-escape structures due to fluidisation 
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following liquefaction in sandy beds that were constrained by less-permeable beds (Moretti 

and Sabato, 2007). Here, the collapse structures and associated faults are instead considered to 

have resulted from the collapse of organic lake sediment and the upper silt bed into voids 

created by the down-sagging of tephra material into underlying organic lake sediments.  

6.3. Triggering mechanism 

6.3.1. Non-seismic triggers 

Liquefaction can be triggered by many different allochthonous processes (Owen and 

Moretti, 2011), such as pressure fluctuations due to water waves and turbulent water flow (e.g., 

Dzuynski and Smith, 1963; Okusa, 1985), tsunamis (e.g., Benson et al., 1997), tidal shear (e.g., 

Wells et al., 1980), rapid sediment loading (Anketell et al., 1970), groundwater seepage (e.g., 

Li et al., 1996), periglacial processes (Harris et al., 2002), and impacts of extra-terrestrial 

objects (Alvarez et al., 1998).  

The lakes of our study occur in basins formed within sheltered embayments in the 

Hamilton lowlands with no connection to the ancestral Waikato River once formed because of 

the latter’s subsequent entrenchment after ~17.5 cal ka BP (Lowe and Green, 1992; Newnham 

et al., 2003). Therefore, pressure fluctuations due to water waves and turbulent flow, tsunamis, 

and tidal shear are considered unlikely to be trigger mechanisms. Moreover, the tephras were 

deposited very rapidly, mantling the lake-bed morphology, a characteristic of tephra-fall 

deposition (Lowe, 1985; Lowe, 2011; Houghton and Carey, 2015). They were then buried by 

very slow deposition of organic lake sediments with typical sedimentation rates of ~0.1–0.5 

mm/yr (Green and Lowe, 1985; Newnham et al., 1989), making it highly unlikely that 

overlying sediments caused significant excess pore pressure within tephra layers. Seepage has 

not been observed as a liquefaction trigger in lacustrine environments, and is known to produce 

predominantly tubular SSDS (Li et al., 1996). In the present study, down-sagging structures 

were observed to be sheet-like rather than tubular (e.g., Fig. 6), excluding seepage as a potential 

triggering mechanism. There are no indications that impacts of extra-terrestrial objects or 

periglacial processes, played a role in triggering liquefaction in our study, and the northern 

North Island environment is too temperate for periglacial processes (e.g., Newnham et al., 

1989; Newnham et al., 1999; Leathwick et al., 2003; Lorrey and Bostock, 2017). 
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Fig. 13. Mean grain size and thickness of internal tephra beds of the seven major tephra 

layers compared between (a) intact tephra layers and (b) tephra layers that exhibited SSDS. 

The influence of tephra properties on the liquefaction susceptibility can be considered 

neglectable on the basis of available data. Note that a considerable number of tephras could 

not be included in the comparison because grain size data and internal bedding characteristics 

were not available for all cores. Dashed lines indicate a potential threshold between the 

tephra properties of the upper silt bed and the liquefiable beds. 

6.3.2. Seismic trigger 

A number of criteria are commonly used in order to assess the likelihood for seismic 

(autochthonous) triggers of SSDS (Owen and Moretti, 2011). In recent earthquakes, 

liquefaction has been observed in wide areas around the epicentre (Cubrinovski et al., 2011). 

Seismically induced SSDS should therefore be of large lateral and areal extent. In the present 

study, SSDS were observed in nine out of ten lakes extending over a wide area (with a 

maximum extent of ~40 km) within the Hamilton lowlands (Figs. 1, 3). We acknowledge here 

that core records analysed in our study were not suitable to comprehensively assess the lateral 

extent of liquefaction because sediment cores can only reflect sedimentary successions at a 

single location (Ezquerro et al., 2015), but, nevertheless, we obtained multiple cores from lakes 

across the study area and, thus, providing a degree of replication from multiple locations (Table 

S1). 

The effect of seismically-induced liquefaction on susceptible sediment is pervasive, 

which means that SSDS should be laterally continuous, with some notable exceptions (Morsilli 

et al., 2020), unless there is some significant variation in sediment properties (Owen and 

Moretti, 2011). The present study found that internal bedding characteristics and grain size 

distribution of some tephra layers varied throughout the Hamilton lowlands (Figs. 4, 10). The 
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influence of this variability on liquefaction susceptibility of these tephras was studied by 

comparing mean grain size and thicknesses of liquefiable beds and upper silt bed between 

tephra layers that resisted the triggering and stayed intact (i.e., no SSDS observed) and those 

that liquefied (i.e., SSDS observed) (Fig. 13). The available data of mean grain size and 

thickness of internal beds compiled in Fig. 13 exhibited a considerable scatter. However, the 

tephra properties of intact tephra layers were commonly within the standard deviation of those 

obtained for liquefied tephra layers, indicating variations in tephra properties were not a 

significant influence on whether or not liquefaction was triggered. Fig. 13 also highlights the 

fact that the deformation of tephra layers did not cause a significant change in thickness of 

tephra layers and their upper silt beds. We note that a considerable number of tephras could not 

be included in the comparison because detailed grain size data and internal bedding 

characteristics were not available for all cores. Interestingly, Fig. 13a could also be used to 

differentiate the bedding characteristics of upper silt beds and liquefiable beds of intact tephra 

layers (dashed line in Fig. 13a).  

The pervasive nature of SSDS could be observed in the 1b complex down-sagging 

structures because deformation in the associated tephra layers was not restricted to a single 

SSDS per core. Other types of SSDS, especially the type 2 down-sagging structures and dykes, 

are considered less pervasive as only single SSDS were observed in each core. This observation 

may have been influenced by the use of sediment cores, being only 50 to 80 mm wide, rather 

than natural outcrops (Ezquerro et al., 2015) (which do not exist). However, it may be 

concluded here that the presence of at least one type of pervasive SSDS, the type 1b complex 

down-sagging structure, is a sufficient indication for a seismic trigger of all SSDS because the 

different types of SSDS occurred in the same tephra layers within the same sedimentary 

successions.  

Earthquakes are recurring events (Owen and Moretti, 2011). Therefore, seismically 

induced SSDS should be repeated throughout a vertical sedimentary succession. In our study, 

SSDS were reported for the seven major tephra layers deposited between 17.5 and 7.6 cal ka 

BP. Timing of triggering is difficult to obtain, however, because the organic lake sediment and 

tephra layers are considered to be essentially unconsolidated with minor or no ageing effects 

having taken place since deposition. One or more triggering events may have caused 

liquefaction in the lakes within the Hamilton lowlands.  
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Fig. 14. Paleoseismic activity in the surroundings of the Hamilton lowlands detected by 

means of fault rupture within the zone of Kerepehi and Te Puninga faults (located ~50 km 

northeast of the study area) (Persaud et al., 2016; Van Dissen et al., 2021), damage observed 

in the Waitomo caves (located ~57 km south of the study area) (Lang et al., 2021; Williams, 

2021), and subduction earthquakes in the Hikurangi Subduction Margin (SM) (located ~250 

km southeast of the study area) (Clark et al., 2019). The paleoseismic activity clusters within 

two time periods, extending from 22.5 to 13.7 and 10.0 to 0.3 cal ka, respectively. The three 

oldest tephra layers (Rerewhakaitu, Rotorua, Waiohau) were deposited during the first 

seismic period, whereas the three youngest tephra layers (Opepe, Mamaku, Tuhua) were 

deposited during the second seismic period. Liquefaction in the three oldest tephra layers 

could have been triggered either by activity in the first or second seismic period, or both, 

whereas the three youngest tephra layers were likely triggered by activity in the second 

seismic period. 

Subsequent events may have caused re-liquefaction, although this is often considered a 

rare phenomenon (Obermeier, 1996; Owen and Moretti, 2011). Therefore, the repeated 

occurrence of SSDS could not be used as a valid criterion to assess seismic triggering in the 

present study. 

Morphological similarities between SSDS and structures formed by liquefaction in 

recent earthquakes might seem a valuable criterion for recognising a seismic origin (Owen and 

Moretti, 2011). The load structures and dykes reported in our study resembled liquefaction 
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structures that have been unambiguously linked with seismic triggering (Rodrı́guez-Pascua et 

al., 2000).  

The proximity of faults that have been active during the formation of SSDS, and which 

have the potential to have caused moment magnitude 𝑀 > 5 earthquakes (Rodrı́guez-Pascua 

et al., 2000), is considered as strong evidence for the seismically-induced triggering of 

liquefaction (Owen and Moretti, 2011). A number of faults may have been active since the 

deposition of the first tephra layer (Fig. 14). Large (moment magnitude 𝑀 > 7.2) 

paleoearthquakes occurred between 7.3 and 0.5 cal ka BP at the offshore subduction margin, 

the Hikurangi Trough located ~250 km to the southeast of our study area (Fig. 1b) (Clark et 

al., 2019). At least three of the earthquakes that occurred at the Hikurangi Trough since the 

deposition of the tephra layers in the Hamilton lowlands originated from ruptures longer than 

450 km along the margin (Clark et al., 2019). Assuming a fault width of 150 km and using the 

new fault scaling relationship from the National Hazards Model 2022 for New Zealand 

(Gerstenberger et al., 2022), we calculated moment magnitudes of 8.4 ≤ 𝑀 ≤ 8.9 for the three 

events. From global and New Zealand-specific liquefaction observations (Maurer et al., 2015), 

the maximal distance from a 𝑀-8.9 rupture at which liquefaction can occur is somewhere 

between 150 and 250 km. We note that in order for earthquake waves originating from faulting 

within the Hikurangi Trough to reach the Hamilton lowlands, they must travel through the 

Taupō Volcanic Zone, the deposits in which are known to attenuate seismic waves (McVerry 

et al., 2006). Thus, the actual maximal distance at which liquefaction can occur may be 

considerably smaller. Nevertheless, we conclude here that there is still a potential for faulting 

within the Hikurangi Trough to have caused liquefaction within the Hamilton lowlands, despite 

attenuation of seismic waves within the Taupō Volcanic Zone.  

Two periods of seismic activity were inferred from paleoseismic mapping at the 

Kerepehi and Te Puninga faults located within the Hauraki plains up to ~46 to ~58 km to the 

northeast (Fig. 1b), and from fault activity observations and damage mapped in the Waitomo 

Caves, located ~57 km to the south (Persaud et al., 2016; Lang et al., 2021; Van Dissen et al., 

2021; Williams, 2021; Villamor, 2022) (Fig. 14). The Kerepehi and Te Puninga faults were 

estimated to have caused large (𝑀 = 7) earthquakes (Persaud et al., 2016; Villamor, 2022). 

Ground motion simulations of an 𝑀-7 earthquake at the Kerepehi Fault yielded peak ground 

accelerations between 0.15 and 0.27 g at the lakes of the present study (Dempsey et al., 2021), 

well above the minimum peak ground acceleration of 0.07 g needed to cause liquefaction in 
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sandy soils of New Zealand (Maurer et al., 2015). However, the liquefaction threshold of 

Maurer et al. (2015) should be applied with care here because it does not encompass the 

liquefaction of pumiceous tephra-derived soils, which in some cases have been found to exhibit 

considerably higher liquefaction resistance than sandy (non-pumiceous) soils (Asadi et al., 

2018).  

The two periods of seismic activity identified for the Hauraki Plains align well with the 

time of deposition of six of the seven major tephra layers (Fig. 14). The first seismic period 

(~22.3 to ~13.7 cal ka BP) encompasses deposition of the three oldest tephra layers (i.e., 

Rerewhakaaitu, Rotorua, and Waiohau), whereas the second seismic period (~10.0 to ~0.3 cal 

ka BP) encompasses deposition of the three youngest tephra layers (i.e., Opepe, Mamaku, 

Tuhua). It may be concluded here that fault activity at the Kerepehi and/or Te Puninga faults 

is a plausible seismic trigger for liquefaction that caused SSDS in our study. 

Some aspects of the frequency or complexity of SSDS in our study were found to 

decrease with distance from a fault that may have been active during the deformation process, 

which is considered to be the strongest evidence for the seismic triggering of SSDS (Pope et 

al., 1997; Owen and Moretti, 2011). A potential zonation of SSDS within the Hamilton 

lowlands was assessed spatially and temporarily through Fig. 15. For two time periods, 

reflecting the deposition of the three oldest tephras (i.e., Rerewhakaaitu, Rotorua, Waiohau) 

and the three youngest tephras (i.e., Opepe, Mamaku, Tuhua), respectively, the number of each 

type of SSDS was plotted, for each lake, in relation to the total number of cores in which a 

particular tephra layer could be observed (i.e., was present and not classified as discontinuous). 

For example, in Lake Rotoroa (C1), the total number of SSDS observed for Waiohau tephra 

was two (i.e., one type 2a down-sagging structure and one type 3 down-sagging structure). The 

total number of Waiohau tephra layers assessed at this lake (i.e., classified as intact or showing 

signs of SSDS) was eight. Dividing the number of SSDS by the number of total tephra layers 

assessed yielded a frequency estimate for SSDS occurrence for a particular lake (being 25% in 

this particular example). The total number of observations varied between lakes, affecting the 

confidence of the presented analysis. For example, at Lake Ngāroto the total number of tephra 

layers analysed was relatively low, providing some uncertainty when obtaining a frequency of 

SSDS occurrence. In contrast, at Lake Maratoto, where around 30 sediment cores were taken 

(Green and Lowe, 1985), the total number of tephra layers being analysed ranged from 13 to 

20 between different tephras, providing higher certainty when calculating the frequency of 

SSDS occurrence. 
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Fig. 15. Spatial and temporal analysis of SSDS observed in the ten lakes within the Hamilton 

lowlands. Type and frequency of SSDS occurrence for (a) the older tephra layers (i.e., 

(Rerewhakaitu, Rotorua, Waiohau), deposited between 17.5 and 14.0 cal ka BP, and (b) the 

younger tephra layers (i.e., Opepe, Mamaku, Tuhua), deposited between 10.0 and 7.6 cal ka 

BP. 

When considering the three oldest tephra layers (Fig. 15a), the complexity (i.e., type 1–

3 SSDS exhibit descending degree of complexity) and frequency of SSDS increased 

consistently towards the northeast, suggesting a link between seismic activity on the Kerepehi 

and/or Te Puninga faults and liquefaction in the Hamilton lowlands. We acknowledge that the 

trend in complexity of SSDS could be partly the result of variability in tephra thickness as 

discussed earlier (see Fig. 11). However, a clear connection between tephra thickness 

variability (Fig. 4) and complexity of SSDS (Fig. 15) could not be found. The trend in 

complexity towards the northeast could not be observed for the three youngest tephra layers 

(Fig. 15b). For these layers, the occurrence of SSDS was instead restricted to the central part 

of the study area, with the complexity and frequency of SSDS being lower than that for the 
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older tephra layers. The occurrence of SSDS within the younger tephra layers matches the 

location of the recently-mapped Hamilton Basin faults (Moon and de Lange, 2017; Van Dissen 

et al., 2021). The Hamilton Basin faults occur in the upper Hamilton Ash beds, dated at ~74 ka 

BP (Lowe, 2019). Hence, the Hamilton Basin faults are currently considered older than the 

tephra layers analysed in the present study, because the riverine and riverine-phytogenic lakes 

in which these occur were formed by deposition of the ~20-ka-BP-old Hinuera Formation 

(Kear and Schofield, 1978; Lowe and Green, 1992; McCraw, 2011). It is currently unknown if 

the Hamilton Basin faults were active after the deposition of the Hinuera Formation. However, 

from the spatial proximity of the SSDS in the younger tephra layers to the Hamilton Basin 

faults, we infer that they may have been triggered by a near-field seismic source within the 

Hamilton lowlands, therefore potentially from one or more of the Hamilton Basin faults. 

Alternatively, liquefaction in the younger tephra layers could have been triggered by far-field 

earthquakes from the offshore Hikurangi subduction margin. 

7. Conclusions 

The present study analysed a large number of soft-sediment deformation structures (SSDS) that 

occurred in seven unconsolidated, up to 8-cm thick, silicic tephra layers that were deposited in 

~35 riverine and riverine-phytogenic lakes within the Hamilton lowlands, central North Island, 

New Zealand, since 17.5 cal ka BP. Based on sediment descriptions, X-ray computed 

tomography (CT) scanning, and analyses of dry bulk density, grain size distribution, and 

Atterberg limits of samples from cores taken from ten lakes, the following conclusions are 

made. 

• SSDS were classified into elongated load structures (i.e., down-sagging 

structures) of different dimensions, ranging from millimetre- to decimetre-

scale, and centimetre-long dykes. 

• Deformations commonly involved the intrusion of very fine sand to medium 

sand internal tephra beds into underlying organic lake sediments. Tephra 

layers commonly exhibited an upper silt bed, which was not directly involved 

in the deformation process.  

• The organic lake sediment and the upper silt bed are considered as less 

liquefiable, whereas the very fine sand to medium sand internal tephra beds 

are considered as liquefiable.  
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• The dimensions of SSDS linearly increased with the thickness of the source 

tephra layer.  

• The tephra layers, and the organic lake sediments above and below them, form 

three-layer (a-b-a) density systems. It is inferred here that downward-directed 

deformation was favoured by this three-layer (a-b-a) density system, together 

with the presence of an upper, less-liquefiable silt bed preventing upward 

intrusion during the liquefaction process.  

• The spatial and temporal occurrence of SSDS within the Hamilton lowlands 

provided some evidence that liquefaction of the older tephras, deposited 

between 17.5 and 14 cal ka BP, was triggered by a seismic source to the 

northeast (i.e., Kerepehi and/or Te Puninga faults in the adjacent Hauraki 

Plains). 

• Liquefaction of the younger tephra layers, deposited between 10.0 and 7.6 cal 

ka BP, may have been triggered by local faults within the Hamilton lowlands, 

namely one or more of the Hamilton Basin faults, or by distant faulting at the 

Hikurangi subduction margin.  
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