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Abstract  

 

Sands containing pumice particles are commonly found in the Waikato Basin in the North 

Island of New Zealand. The pumice particles originated from a series of volcanic eruptions 

centred in the Taupo and Rotorua regions. As a result of flooding and erosion along the 

Waikato River, the pumice particles have become mixed with other materials and have been 

distributed over the Waikato Basin; these mixtures are referred to herein as natural 

pumiceous (NP) soils. Due to their vesicular nature and the presence of internal voids, 

pumice particles are highly crushable, compressible and lightweight, rendering them 

problematic from an engineering point of view. For the purpose of laboratory testing, 

undisturbed and reconstituted NP soil samples were obtained from four sites along the 

Waikato River. Small-block sampling and gel-push sampling were used to obtain 

undisturbed NP soil samples. In this study, a method is proposed to crush the pumice 

particles and then based on the degree of particle crushing the pumice contents of natural 

soils were estimated.  

 

To investigate the effect of relative density (Dr), pumice content (PC), soil fabric and 

structure, particle shape and crushing on the undrained cyclic behaviour of NP sands, a 

comprehensive set of undrained cyclic triaxial tests were performed on undisturbed and 

reconstituted NP sands and reconstituted Toyoura sand with different relative densities. It 

was found that the reconstituted NP specimens showed significantly different cyclic 

behaviour compared with hard-grained sand. For instance, during cyclic triaxial testing the 

NP sands underwent deformation from the start of cyclic loading with the axial strain 

gradually increasing to a double-amplitude axial strain of 5%. In contrast, Toyoura sand 

underwent negligible deformation for a significant number of cycles, followed by a sudden 
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increase in deformation to reach 5% double-amplitude axial strain within a few additional 

cycles. In addition, the NP sands showed a very contractive behaviour under initial cyclic 

loading, changing to a very strong dilative behaviour after a few cycles. Due to the formation 

of a stable soil skeleton inside the NP specimens, the instability condition was not observed 

and the liquefaction resistance of the NP sands was found to be considerably higher than 

Toyoura sand with the same relative density. In addition, based on a limited number of tests, 

it appeared that slight differences in the behaviour of the NP soils was mostly dependent on 

their composition, such as their pumice content. Finally, under similar initial conditions, the 

undrained cyclic responses of undisturbed and reconstituted NP sands was significantly 

different, and the liquefaction resistance of the undisturbed NP specimens was higher than 

that of reconstituted ones, indicating soil structure (e.g. stress history, fabric cementation) to 

be an important factor in the cyclic behaviour of NP soils.  

 

Regarding post-cyclic monotonic response, three parameters — initial shear modulus (G1), 

shear modulus at recovery (G2) and recovery strain (ɣr) — were used to model the stress–

strain behaviour of NP and Toyoura sands that had undergone liquefaction. Due to the 

formation of a stable soil skeleton during cyclic loading and the high angularity of the pumice 

particles, the liquefied NP soils recovered their strength at a considerably faster rate than the 

Toyoura sand; the ɣr value of NP sands was smaller than that of Toyoura sand. In addition, 

the G1 of liquefied NP sand was higher than that of Toyoura sand; however, the G2 of 

liquefied NP sand is lower than that of Toyoura sand. The post-liquefaction monotonic 

responses of undisturbed and reconstituted NP sands were found to be different, indicating 

that the inherent structure of the undisturbed samples was unaffected by cyclic loading. 
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Chapter 1: Introduction 

 

1.1 General Remarks   

 

Liquefaction as a consequence of earthquake is one of the main causes of damage to 

infrastructure and financial loss worldwide. Following two major earthquakes in 1964, the 

Niigata earthquake in Japan and the Alaska earthquake in the USA, the importance of 

liquefaction was well established. Since then, much research has been carried out to identify 

the mechanism of liquefaction (Ishihara 1996; Youd et al. 2001). More recently, earthquake-

induced liquefaction was the main cause of earthquake damage in Christchurch, New 

Zealand (Cubrinovski et al. 2011; Cubrinovski et al. 2010) in 2010 and 2011, and has 

caused central government, local councils, engineers and community residents to be more 

conscious of the consequences of earthquakes in general and soil liquefaction in particular 

in other parts of New Zealand. Figure 1.1 shows examples of liquefaction-related damage in 

the 2011 Christchurch earthquake. 

 

Liquefaction is a process in which soil stiffness and strength are reduced and granular 

materials are transformed from a solid to a liquefied state as a consequence of earthquake 

shaking or other rapid loadings (Youd et al. 2001). The vulnerability of soil to liquefaction is 

affected by several factors, including earthquake intensity and duration, soil type, ground 

water table location (saturation), particle size distribution, the presence or absence of fine 

particles, and particle shape (Boulanger & Idriss 2007; Idriss & Boulanger 2008; Ishihara 

1993; Seed & Idriss 1971).  
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To avoid or minimise the disastrous consequences of liquefaction, it is necessary to first 

investigate soil properties, for example the dynamic properties and cyclic behaviour of the 

soils in each area, because the occurrence of liquefaction is markedly dependent on site 

location and the local soil properties.  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 
Figure 1.1. Severe consequences of liquefaction following the 2011 Christchurch 

earthquake: (a) sand ejecta and differential settlement; (b) level ground settlement with 

exposure of grade beams; (c) partial submersion of a vehicle in a sinkhole; (d) sand ejecta 

covering a street (figures from Taylor, 2015 and the website stuff.co.nz).  
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Due to New Zealand’s position on a tectonic plate boundary, volcanic soils, including 

pumiceous sands, are found in several areas of the country’s North Island. The material 

forming many of these soils originated from a series of volcanic eruptions centred in the 

Taupo and Rotorua region, called the Taupo Volcanic Zone (Shane et al. 1998). Through 

explosive distribution and airborne transport, followed by deposition, erosion and river 

transport, pumice materials were mixed with other hard-grained constituents and differing 

percentages of fines and distributed over the Waikato Basin. 

 

Pumice has a number of distinctive properties. Pumice particles are highly crushable, 

compressible and lightweight as a result of their vesicular nature and the presence of 

internal voids (Kikkawa et al. 2013; Kikkawa et al. 2012; Pender et al. 2006; Wesley 2001). 

Another important characteristic of pumice is its unique structure (Figure 1.2), with high 

angularity that results in the particles having a very high angle of internal friction (Kikkawa et 

al. 2013; Marks et al. 1998). 

 

 

  

Figure 1.2. Scanning electron microscope images of pumice particles.  

 

0.25 mm 0.25 mm 
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1.2 Problem Statement  

 

From engineering and construction viewpoints, the characteristics of pumice render it 

problematic. To date, most researchers have studied the dynamic behaviour of hard-grained 

soils. Some other studies have investigated the dynamic properties and cyclic behaviour of 

crushable materials such as carbonate sand (Qadimi & Coop 2007), Shirasu volcanic sand 

(Hyodo et al. 1998; Miura et al. 2003), calcareous sand (Salem et al. 2013; Shahnazari & 

Rezvani 2013), Masado (Sahaphol & Miura 2005), granulated coal ash (Yoshimoto et al. 

2014) and pure pumice sand (commercially available) (Orense et al. 2013; Orense et al. 

2014). However, little is known about the seismic response of natural sand that contains 

pumice (i.e. a mixture of pumice particles with other hard-grained constituents and differing 

percentages of fines, referred to herein as natural pumiceous soils). In the process of 

developing infrastructure in the North Island of New Zealand, engineering projects frequently 

encounter natural pumiceous soil; it is therefore important to understand how such deposits 

behave under seismic loading. Moreover, no information is available regarding whether the 

empirical correlation and the liquefaction mechanism derived for hard-grained soils are 

applicable to natural pumiceous soils.  

 

1.3 Scope and Objectives of the Present Research  

 

The aim of this research to investigate the undrained cyclic behaviour, liquefaction 

resistance and post-liquefaction monotonic response of pumiceous sands through advanced 

laboratory tests such as undrained cyclic triaxial and bender element tests on natural 

pumiceous sands (reconstituted and undisturbed) from the Waikato Basin. Note that this 

research is the initial step for understanding the cyclic behaviour of natural pumiceous 

sands, thus a wide variety objectives were defined for this thesis.  
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 The specific objectives of this research are described below: 

• To establish a method for estimating the pumice content of natural pumiceous soils;  

• To investigate the effect of particle characteristics (crushability and shape) on the 

stress–strain behaviour of natural pumiceous soils under the application of cyclic and 

monotonic loading; 

• To understand the effect of relative density on the liquefaction resistance of 

reconstituted pumiceous sands;  

• To compare the undrained cyclic behaviour of hard-grained sands and natural 

pumiceous sands;  

• To investigate the undrained cyclic behaviour of undisturbed pumiceous soils by 

performing laboratory tests on undisturbed samples obtained using gel-push and 

small block sampling technology;   

• To investigate the post-liquefaction monotonic undrained behaviour of natural 

pumiceous sands and compare the results with those for hard-grained sands; 

• To understand the effect of confining pressure on the initial shear modulus of 

undisturbed pumiceous soils.  

 

1.4 Thesis Organisation  

 

This thesis comprises ten chapters. This first chapter briefly discusses the importance of 

studying the seismic behaviour of natural soils at different locations, and describes the 

problem statement, scope and objectives of the study, and the organisation of the thesis.  
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Chapter 2 presents a literature review that provides information about: 

• the mechanism of liquefaction and evaluating the liquefaction potential of hard-

grained sand; 

• the undrained cyclic behaviour of hard-grained sand; 

• the engineering properties of pumice particles;   

• the dynamic properties and undrained cyclic behaviour of crushable sands such as 

pure pumice sand and carbonate sand; 

• the post-liquefaction behaviour of hard-grained sands;  

 

Chapter 3 provides information about the locations of the soil samples that were obtained 

and gives the results of site investigation. The landforms and geological history of the sites 

are briefly explained. In addition, the procedures of undisturbed soil sampling (gel-push and 

small block sampling) at two sites in Huntly and Rangiriri are described.  

 

Chapter 4 presents the characteristics of natural pumiceous soils, pure pumice sand and 

Toyoura sand, including the index properties (particle size distribution, Atterberg limits, 

specific gravity, and maximum and minimum void ratio), particle shape and mineralogy of the 

soil samples. 

 

Chapter 5 describes a method for performing maximum dry density tests on natural 

pumiceous soils and also a method for quantifying the pumice content of natural pumiceous 

soils. The effect of particle crushing on the shapes of particles is also investigated.  
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Chapter 6 outlines the main laboratory test procedures, including the apparatus, a 

description of the data acquisition process, preparation of the samples before testing, 

calculation of the post-test void ratio, and the methods used to interpret the test data.   

 

Chapter 7 presents the results of undrained cyclic triaxial tests on reconstituted pumiceous 

sands from four different locations in the Waikato Basin. The results of tests on Toyoura 

sand are also given, in order to investigate the effect of particle crushing and shape on the 

undrained behaviour of pumiceous sands. Finally, the effects of relative density, cyclic stress 

ratio and pumice content on the undrained behaviour of pumiceous sand are investigated.  

 

Chapter 8 presents the results of cyclic triaxial and bender element tests performed on a 

limited number of undisturbed pumiceous soil samples. The effects of confining pressure on 

the maximum shear modulus and of shear wave velocity are investigated. Moreover, the 

susceptibility of undisturbed pumiceous soils to liquefaction is investigated. Finally, the cyclic 

undrained behaviour of undisturbed natural pumiceous soil samples is compared with that of 

reconstituted pumiceous soils.   

 

Chapter 9 addresses the post-liquefaction undrained behaviour of pumiceous materials. The 

results of post-cyclic monotonic tests on pumiceous and Toyoura sands are presented and 

discussed.     

 

Chapter 10 presents the conclusions of this study and makes recommendations for future 

research.  
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Chapter 2: Literature Review 

 

2.1 Introduction  

 

The focus of this study was on investigating the undrained cyclic behaviour, liquefaction 

resistance and post-liquefaction monotonic response of undisturbed and reconstituted 

natural pumiceous sands; this chapter presents a summary of the most relevant literature. 

 

First, the mechanism of liquefaction, factors affecting liquefaction resistance and a summary 

of the current state of practice in evaluating the liquefaction potential of hard-grained sands 

are described.  

 

Next, the undrained cyclic behaviour of undisturbed and reconstituted hard-grained sands is 

explained. Emphasis is placed on the generation of excess pore water pressure and axial 

strain development during undrained cyclic loading. Moreover, the influence of soil fabric, 

structure and ageing on the liquefaction resistance of sandy deposits is discussed. Section 

2.7 provides a brief review of the post-liquefaction behaviour of hard-grained sands and of 

the factors affecting the post-liquefaction response of hard-grained sands (i.e. relative 

density, maximum strain applied during cyclic loading, and confining pressure).    

 

Finally, the performance of crushable volcanic soil during past earthquakes in Japan and 

New Zealand is examined. In addition, the geotechnical properties and undrained cyclic 

behaviour of pure pumice and calcareous sands are explained.  
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2.2 Mechanism of Liquefaction  

 

Liquefaction is a process in which soil stiffness and strength are reduced and loose, 

saturated granular materials are transformed from a solid to a liquefied state as a 

consequence of earthquake shaking or other rapid loadings. Loose saturated sands are 

more vulnerable to liquefaction than is dense saturated sand. As a result of earthquake or 

other seismic loading, soil samples tend to contract; however, the duration of an earthquake 

is too short to allow the drainage of water (the volume change cannot occur). Thus, instead 

of rearranging the sand particles, the normal force is transferred from the soil skeleton to the 

pore water. Consequently, while the total stress is constant the pore water pressure 

increases and the effective stress decreases. This process continues until the seismic 

loading is enough to completely break apart the load-bearing contacts among the sand 

particles in such a way that the sand skeleton carries zero normal stress and the pore water 

carries the entire normal stress (Idriss & Boulanger 2008; Kramer 1996). At this stage, sands 

behave similarly to liquids and large ground deformations can occur. The mechanism of 

liquefaction is shown in Figure 2.1. 

 

 

(a) Before liquefaction 

 
(b) During liquefaction 

(effective stress = 0) 

(c) After liquefaction 

 

 .   
   

Figure 2.1. Mechanism of liquefaction (from Orense 2003). 
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2.3 Factors Affecting Soil Vulnerability to Liquefaction  

 

The seismic loading and the resistance of the soil deposits to liquefaction are the two main 

parameters that need to be considered when evaluating soil susceptibility to liquefaction. To 

investigate whether or not a soil deposit is resistant to liquefaction, we need first to gather 

information about the soil properties and geological condition of the ground because these 

two factors (summarised in Table 2.1) play an important role in the vulnerability of soil to 

liquefaction. Earthquake characteristics are another important factor that needs to be 

considered for evaluating soil vulnerability to liquefaction. Of the factors listed in Table 2.1, 

Orense (2003) indicated that the following are the most important:  

• Relative density — loose sandy deposits are prone to liquefaction; 

• Degree of saturation — the fully saturated condition is a key factor in the occurrence 

of liquefaction; 

• Earthquake intensity — the duration and intensity of an earthquake. 

 

Table 2.1. Factors affecting soil vulnerability to liquefaction (from Orense 2003). 
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2.4 Evaluation of Liquefaction Potential of Sand  

 

To evaluate the susceptibility of soil to liquefaction, the estimation or calculation of two 

variables is required (Youd et al. 2001). These variables are defined as follows:  

 

• CRR (cyclic resistance ratio) is the capacity of the soil to resist liquefaction; 

• CSR (cyclic stress ratio) is the seismic demand on a soil layer.  

 

When the CSR and CRR are known, the factor of safety (FL) can be calculated from the 

following equation: 

 𝐹𝐹𝐿𝐿 =
𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐶𝐶

 (2.1) 

If FL ≥1.0, liquefaction will not occur because the capacity of the soil to resist liquefaction is 

greater than the shear stress induced in the soil deposits during an earthquake. Otherwise, 

when FL<1.0, liquefaction will occur.  

 

Youd et al. (2001) presented a detailed discussion about the methods used in practice to 

calculate the CSR and CRR. A brief summary of the evaluation of CSR and CRR is presented 

below. 

 

2.4.1 Evaluation of Cyclic Stress Ratio (CSR) 

 

A simplified procedure for estimating the CSR induced by an earthquake has been proposed 

by Seed and Idriss (1971). In this procedure, the CSR induced at a given depth is estimated 

by: 
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 𝐶𝐶𝐶𝐶𝐶𝐶 =
𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎

𝜎𝜎𝑎𝑎
′ = 0.65

𝛼𝛼𝑚𝑚𝑎𝑎𝑚𝑚

𝑔𝑔
 
𝜎𝜎𝑎𝑎

𝜎𝜎𝑎𝑎
′  𝑟𝑟𝑑𝑑 (2.2) 

where αmax is the peak horizontal ground acceleration generated by the earthquake, g is the 

acceleration due to gravity, σv and σ’v are the total and effective vertical overburden 

pressures, respectively, at the target depth, τave is the average cyclic shear stress during a 

particular time history, and rd is a stress reduction coefficient (Seed & Idriss 1971). For the 

stress reduction coefficient rd, several different expressions have been proposed as a 

function of depth. For instance, for routine practice and non-critical projects, Equations 2.3a 

and 2.3b may be used to estimate average values of rd (Liao and Whitman 1986). Figure 2.2 

compares the stress reduction coefficient proposed by Seed and Idriss (1971) with average 

values obtained from Equation 2.3. 

 𝑟𝑟𝑑𝑑 = 1.0 − 0.00765𝑧𝑧       for 𝑧𝑧 ≤ 9.15 m (2.3a) 

 𝑟𝑟𝑑𝑑 = 1.174 − 0.0267𝑧𝑧         for 9.15 m < 𝑧𝑧 < 23 m (2.3b) 

where z is depth below ground surface in metres. 

 
Figure 2.2. Stress reduction coefficient vs depth (from Youd et al. 2001). 

.3 
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2.4.2 Evaluation of Cyclic Resistance Ratio (CRR) 

 

The cyclic resistance ratio CRR can be calculated based on either laboratory or field tests. 

Implementing cyclic tests on high-quality undisturbed samples are expensive owing to the 

difficulties of obtaining such samples (Idriss & Boulanger 2006; Youd et al. 2001). As a 

consequence, field tests including cone penetration tests (CPTs), standard penetration tests 

(SPTs), and shear wave velocity (Vs) tests have become state-of-practice for routine 

liquefaction investigations (Idriss & Boulanger 2008; Youd et al. 2001). However, as the 

focus of this study is on the laboratory tests the estimation of CRR through laboratory tests is 

explained here. 

 

Laboratory tests for estimating the CRR include undrained cyclic triaxial tests, cyclic simple 

shear tests or cyclic torsional shear tests. For correct interpretation of the laboratory test 

results, it is essential to first define the failure criteria for cyclic tests; these failure criteria 

vary slightly depending on the type of test performed. For instance, in cyclic simple shear 

tests the development of 7.5% double-amplitude shear strain is defined as liquefaction (Vaid 

& Sivathayalan 1996). However, for cyclic triaxial tests the development of 5% double-

amplitude axial strain (εDA) is defined as liquefaction (Ishihara 1996). In addition, some 

researchers (Ishihara 1993; Seed & Idriss 1971) define liquefaction in terms of excess pore 

water pressure ratio (ru = EPWP/σ’c, in which EPWP is the excess pore water pressure 

during the cyclic loading and σ’c is the effective confining pressure). For instance, the 

generation of ru = 0.95 is defined as initial liquefaction; at this stage, the effective stress is 

almost zero. 
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The cyclic resistance curve is a key input in simplified empirical liquefaction analysis (Idriss 

& Boulanger 2008; Ishihara 1993; Youd et al. 2001) and is also used to estimate the 

liquefaction resistance of materials. To develop the cyclic resistance curve it is necessary to 

perform at least three or four cyclic tests on ideally identical specimens with each specimen 

being subjected to different levels of the cyclic stress ratio, CSR. For the cyclic triaxial test, 

the CSR is defined as the deviator stress (q = F/A, in which F is the force applied during 

cyclic loading and A is the area) divided by twice the effective confining pressure (CSR = 

q/2σ’c) (Idriss & Boulanger 2008). The CRR of a soil is usually expressed as the cyclic 

stress ratio, CSR, for a particular number of significant cycles, Nc, which is typically between 

10 and 20 in Japan, and 15 in the US (Ishihara 1993; Seed & Idriss 1971). The dependence 

of the CRR on Nc means that any reference to a sand’s CRR must specify Nc. Figure 2.3 is a 

schematic representation of the determination of liquefaction resistance curves. 

 

 

 

Figure 2.3. Determination of liquefaction resistance curves (from Orense 2003). 

 

CRR15 
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Idriss & Boulanger (2006) explained that there is a correlation between the number of 

equivalent stress cycles and the earthquake magnitude, M (see Figure 2.4(a)); for instance, 

15 such cycles is associated with an earthquake of magnitude 7.5. Thus, the CRR15 is the 

cyclic resistance ratio of the soil to resist an earthquake of M = 7.5 (CRR15 = CRRM=7.5). To 

estimate the CRR for an earthquake of different magnitude, Idriss & Boulanger (2014) 

proposed Equation 2.4: 

 𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀=7.5 ∗ 𝑀𝑀𝐶𝐶𝐹𝐹 (2.4) 

where MSF is the magnitude scaling factor that can be calculated by Equation 2.5: 

 𝑀𝑀𝐶𝐶𝐹𝐹 = 6.9 exp �
−𝑀𝑀

4
� − 0.058 (2.5a) 

 𝑀𝑀𝐶𝐶𝐹𝐹 ≤ 1.8 (2.5b) 

The values of MSF obtained using Equation 2.5 are presented in Figure 2.4(b) together with 

those proposed by other researchers (Arango 1996; Idriss 1999; Seed & Idriss 1982; 

Tokimatsu & Yoshimi 1983).  

 (a) 

 

(b) 

 
Figure 2.4. (a) Number of equivalent stress cycles plotted against earthquake magnitude; (b) 

the magnitude scaling factor proposed by several researchers (from Idriss & Boulanger 

2014) 



Chapter 2   Literature Review 

 

17 
 

2.5 Undrained Cyclic Behaviour of Hard-Grained Sand 

 

Alarcon-Guzman et al. (1985) investigated the undrained cyclic behaviour of Ottawa sand; 

Figure 2.5 shows plots of effective stress path, excess pore water pressure (EPWP) and 

shear strain development for medium-dense Ottawa sand with a relative density of about 

45% and an effective confining pressure of 100 kPa. In terms of EPWP and shear strain 

development, the following observations were made by Alarcon-Guzman et al. (1985):  

 

• EPWP generation: high EPWP developed as a result of the first cycle of loading and 

in the successive number of cycles, the rate of pore water pressure build-up 

decreased (as reflected by the gradual reduction of the spacing between successive 

cycles in the stress path plot); at point A (collapse condition), the rate of EPWP 

development increased significantly. 

• Shear strain development: a negligible amount of strain develops on the specimen 

as a result of significant number of cyclic loading; however, as soon as the specimen 

reached point A, the rate of strain development increases significantly (strain 

softening).  

(a) 

 

(b) 

 
Figure 2.5. Undrained cyclic behaviour of Ottawa sand with a relative density of 45%: (a) 

pore water pressure and shear strain development versus time; (b) effective stress path; 

(from Alarcon-Guzman et al. 1988). 
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Alarcon-Guzman et al. (1985) explained that the high initial EPWP development is attributed 

to the elimination of local instability at contact points and to the collapse of looser particle 

groups to form additional contact points. The initiation of strain softening is highly reliant on 

the amplitude of the CSR, and the number of cycles required to reach the collapse point is 

very sensitive to the level of CSR.  

 

In addition, Georgiannou (2008) studied the undrained cyclic behaviour of Fontainebleau 

sand (uniform silica sand); several series of cyclic torsional shear tests were performed on 

both loose and dense specimens. Figure 2.6 shows the results of the test performed on a 

specimen with a relative density of 40% and a confining pressure of 130 kPa. As evident 

from the figure, the undrained cyclic behaviour of Fontainebleau sand is quite similar to that 

of Ottawa sand (Figure 2.5); this behaviour can be categorised into three different phases: 

• Phase 1 is the first cycle of loading, which is accompanied by the development of 

high EPWP due to the elimination of instability at contact points and the 

rearrangement of soil particles. Strain development is negligible during this phase. 

Loose and dense specimens show similar responses during this phase. 

• Phase 2 starts from the second cycle of loading and continues until the effective 

stress path reaches the instability line (point 4 in Figure 2.6); during this phase the 

EPWP gradually increases, strain development is negligible and similar responses 

are observed for loose and dense specimens. 

• Phase 3 occurring after the instability point is reached, sees the rate of EPWP and 

shear strain development increasing significantly. During this phase the responses 

of loose and dense specimens are different: loose specimens show strain-softening 

or flow-failure behaviour which causes the specimen to undergo extensive 

deformation and, within one or two cycles of loading after the instability point, initial 
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liquefaction and liquefaction occur simultaneously. In contrast, dense specimens 

show strain-hardening or cyclic mobility response, which means that after the 

instability point the sample is capable of being subjected to a few cycles of loading 

before initial liquefaction occurs. In addition, after initial liquefaction dense 

specimens continue to be stable under the application of loading with steady strain 

development, until liquefaction occurs.   

Similar undrained cyclic behaviour has been observed on other hard-grained materials, as 

reported by several researchers (e.g. Idriss & Boulanger 2008; Ishihara 1996; Taylor 2014).  

 

 
 

Figure 2.6. Undrained cyclic behaviour of Fontainebleau sand with a relative density of 40%: 

(a) effective stress path; (b) EPWP plotted against time; (c) shear strain plotted against time; 

(from Georgiannou et al. 2008). 

 

(a) 

(b) (c) 
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2.6 Comparison of Undrained Cyclic Behaviour of Undisturbed and 

Reconstituted Hard-Grained Sand  

 

The liquefaction resistance and undrained cyclic behaviour of soil is affected by soil state 

parameters: density, confining pressure, soil structure and fabric (e.g. Idriss & Boulanger 

2008; Ishihara 1996). While the in situ density and confining stress condition of a particular 

soil may be approximated in the laboratory by a reconstituted specimen, it is impossible to 

replicate accurately the influence of soil fabric and structure. Moreover, the effects of ageing 

(such as cementation and stress history) are also difficult to replicate. Therefore, obtaining 

high-quality undisturbed samples is essential in order to consider the influence of soil fabric, 

structure and ageing on the liquefaction resistance and undrained cyclic behaviour of natural 

soils.   

Figure 2.7 shows the liquefaction resistance curves for undisturbed and reconstituted dense 

Niigata sand (after Yoshimi et al. 1984). The undisturbed soil samples were obtained by 

frozen sampling (FS) and tube sampling (TS); the same sand was also reconstituted to the 

same relative density in the laboratory by air pluviation (PA) and moist tamping (MT). The 

CRR15 for the frozen samples was substantially larger than for the tube samples and the 

reconstituted specimens, indicating that the important characteristics of this sand, as they 

existed in situ, were destroyed or lost by the disturbance produced during tube sampling and 

were not re-created in the reconstituted specimens in the laboratory. These differences 

between the CRRs of the undisturbed and the reconstituted specimens demonstrated the 

important influence of the in situ environmental factors (e.g. soil fabric, structure and ageing) 

on the liquefaction resistance of dense Niigata sand. It is also notable that the method of 

specimen preparation in the laboratory has a significant effect on the liquefaction resistance 

of the dense Niigata sand; similar behaviour was observed for other hard-grained materials 
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as reported by several researchers (Ladd 1977; Mulilis et al. 1977; Tatsuoka et al. 1986; 

Vaid et al. 1999).      

(a) 

 
(b) 

 
Figure 2.7. CSRs required to cause 5% double-amplitude axial strain: (a) undisturbed 

samples obtained by in situ freezing (FS) and conventional tube sampling (TS); (b) 

reconstituted samples prepared by moist tamping (MT) and air pluviation (PA); (from 

Yoshimi et al. 1984). 
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Taylor (2015) conducted comprehensive cyclic triaxial tests on reconstituted and undisturbed 

Christchurch sand with different fines content (Fc) in order to investigate the influence of soil 

fabric and structure on cyclic undrained response. The gel-push sampling method was used 

to obtain undisturbed soil samples, and reconstituted specimens were prepared by moist 

tamping.  

 

Figure 2.8 shows over-lay plots of stress–strain, effective stress path, excess pore water 

pressure ratio and axial strain development for undisturbed (GP) and reconstituted (MT) 

Christchurch sand with similar relative densities (Dr = 73%) and fines content (Fc = 17%) 

(after Taylor 2015). Both specimens were tested at the same effective confining pressure (σć 

= 90 kPa).  

 

As shown in Figure 2.8, the undrained cyclic response of the GP samples is significantly 

different to that for the MT specimens. For instance, during the initial loading cycles, the GP 

samples exhibited significantly higher initial compressibility causing generation of EPWP and 

development of axial strain. During subsequent cycles, the rate of strain development and 

EPWP generation decreased for these samples. In contrast, the MT specimens exhibited a 

much higher stiffness during initial cycles of loading; however, these specimens showed an 

exponentially increasing rate of strain with successive cycles that developed in both the 

compression and the extension sides. Taylor (2015) concluded that these differences 

highlighted the importance of soil fabric and structure on the undrained cyclic behaviour of 

Christchurch sand, because it was considered that due to occurrence of liquefaction prior to 

the sampling any age-related fabric effects were likely to be either significantly degraded or 

completely erased.          
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2.8. Comparison of undrained cyclic behaviour of undisturbed (GP) and reconstituted 

(MT) Christchurch sand with similar Dr and applied CSR: (a) stress–strain relation; (b) 

normalised effective stress path; (c) excess pore water pressure development; and (d) axial 

strain development; (from Taylor 2015).  
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Despite the significant differences in the undrained cyclic responses of undisturbed and 

reconstituted Christchurch sand, these samples have almost similar liquefaction resistance 

(Figure 2.9); Taylor (2015) indicated that this observation is merely coincidental. Figure 2.9 

shows the liquefaction resistance curves (relating the number of cycles required to attain εDA 

= 5% for a specified cyclic stress ratio) for undisturbed and reconstituted Christchurch sand 

with similar Dr and Fc.  

(a) 

 

(b) 

 
(c) 

 
Figure 2.9. Comparison of liquefaction resistance curves for undisturbed (GP) and 

reconstituted (MT) Christchurch sand with similar Dr and Fc: (a) Dr ≈ 61% and Fc = 1%; (b) 

Dr ≈ 73% and Fc = 17%; (c) Dr ≈ 73% and Fc = 40% (from Taylor 2015). 
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2.7 Post-Liquefaction Monotonic Behaviour of Hard-Grained Sands 

 

After liquefaction has occurred, the affected soil would be in a transient state of zero 

effective stress and, through the application of monotonic shear stress, would undergo 

extensive deformation with zero strength. In real-world conditions, further movement of the 

liquefied soil can occur due to the dissipation of pore water pressure and redistribution of the 

soil particles. Such extensive deformation of the ground can cause severe damage to 

infrastructure, including embankments and dams (Shamoto et al. 1997; Tokimatsu et al. 

2012). To mitigate the disastrous effects of post-liquefaction behaviour, it is necessary to 

investigate the response of liquefied sand to the application of loading because this will 

provide information enabling the potential resistance of liquefied sand to be predicted. For 

example, the stress–strain response of liquefied sand is key information for estimating the 

deformation of ground following liquefaction. For this purpose, over the past three decades 

several researchers (Dash 2010; Kaya & Erken 2015; Kokusho et al. 2004; Sitharam et al. 

2009; Sivathayalan & Vaid 2004; Vaid & Thomas 1995) have investigated the post-

liquefaction behaviour of sandy materials in the laboratory using post-cyclic undrained tests.  

 

The undrained monotonic behaviour of liquefied sand was found to be significantly different 

to that of the same sand in a saturated state that had not been subjected to liquefaction. For 

instance, liquefied sand always shows dilative behaviour (strain hardening) under the 

application of undrained monotonic loading (even though it is contractive before 

liquefaction), irrespective of relative density and soil type. Figure 2.10 shows a typical 

stress–strain response of liquefied Fraser River sand a with relative density of 40% and a 

confining pressure of 100 kPa, based on the tests performed by Sivathayalan & Vaid (2004). 

As shown in Figure 2.10, the specimen initially undergoes deformation with zero strength 

and then at some point starts to recover its stiffness.  



Chapter 2   Literature Review 

 

26 
 

To characterise the post-liquefaction behaviour of liquefied sand, Thomas (1992) suggested 

that the stress–strain response of liquefied sand be divided into three distinct regions, as 

shown in Figure 2.10 and explained as follows:  

   

• Region 1, essentially zero stiffness: the stiffness of the soil is almost zero and the 

specimen would undergo extensive deformation until the specimens recovered their 

stiffness; 

• Region 2, continually increasing stiffness: coincides with parabolic curves that 

indicate the stiffness of soil increasing as a result of straining; 

• Region 3, essentially constant stiffness: the linear part of the stress–strain curves 

where the shear modulus is constant. 

 

Figure 2.10. Typical stress–strain behaviour of liquefied sand (from Sivathayalan & Vaid 

2004). 

Region 1 Region 2 Region 3 
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In addition, to further investigate and also model the post-liquefaction behaviour of the soil, 

the following parameters were defined by several researchers (Dash 2010; Lombardi et al. 

2014; Rouholamin et al. 2017): 

• Initial shear modulus, G1: the shear modulus of liquefied specimens at Region 1, 

which can be obtained from the shear stress–shear strain curves (Figure 2.11). 

• Post-dilation shear strain (ɣpost-dilation) or take-off strain: the strain where the 

strength of the liquefied specimens increases suddenly or the EPWP decreases 

suddenly is called take-off strain and post-dilation shear strain, respectively. These 

two strains are practically the same (Rouholamin et al. 2017) and correspond to the 

start of Region 2 in Figure 2.10; the definition of ɣpost-dilation is also shown in Figure 

2.11. 

• Shear modulus at recovery, G2: the shear modulus of the linear part of the shear 

stress–shear strain curve that corresponds to Region 3 in Figure 2.11; as shown in 

Figure 2.11, the G1, G2 and ɣpost-dilation can be measured directly from the results of the 

tests. 

              (a)                                                              (b) 

 
Figure 2.11. Basic definition to characterise the post-liquefaction behaviour of materials 

(from Rouholamin et al. 2017).   
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2.7.1 Factors Affecting Post-Liquefaction Behaviour  

 

Several researchers (Lombardi et al. 2014; Rouholamin et al. 2017; Sitharam et al. 2009; 

Sivathayalan & Vaid 2004; Thomas 1992; Vaid & Thomas 1995; Yazdi 2004) considered the 

effect of relative density, consolidation pressure, soil type, strain amplitude during cyclic 

loading, and loading mode on the post-liquefaction behaviour of sand; the following 

paragraphs provide a brief summary of the factors affecting the post-liquefaction behaviour 

of sand.  

 

2.7.1.1 Effect of Relative Density  

 

The results of triaxial tests performed by Lombardi et al. (2014) on liquefied Toyoura and 

Redhill sand with different relative densities under the same confining pressure of 100 kPa 

are shown in Figure 2.12. Loose and dense specimens both show strongly dilative behaviour 

irrespective of the relative density and the soil type; however, there are some differences in 

the behaviour of the loose and the dense specimens. For instance, very dense samples 

have some initial stiffness at the beginning of post-liquefaction monotonic loading. 

Furthermore, the specimens recover their strength considerably at a faster rate as a result of 

increases in relative density.  

 

Rouholamin et al. (2017) explained that this behaviour is due to the fact that with a dense 

condition the void ratio is almost at a minimum and the soil structure consists mostly of sand 

particles. In dense conditions, therefore, under a high EPWP ratio, some contact occurring 

between the soil particles and the particles do not completely float in water; a phenomenon 

called cyclic mobility. This mechanism caused the dense specimens to show low stiffness 

after liquefaction and to immediately recover their stiffness upon shearing (very strong 
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dilative behaviour). The same results were obtained by other researchers (e.g. Sitharam et 

al. 2009; Vaid & Thomas 1995; Yazdi 2004).   

 

 

(a) 

 

(b) 

 

Figure 2.12. Post liquefaction behaviour of: (a) Redhill sand; (b) Toyoura sand (from 

Lombardi et al. 2014). 

 

 

2.7.1.2 Effect of Maximum Strain Applied during Cyclic Loading  

 

Figure 2.13 shows the results of undrained triaxial tests conducted by Sitharam et al. (2009) 

on liquefied Ahmadabad sand (India) with a relative density of 70% and a confining pressure 

of 100kPa. Prior to post-cyclic testing, strain-controlled cyclic triaxial tests were performed 

on the specimens to obtain the initial liquefaction state. The specimens were subjected to 

different levels of axial strain to cause initial liquefaction in order to investigate the effect of 

the amplitude of axial strain on the post-liquefaction behaviour of the materials. As shown in 

Figure 2.13, the length of Region 1 increases as a result of a higher level of strain applied 
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during cyclic loading; this means that specimens which experienced a higher level of strain 

prior to monotonic loading underwent greater deformation with almost zero strength. 

Furthermore, the G2 values of the specimens are almost the same regardless of the level 

axial strain applied during cyclic loading.  

 

Sitharam et al. (2009) explained that this behaviour might be due to differences in fabric 

(particle arrangement) arising during liquefaction. Furthermore, the test results indicated that 

the effective stress path after liquefaction started from the origin and increased linearly 

irrespective of the amplitude of axial strain used to induce liquefaction. Similar results were 

reported by other researchers (Kokusho et al. 2004; Shamoto et al. 1997).  

 

(a) 

 

(b) 

 

Figure 2.13. Post-liquefaction behaviour of Ahmadabad sand: (a) stress–strain and EPWP–

strain relations; (b) effective stress path; (from Sitharam et al. 2009). 
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2.7.1.3 Effect of initial Confining Pressure 

 

The results of undrained triaxial tests performed by Rouholamin et al. (2017) on liquefied 

Japanese silica sand with a relative density of 50% are shown in Figure 2.14. The 

specimens were subjected to three different levels of confining pressure (50, 100 and 150 

kPa) in order to study the influence of initial confining pressure on post-liquefaction 

behaviour of the materials. As evident from Figure 2.14, an increase in the initial confining 

pressure leads to the stiffness at Region 3 (G2) increasing and, consequently, the post-

liquefaction strength increasing. Similar behaviour was observed by other researchers (e.g. 

Lombardi et al. 2014).  

 

 

Figure 2.14. Post-liquefaction behaviour of silica sand with different levels of confining 

pressure (from Rouholamin et al. 2017). 
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2.7.2 Change in Shear Modulus from Pre- to Post-liquefaction Stage  

 

Rouholamin et al. (2017) investigated the change in shear modulus during multi-stage 

triaxial tests performed on reconstituted Redhill-110 sand, Japanese silica sand, Assam 

sand and Ganga sand with different relative densities from loose to dense conditions. The 

shear moduli were calculated at three stages: (1) after consolidation, before cyclic loading 

G0; (2) during liquefaction G1; (3) when the liquefied samples recovered their strength under 

the application of monotonic loading G2. Figure 2.15 shows the results of this investigation. 

As a result of liquefaction, the shear modulus of the materials drops significantly (reduced to 

1/10 000 of the maximum initial shear modulus). Moreover, the G2 of the materials is almost 

1/10 of the maximum initial shear modulus G0. As explained by Rouholamin et al. (2017), 

these differences in the shear modulus values may be attributed to the results being 

obtained from undrained soil element tests in the laboratory. In real ground conditions, 

sometimes due to the drainage, the G2 would reach the maximum shear modulus.  

 

 

Figure 2.15. Changes in shear modulus during multi-stage triaxial tests (from Rouholamin et 
al. 2017). 
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2.8 Response of Volcanic Soils to Past Earthquakes  

 

Crushable volcanic soils are found in several places around the world, such as in Japan 

(Hyodo et al. 1998; Miura et al. 2003), Italy (Papa et al. 2008; Picarelli et al. 2007), South 

and Central America (Sandoval & Pando 2012), Iran (Farshbaf Aghajani et al. 2016; 

Shahnazari & Rezvani 2013), Egypt (Salem et al. 2013) and New Zealand (Orense et al. 

2012; Pender et al. 2006). In the following paragraphs, the response of crushable volcanic 

sand to the past earthquakes in Japan and New Zealand is discussed.  

 

 

2.8.1 Japan  

 

Earthquakes are very common in Japan, and also large parts of Japan are covered by 

crushable volcanic soils (Agustian & Goto 2008; Gratchev & Towhata 2010; Hyodo et al. 

1998). For instance, Shirasu sand, known as crushable sand (Hyodo et al. 1998), is 

commonly found in the south Kyushu, particularly in Kagoshima Prefecture. In past 

earthquakes, severe damage as a result of liquefaction was observed on crushable volcanic 

soils. For example, during the 1968 Ebino Earthquake, 1997 Northwestern Kagoshimaken 

Earthquake and the 2003 Sanriku-Minami Earthquake the occurrence of sand boils, 

landslides and liquefaction on crushable volcanic soils was reported (Uzuoka et al. 2005; 

Yamamoto et al. 1997; Yamanouchi 1968). In addition, the 2008 Iwate-Miyagi Nairiku 

Earthquake triggered the Aratozawa landslide, considered to be the largest landslide in 

Japan (Gratchev & Towhata 2010; Miyagi et al. 2011). The Aratozawa landslide occurred on 

pumiceous deposits and made a distinct landslide topography, that is 1300 m long, 900 m 

wide and 150 m thick (Gratchev & Towhata 2010; Miyagi et al. 2011). Figure 2.16 shows an 

aerial view of the landslide as well as a view of a cliff created by the landslide.  
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(a) 

 

(b) 

 

Figure 2.16. Aratozawa landslide triggered by 2008 Iwate-Miyagi Nairiku Earthquake: (a) an 

aerial view; (b) a cliff created by the landslide (from Gratchev & Towhata 2010). 

 

 

2.8.2 New Zealand  

 

Crushable volcanic soils (i.e. pumice soils) are found in several places in the North Island of 

New Zealand. The material in many of these soils originated from a series of volcanic 

eruptions centred in the Taupo and Rotorua regions. Through eruptive power and airborne 

transport, followed by deposition, erosion and transportation by rivers, pumice particles were 

distributed over a large area in the North Island, called the Taupo Volcanic Zone (TVZ). The 

1987 Edgecumbe Earthquake occurred in the Rangitaiki Plains area, which is located in the 

northeast of the TVZ. Widespread liquefaction, such as lateral spreading of embankments 

and soil boils, was observed during the 1987 Edgecumbe Earthquake (Pender & Robertson 

1987). Figure 2.17 shows the main rift created by the earthquake and also sand boils near 

Powell Road.  
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(a) 

 

(b) 

 

Figure 2.17. Damage caused by the 1987 Edgecumbe Earthquake: (a) the main rift created 

by the earthquake; and (b) sand boils near Powell Road (photos by GNS Science). 

 

 

2.9 Pure Pumice Sand    

 

Pumice sands differ from other quartz sands in their crushability and their lightweight and 

compressible nature. In the past 20 years, a wide variety of research has been conducted at 

the University of Auckland on pure pumice sand (pumice particles in natural deposits from 

the Waikato River near Mercer were centrifugally separated from other constituents so that 

the samples consisted only of pumice particles; these samples are commercially available) 

in order to investigate their geotechnical properties, undrained cyclic behaviour and dynamic 

properties (Kikkawa et al. 2011, 2013; Marks et al. 1998; Orense et al. 2013; Orense et al. 

2012; Pender et al. 2006; Wesley 2001, 2007). Some of the findings of these researchers 

are summarised in the following paragraphs.  
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2.9.1 Characterisation at Grain-Size Level 

 

The micro-behaviour of pumice sand was investigated through laboratory tests such as 

single-particle crushing, X-ray CT scanning and scanning electron microscopic (SEM) 

imaging (Kikkawa et al. 2011, 2013; Orense et al. 2013; Pender et al. 2015).  

 

One of the most important characteristics of pumice particles is crushability, which renders 

them problematic from an engineering point of view. Orense et al. (2013) performed several 

series of single-particle crushing tests on two different pumice particles (yellow-coloured 

particles referred to as Particle A, and light-brown-coloured particles referred to as Particle 

B) to investigate their crushing strength. Figure 2.18 shows the results of this investigation: 

the strength of single pumice particles is one order of magnitude less than that of silica sand. 

Furthermore, the smaller pumice particles are more resistant to crushing. It is also notable 

that the crushing strength of pumice particles varies depending on the type of particle. 

 

 

Figure 2.18. Crushing strength of silica and pumice sand with regard to size of particle (from 

Orense et al. 2013). 
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To characterise the shape of pumice particles, X-ray CT scanning and SEM imaging tests 

were performed on a wide variety of pumice particles by Kikkawa et al. (2013) and Pender et 

al. (2015). Figure 2.19 shows a typical X-ray CT image of a cross-section of pumice 

particles; for clarification, the black colour shows the voids and the white colour the solid 

parts. The voids in pumice particles can be divided into three distinct void ratios, defined as 

follows:   

• total void ratio 

• internal void ratio, comprising voids that are not connected to the surface of the 

particle 

• surface void ratio, comprising voids that are connected to the exterior of the particle.  

Analysis of the CT images by Kikkawa et al. (2013) led them to conclude that the proportion 

of internal void ratio to total void ratio is very small; thus, almost all pumice particle voids are 

connected to the exterior of the particle. In addition, the SEM images reveal that the pumice 

particles have a very irregular surface texture (Figure 2.20). Kikkawa et al. (2013) indicated 

that the pumice particles are highly crushable and fragile not only because they are porous 

but also because of their angular shape.  

 

Figure 2.19. X-ray CT image of a cross-section of pumice particle (from Pender et al. 2015). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 2.20. SEM images of pumice particles: (a) an uncrushed pumice particle with irregular 

surface texture; (b) a close-up of the surface texture; (c) debris following crushing of the 

particle with finger-nail pressure; (d) a close-up of the crushed particle (from Pender et al. 

2015). 
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2.9.2 Specific Gravity  

 

Wesley (2001) investigated an appropriate method for measuring the specific gravity, Gs, of 

pure pumice sand. The New Zealand standard method was used to measure Gs under two 

different conditions: (1) using vacuum; and (2) without vacuum. Table 2.2 gives the results of 

the investigation, and shows that the specific gravity of the pure pumice sand is much less 

than that of hard-grained sand, which is almost 2.65. Moreover, the Gs of pure pumice sand 

is highly reliant on the size of the particles; the specific gravity of pure pumice sand 

increases with the decreasing size of particles. This indicates that the internal voids (those 

voids that are entrapped with the particles and may not be connected to the outside surface, 

so that water cannot penetrate inside) of smaller particles are much smaller than in larger 

particles.  

Table 2.2 Specific gravities of pumice particles with different size ranges (from Wesley 2001) 

 

 

2.9.3 Compressibility 

 

To investigate the compressibility of pure pumice sand, Wesley (2007) performed 

conventional oedometer tests on loose and dense pumice sand and quartz sand. The results 
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of this investigation are given in Figure 2.21 and show that both loose and dense pure 

pumice sand are much more compressible than quartz sand; for instance, up to a stress 

level of 1800 kPa the compressibility of loose and dense pure pumice sand is about four 

times higher than that of quartz sand.   

 

Figure 2.21. Compressibility of pumice sand and quartz sand (from Wesley 2007). 

 

 

2.9.4 Penetrometer Tests in Calibration Chamber 

   

To investigate the behaviour of pure pumice sand during static cone penetrometer testing 

(CPT), several series of penetrometer tests were performed on pumice sand and quartz 

sand in a calibration chamber (Wesley 2007). The results of this investigation are shown in 

Figure 2.22. The figure reveals a marked difference in the behaviour of the two sands. For 

instance, the cone penetration resistance, qc, of both the loose and the dense pumice sands 

is very similar, showing that the CPT does not distinguish very well between dense and 

loose states of pumice sand. Meanwhile, the qc values for dense and loose quartz sand are 

very different. This implies that a liquefaction assessment based on empirical correlations 

developed for CPT results in hard-grained sands may underestimate the liquefaction 

resistance of dense pumice sands. In addition, the qc value of loose pumice sand is slightly 
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higher than that of quartz sand. It is also noticeable from the figure that the sleeve friction 

values of loose and dense pumice sand are substantially different despite the fact that little 

difference was observed in the cone penetration resistance of these sands.  

(a) 

 
(b) 

 
Figure 2.22. Cone penetration test results obtained by performing calibration-chamber tests 

on (a) loose and dense pumice sand; (b) loose and dense quartz sand (from Wesley 2007). 
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2.9.5 Initial Shear Modulus 

 

To investigate the effect of confining pressure on the initial shear modulus of pumice sand, 

Orense et al. (2013) conducted a series of bender element tests at different confining 

pressures σc ranging from 20 to 400 kPa on a single specimen. Figure 2.23 presents the 

relationships of shear wave velocity and initial shear modulus with confining pressure. As 

shown by Figure 2.23, the effect of changes in confining pressure is more pronounced for 

pumice sand than for silica sand. Take, for instance, the relation Gmax ∝ σc
m for silica sand 

and pumice sand, where m represents the slope of the best-fit line through the data points of 

the bender element test results, as shown in Figure 2.23(b). The m value of 0.8 for pumice 

sand is much higher than the m = 0.53 for silica sand. Orense et al. (2013) explained that 

this difference could be due to the occurrence of particle crushing under isotropic 

consolidation pressure, especially at high levels of pressure.  

 

(a) 

 

(b) 

 

Figure 2.23. Results of bender element tests on pumice sand and silica sand at different 

levels of confining pressure: (a) shear wave velocity; (b) initial shear modulus; (from Orense 

et al. 2013).  
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2.9.6 Monotonic Behaviour   

 

The critical state, also known as the steady state of deformation, is defined as the state at 

which a sandy soil continues to distort without any change in normal stress or shear stress 

or void ratio; it is distorting at constant state (Atkinson 2007). Figure 2.24 demonstrates 

typical stress–strain behaviour of loose (W) and dense (D) hard-grained sands under 

constant normal stress; both samples ultimately reach the critical state at which the shear 

stress becomes constant with no further volumetric strains and void ratio changes. 

According to Orense et al. (2012), based on a limited number of tests, pumice sands did not 

reach the steady state of deformation even under high strain, irrespective of the relative 

density. Figure 2.25 shows typical stress–strain behaviour of medium-dense and dense 

pumice sand. This distinct behaviour of pumice particles can be explained in terms of 

particle crushing during shearing, resulting in more resistance of the soil structure that did 

not allow deformation at constant shear stress to occur (Pender et al. 2006). Furthermore, 

the relative density did not affect the angle of internal friction of the pumice particles, which 

was about 42–44°. These values are far larger than those for natural hard-grained sands 

(Orense 2013; Pender et al. 2006). Finally, Orense et al. (2012) concluded that the steady 

state of deformation may not be applicable to crushable soils such as pumice sand.  

 
 

 
Figure 2.24. Typical undrained monotonic behaviour of hard-grained soils (from Atkinson 

2007). 
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(a) 

 

(b) 

 

Figure 2.25. Typical undrained monotonic behaviour of pure pumice sand: (a) medium-

dense condition; (b) dense condition; (from Orense et al. 2012). 

 

Dr=50-54% 

Dr=79-85% 



Chapter 2   Literature Review 

 

45 
 

2.9.7 Cyclic Undrained Behaviour  

 

Pumice sands are vulnerable to liquefaction (Gratchev & Towhata 2010; Orense & Pender 

2013; Orense et al. 2012). The cyclic tests results conducted by Orense et al. (2012) and 

Gratchev and Towhata (2010) indicated that undisturbed soil samples of pumice sand have 

a higher resistance to liquefaction than do reconstituted samples with the same relative 

density. Moreover, the results from undrained cyclic triaxial tests revealed that the pumice 

sand had a high potential to generate excess pore water pressure during earthquake loading 

(Gratchev & Towhata 2010).  

 

As reported by Orense et al. (2012), the effect of relative density on the liquefaction 

resistance of pumice sand is not as significant as its effect on hard-grained sand (i.e. 

Toyoura sand). Figure 2.26(a) compares the liquefaction resistance of pumice and Toyoura 

sands with different relative densities. The figure reveals that the liquefaction resistance of 

Toyoura sand increases with increasing relative density. For pumice sand, the difference in 

the liquefaction resistance of loose and dense specimens is less pronounced than that of 

Toyoura sand.  

  

The effect of confining pressure on the liquefaction resistance of pumice sand is shown in 

Figure 2.26(b). This reveals that the resistance of pumice sand to liquefaction decreases 

with increasing confining pressure; this behaviour is consistent with the observations made 

for hard-grained sands (Orense et al. 2012). These researchers also noted that the amount 

of particle crushing during the consolidation stage was negligible; however, particle crushing 

occurred during cyclic loading. As a result of an increase in CSR the degree of particle 

crushing increased.  
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   (a) 

 

(b) 

 

Figure 2.26. Liquefaction resistance curves for pumice sands: (a) with different relative 

densities; (b) under different effective confining pressures; (from Orense et al. 2012). 
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2.10 Calcareous Sands  

 

Calcareous sands, characterised as crushable sands with a complex surface texture, are 

found in several places around the world, such as the Persian Gulf of Iran (Shahnazari et al. 

2016; Shahnazari & Rezvani 2013), the north coast of Egypt (Salem et al. 2013) and 

Colombia (Sandoval & Pando 2012). Figure 2.27 shows SEM images of calcareous sand 

from Cabe Rojo in Columbia. As reported by Shahnazari and Rezvani (2013) and 

Shahnazari et al. (2016), particle crushing and shape play an important role in the monotonic 

and cyclic behaviour of calcareous sands. For instance, due to the angularity of calcareous 

sands they have a tendency to dilate; particle crushing decreases this tendency during 

undrained tests. Further, it was found during the undrained tests that dense calcareous sand 

undergoes more particle crushing than do loose samples. Thus, particle crushing plays a 

dominant role in the behaviour of dense samples and particle shape is the most important 

factor in the behaviour of loose samples (Shahnazari & Rezvani 2013).  

 

 

  

Figure 2.27. SEM images of Cabe Rojo calcareous sand (from Sandoval & Pando 2012). 
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Sandoval and Pando (2012) investigated the undrained cyclic behaviour of calcareous sand 

from Cabe Rojo in Columbia. As shown in Figures 2.28 and 2.29, the application of cyclic 

loading causes loose (Dr = 23–27%) and dense (Dr = 64–68%) calcareous sands with 

confining pressures of 50 and 100 kPa, respectively, to behave differently to Ottawa silica 

sand. The plots show that the fluctuation of excess pore water pressure in calcareous sand 

is considerably higher than in silica sand; this could be attributed to stress relaxation due to 

the unique characteristic of calcareous sand, such as intra-particle porosity, particle shape 

and roughness (Sandoval & Pando 2012). Regarding axial strain development, axial strain 

on calcareous sand gradually increases until cyclic liquefaction (the state of zero effective 

stress) occurs. Meanwhile, Ottawa silica sand undergoes negligible straining followed by the 

sudden development of straining just before the sample reaches a state of cyclic 

liquefaction.  

 

(a) 

 

(b) 

 

Figure 2.28. Comparison of undrained cyclic behaviour of calcareous sand and silica sand in 

terms of excess pore water pressure generation for: (a) the dense condition; (b) the loose 

condition; (from Sandoval & Pando 2012). 
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(a) 

 

(b) 

 

Figure 2.29. Comparison of undrained cyclic behaviour of calcareous sand and silica sand in 

terms of axial strain development for: (a) the dense condition; (b) the loose condition; (from 

Sandoval & Pando 2012). 

 

 

2.11 Summary  

 

This chapter began by describing the mechanism of liquefaction and the factors affecting the 

susceptibility of a soil to liquefaction. A simplified procedure for evaluating the liquefaction 

potential of hard-grained sand (based on laboratory tests) was then described. Next, the 

undrained cyclic behaviour of undisturbed and reconstituted hard-grained sand and the post-

liquefaction behaviour of hard-grained sand were discussed. The key findings are outlined 

below:  

• As a consequence of the first cycle of loading, high EPWP is generated inside the 

specimen due to elimination of local instability at contact points of particles. 
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• Under the application of high EPWP, loose specimens reach a condition of 

instability and immediately start to deform, with the development of a double-

amplitude axial strain of 5%.  

• The undrained cyclic behaviour of undisturbed and reconstituted sand is 

significantly different, highlighting the important influence of soil fabric, structure 

and ageing.  

• Relative density, maximum strain applied during cyclic loading, and confining 

pressure all have significant effects on the post-liquefaction behaviour of hard-

grained sand. 

Finally, the responses of volcanic soils during past earthquakes and the results of laboratory 

tests performed on crushable soils (pure pumice sand and calcareous sand) were described. 

It appears that crushable sand behaves differently under the application of cyclic loading, 

and it is possible that the simplified procedure for evaluating liquefaction might not be 

applicable to crushable sands. 
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Chapter 3: Soil and Site Characteristics  

 

3.1 Introduction  

 

In this research, the undrained cyclic behaviour of natural soils containing pumice (i.e. 

mixtures of pumice particles with other hard-grained constituents and different percentages 

of fines, referred to herein as natural pumiceous soils) as a particular type of crushable 

volcanic soil were investigated. The materials making up these soils originated from a series 

of volcanic eruptions centred on the Taupo and Rotorua regions of the North Island of New 

Zealand. The pumiceous deposits were distributed over a large area of the North Island by 

eruption associated with air-borne transport and subsequently followed by fluvial erosion and 

subsequent deposition. To investigate the dynamic properties and undrained cyclic 

behaviour of natural pumiceous (NP) materials, undisturbed and disturbed natural 

pumiceous sands were obtained from four different sites in the Waikato Basin. For 

comparison purposes, commercially available pure pumice sand and Toyoura sand were 

used to perform comprehensive laboratory tests.  

 

This chapter briefly explains the geological history of the sites and the type of soils 

encountered, accompanied by the results of cone penetration tests (CPTs).  
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3.2 Landforms and Geological History of the Sites  

 

McCraw (2011) described the landforms and geological history of the Hamilton Basin; the 

following paragraphs provide a brief summary. A series of violent volcanic eruptions began 

almost 2 million years ago in the central North Island of New Zealand. As a consequence of 

rhyolite caldera volcanic eruptions from the Coromondel Volcanic Zone and Taupo Volcanic 

Zone (TVZ), clouds of red-hot volcanic debris, which included pumice particles, were lifted 

into the atmosphere and swept quickly over the land. Figure 3.1 shows a map of the North 

Island and the location of the TVZ. Thick layers of volcanic debris were deposited near the 

source of eruption. Here, the particles were sufficiently hot and thick to weld together to form 

rocks containing pumice particles, referred to as ignimbrite by New Zealand geologists in 

1935. At sites far from the source, the volcanic deposits were neither hot nor thick enough to 

form welded particles so were deposited as non-welded ignimbrites.  

 

One of the most powerful volcanic eruptions in history occurred at Taupo volcano (now 

occupied by Lake Taupo) about the year 230 AD (Shane et al. 1998). The air-borne waves 

of red-hot volcanic debris from this eruption reached beyond the Hamilton Basin and 

devastated the central North Island. Pumice-rich pyroclastic flows generated enormous dust 

clouds that caused a large area of the North Island to be covered by a coating of fine pumice 

particles. These layers of pumice particles are still visible as white coarse sand or fine gravel 

lying about 40 cm below the surface in peat bogs (McCraw 2011).  
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Figure 3.1. Details of site locations in the Taupo Volcanic Zone in the North Island. 

 

As a consequence of this eruption, Lake Taupo was emptied; it refilled within almost 20 

years. A thick layer of pumice together with other sediments blocked the outlet of the lake 

and parts of the valley of the Waikato River far from the source of eruption. Subsequently, 

the lake water rose some 34 m above its present level and then the temporary blockage 

overtopped and gave way. This generated a flood that poured down the river channel, 

washing away all the debris on the choked bed and eroding the river banks to become a 

gigantic mudflow.  

 

The flood water moved slowly from Lake Taupo towards Hamilton and beyond. When it 

reached Hamilton, the whole area underwent a few metres of mud flow (the debris of the 

eruption). Beyond Hamilton, at Ngaruawahia, the flood water overflowed the river valley and 

spread out across that area; and, after the constriction at Taupiri, the valley floor was 

covered from side to side with the flood of debris. Figure 3.1 shows the location of these 

areas. After the flood subsided (probably after several weeks or months), the pumice-rich 
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debris was left in the river valley. Soon afterwards, the river cut a new channel through the 

muddy, pumice-rich debris, leaving a layer of pumiceous deposits on the low terrace of the 

Waikato River (Figure 3.2).  

 

As a consequence of this eruption and the subsequent flood, embayments were filled and 

some new lakes were formed; for example, in the lower Waikato Valley the lakes of Waikare, 

Waahi and Whangape. The debris from the eruption formed an embankment along the river 

and the lakes formed between these and the walls of the valley, being filled by tributary 

streams.  

 

 

  

Figure 3.2. Process of pumice-rich deposition and erosion along the Waikato River after the 

enormous Taupo volcano eruption that was followed by a gigantic flood (from McCraw 

2011). 
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3.3 Site Characteristics    

 

The locations of the sites where the natural pumiceous soils were obtained, together with a 

summary of the soils encountered at each site and the CPT results, are presented below. 

 

3.3.1 NP1 & NP2 (Hamilton) 

 

Disturbed natural pumiceous soil at sites NP1 and NP2 were obtained as a bulk sample from 

a test pit, for the purpose of reconstituting specimens in cyclic triaxial tests. Figure 3.3 shows 

the locations of these sites close to Hamilton city centre. The materials were sourced at a 

depth of 1.5 m and 2.0 m, respectively, for sites NP1 and NP2. According to boring logs, the 

materials at 1.5 m for site NP1 were described as medium to coarse pumiceous sand with 

minor fines content. At 2.0 m for site NP2, the materials were described as fine pumiceous 

sand (silty sandy) with some percentage of cohesion-less fines. The CPT results for sites 

NP1 and NP2 are shown in Figures 3.4 and 3.5, respectively.  

 
Figure 3.3. Site locations close to Hamilton city centre and the Waikato River. 
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(a) 

 

(b) 

 

(c) 

 
Figure 3.4. Results of cone penetration tests at site NP1: (a) cone resistance; (b) sleeve 

friction; (c) pore water pressure (data provided by LTNZ). 

 

(a) 

 

(b) 

 

(c) 

 
Figure 3.5. Results of cone penetration tests at site NP2: (a) cone resistance; (b) sleeve 

friction; (c) pore water pressure (data provided by LTNZ). 
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3.3.2 NP3 (Rangiriri) 

 

Following consultation with local engineers from Opus Consultants in the Waikato region, a 

site near 37˚ 25’ 27’’ S, 175˚ 07’ 30’’ E, close to Rangiriri and the Waikato River, was chosen 

for undisturbed soil sampling. Figure 3.6 shows the location of this site. A large excavation 

(to almost 4 m below the ground surface) had already been carried out at this site due to 

ongoing construction work. According to the boring log, the materials at a depth of 4–4.6 m 

were described as light yellowish, medium-dense, fine silty sandy pumiceous soil with low 

plasticity. At a depth of 5–5.8 m, the materials were described as light yellowish, medium-

dense sandy pumiceous materials with a low percentage of cohesion-less fines. According 

to CPT data (Figure 3.7) obtained quite close to the sampling site location, the cone 

resistance of the materials was variable, between 2 and 15 MPa, at these depths.  

 

 
Figure 3.6. Site location for undisturbed soil sampling next to Rangiriri and the Waikato 

River. 
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(a) 

 

(b) 

 

(c) 

 
Figure 3.7. Results of Cone penetration tests at site NP3: (a) cone resistance; (b) sleeve 

friction; (c) pore water pressure (data provided by LTNZ). 

 

3.3.3 NP4 (Huntly) 

 

Figure 3.8 illustrates the location of site NP4, which is near 37˚ 35’ 30’’ S, 175˚ 12’ 08’’ E, 

close to the town of Huntly. At this site the gel-push sampling method was used to obtain 

undisturbed natural pumiceous soil. The materials were sourced at a depth of 3.9–6.8 m. 

The materials at this site are fluvial deposits that include pumice particles. According to the 

boring log, the materials at this depth were described as grey, very loose, fine to medium 

pumice sand with the SPT N-values of 0 and 6 at depths of 4 m and 6 m, respectively. The 

CPT data shown in Figure 3.9 reveal that the cone resistance of the material was variable 

(0.5 to 3 MPa) along the depth range. 
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Figure 3.8. Site location for undisturbed soil sampling near Huntly. 
 

 

 

(a) 

 

(b) 

 

(c) 

 
Figure 3.9. Results of cone penetration tests at site NP4: (a) cone resistance; (b) sleeve 

friction; (c) pore water pressure (data provided by LTNZ). 
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3.3.4 Commercially Available Pure Pumice Sand and Toyoura Sand   

 

To produce the commercially available pure pumice sand, the pumice particles in natural soil 

from the Waikato River close to Mercer were separated out from other hard-grained 

constituents by centrifuging. Over the past 20 years, much research has been performed on 

these materials at the University of Auckland (e.g. Orense et al. 2012; Pender et al. 2006). 

Toyoura sand is a well-known Japanese hard-grained, sub-angular material commonly used 

in Japan. The index properties of these materials are described in Chapter 4. These 

materials were chosen for comparison against natural pumiceous sands and subsequently, 

for investigation of the effect of particle shape and crushing on the cyclic behaviour of the 

materials.   

 

3.4 Undisturbed Soil Sampling  

 

Obtaining a high-quality undisturbed sample of cohesion-less material is very difficult and 

challenging. The best method for obtaining an undisturbed sample is to freeze the ground 

(Hofmann et al. 2000) using liquid nitrogen before carving out large-diameter samples using 

rotary coring. In this research, however, gel-push and small-block sampling was used to 

obtain undisturbed samples at sites NP3 and NP4. This section briefly explains these 

procedures.  
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3.4.1 Gel-Push Sampling (Site NP4) 

 

3.4.1.1 Sampling Procedure 

 

The new method of gel-push sampling is a lower-cost alternative to ground-freezing for 

obtaining high-quality undisturbed samples (Taylor & Cubrinovski 2012). The technique was 

developed in Japan and has been used in Christchurch to obtain undisturbed soil samples 

(Stringer et al. 2015; Taylor & Cubrinovski 2012). As the name suggests, the method 

involves the injection of a water-soluble polymeric lubricant (gel) from the sampler shoe to 

lubricate and reduce friction between the cut sample and the tube, both during sampling and 

during extrusion in the laboratory (Lee & Chen 2013; Taylor & Cubrinovski 2012). Similar to 

a regular piston sampler, the gel-push sampler is lowered to the target depth prior to pushing 

the tube hydraulically into the undisturbed soil. The operation of the sampler is illustrated 

schematically in Figure 3.10, and more-detailed discussion about gel-push sampling is 

provided by Stringer et al. (2015). Figure 3.11 shows photographs of the gel-push sampling 

procedure at the site south-east of Huntly.  

 

According to Lee and Chen (2013), the gel-push sampling technique is a capable tool for 

acquiring high-quality undisturbed samples of loose deposits of non-plastic silty sand under 

a high ground-water table. Consequently, it is expected that the soil samples obtained by 

this technique will have lower degrees of disturbance compared with materials obtained by 

the conventional push-tube technique. 
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Figure 3.10. Schematic illustration of the gel-push sampler at different stages of sampling: 

(a) pushing down the sampler; (b) hydraulic advancement of the sampling tube into the 

undisturbed soil; (c) closure of the core catcher; (d) removal to the surface; (from Lee & 

Chen 2013). 

 

(a) (b) (c) (d) 
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(a) 

 

(b) 

 

(c) 

 
(d) 

 

(e) 

 

(f) 

 
(g) 

 

(h) 

 

(i) 

 
Figure 3.11. Photographs of the gel-push sampling procedure: (a) set-up; (b) filling the 

sampler with gel; (c) pushing the PVC tube inside the sampler; (d) a cutting show begin 

attached to the sampler; (e) the sampler ready to be pushed into the ground; (f) removal of 

the sampler; (g) disassembly of the sampler; (h) lubricating polymer gel coating the soil 

sample; (i) extraction of the PVC tube. 
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3.4.1.2 Transportation and Sample Quality Check  

 

The undisturbed soil samples obtained from the site were transported to the laboratory in 

Auckland with as little vibration as possible by putting the samples between the front and 

back seats of a car, using a foam mattress to buffer them, and driving carefully (Figure 3.12). 

To check on possible disturbance during transportation, the following day the end of some of 

the samples was sliced off with a bandsaw. The fact that the sample cross-section filled the 

tube suggests that there was no serious disturbance during transportation.  

 

(a) 

 

(b) 

 

(c) 

 

Figure 3.12. Transportation of sample tubes from the site to the laboratory at the University 

of Auckland: (a) side view; (b) plan view; (c) one end of the sample sliced through to check 

that transportation had not caused disturbance.   

 

According to visual observation after extruding the soil samples, sample quality was variable 

along the depth range 3.8–6.8 m. At some depths the quality was sufficiently good (Figure 

3.13) for preparing specimens for cyclic triaxial testing; at other depths, however, the quality 
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was not good enough. Consequently, disturbed natural pumiceous soil was used to prepare 

reconstituted specimens for cyclic triaxial testing. Figure 3.14 shows the poor sample quality. 

The poor quality at some depths of the undisturbed soil samples might be attributed to the 

gel-push sampling method being used for the first time on pumiceous deposits, and also the 

gel-push sampler still being under development at the University of Canterbury at the time of 

sampling at site NP4.  

(a) 

 

(b) 

 
Figure 3.13. Good-quality soil samples along the depth 3.8–6.8 m. 

(a) 

 

(b) 

 

(c) 

 
Figure 3.14. Poor-quality soil samples along the depth of 3.8–6.8 m.  
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3.4.2 Small-Block Sampling Procedure (Site NP3) 

 

Small-block sampling was used to obtain undisturbed pumiceous soil samples at site NP3 

(close to Rangiriri). The small-block sampler was developed at the University of Auckland. 

The procedure is shown in Figure 3.15 and briefly described below.  

In this method, the first step is to excavate the ground to reach the target depth (Figure 3.15 

(a) and (b)), which at this site was 4.0–5.8 m. A 4.0 m excavation had already occurred due 

to an ongoing construction project. After reaching the target depth, a hydraulic jack was used 

to push a 200 mm diameter and 200 mm high sampling tube fitted with a low-angle cutting 

shoe into the ground (Figure 3.15(d)). The digger shown in Figure 3.15(c) provided the 

reaction required while the tube was pushed into the ground.  

After the tubes had been pushed completely into the ground, they were then dug out. Figure 

3.15(f) shows the procedure of digging out the tubes using a spade. Finally, both ends of the 

tube were levelled and sealed with a rubber disc between the soil and the caps to preserve 

the natural water content of the soil sample. Two wooden plates were then placed at each 

end of the tube and secured to each other with four bolts. The small blocks carefully driven 

to the University of Auckland laboratory in order to minimise vibration of the soil samples. 

Although the two sets of samples were taken may have been “disturbed” one way or the 

other, the degree of disturbance may be considered insignificant, as the samples maintained 

their soil structure and fabric; thus they are referred to as “undisturbed” in this thesis.  
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                    (a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f) 

 

(g)  

 
Figure 3.15. Small-block sampling procedure: (a) ground excavation prior to soil sampling; 

(b) ground excavation during soil sampling; (c) test set-up at the site; (d) close-up of sampler 

ready to be pushed into the ground; (e) sampler at the depth of 5.5 m to obtain undisturbed 

soil samples; (f) digging out the tubes; (g) a small-block sample after sealing with rubber 

discs and securing with two wooden plates tightened with four bolts. 

4m  1.8 m 

4m  

Sampling tube  

Hydraulic jack 
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3.5 Summary  

 

Disturbed and undisturbed natural pumiceous sands were obtained from four different sites 

located along the Waikato River for the purpose of laboratory testing. Disturbed natural 

pumiceous soil was obtained as bulk samples from a test pit at sites NP1 and NP2 close to 

Hamilton city centre. The small-block and gel-push sampling methods were used to obtain 

undisturbed soil samples at site NP3 (close to Rangiriri) and site NP4 (close to Huntly), 

respectively. A brief summary of the procedures for gel-push and small-block sampling is 

presented, along with the results of site investigation (CPT) at the four sites.  
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Chapter 4: Properties of Soils  

 

4.1 Introduction   

 

The results of preliminary laboratory tests performed on natural pumiceous materials, pure 

pumice sand and Toyoura sand are presented in this chapter. These tests provide 

information about the physical nature and physical state of the soils (Cubrinovski & Ishihara 

2002), for example particle size distribution, relative density, soil micro-structure. The 

physical nature and physical state of a soil have a significant effect on its cyclic behaviour 

and liquefaction resistance (Cubrinovski & Ishihara 2002; Tokimatsu et al. 1986). The 

information obtained can be used to explain details of the cyclic and post-liquefaction 

behaviour of the materials tested in this research.  

 

4.2 Particle Size Distributions  

 

The New Zealand standard method (NZS4402-1986) was followed to perform wet sieve 

tests on the soil samples. Because the amount of fines was insufficient for hydrometer tests, 

the laser diffraction method (ASTM C1070-01) was used for gradation of the fine particles 

(smaller than 0.063 mm). The disturbed materials were mixed thoroughly in a plastic bag 

and a splitter was used to obtain a suitable sample for the wet sieve tests. The original 

particle size distributions (PSDs) of the disturbed natural pumiceous soils are shown in 

Figure 4.1.  
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For the undisturbed natural pumiceous soils, prior to performing the wet sieve tests a splitter 

was used to obtain an accurate representation of the extra material produced from trimming 

each specimen for triaxial testing. Figures 4.2 and 4.3 show the PSDs of the undisturbed 

natural pumiceous soils from sites NP3 and NP4 at Rangiriri and Huntly, respectively. At site 

NP3, the soil properties changed over the depth range of 4.0–5.8 m. As shown in Figure 4.2, 

at a depth of 4.0–4.5 m, the materials have a high fines content of more than 35%. However, 

at a depth of 5.2–5.7 m the fines content was less than 10%. Figure 4.3 shows that the 

PSDs of the materials are slightly variable along the depth range 3.9–6.8 m at site NP4. The 

results of PSD tests on pure pumice sand, Mercer sand and Toyoura sand are shown in 

Figure 4.4. 

 

 

 Figure 4.1. Particle size distribution curves of NP1, NP2, NP3 and NP4 materials.   
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Figure 4.2. Particle size distribution curves of NP3 materials from Rangiriri. 

 

 

Figure 4.3. Particle size distribution curves of NP4 materials from Huntly.  
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Figure 4.4. Particle size distribution curves of commercially available pure pumice sand and 

Toyoura sand. 

 

 

4.3 Atterberg Limit Tests  

 

The procedure of the New Zealand standard method (NZS4402-1986) was followed in 

performing liquid limit (LL) and plastic limit (PL) tests to calculate the plasticity index (PI). All 

the natural pumiceous materials except the NP3 materials at the depth 4.0–4.5 m exhibited 

no cohesion that precluded performance of the PL tests. The LL, PL and PI values of the 

NP3 materials at the depth 4.0–4.5 m are 52, 40 and 12, respectively.  
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4.4. Specific Gravity 

 

As reported by Wesley (2001), due to the vesicular nature of pumice particles some 

difficulties arise in determining the solid density of pumice particles. It was suggested by 

Wesley (2001) that the surface voids of particles that are connected to the outside (general 

void space) should be disregarded and the effective volume of particles as shown in Figure 

4.5 (dotted line) should be considered for the determination of the void ratio. Figure 4.5 

shows the effective volume (dotted line), the surface voids and the internal voids of pumice 

particles. 

  

To obtain the solid density that represents the effective volume of particles, Wesley (2001) 

proposed following the New Zealand standard method to measure Gs directly, but without 

vacuum extraction. In this research, Wesley’s method is eschewed due to some uncertainty 

about the method and also the difficulty of establishing a consistent procedure to measure 

this value. Performing these specific gravity tests without using vacuum extraction produces 

inconsistent results even with hard-grained sands.  

 

In this research, the New Zealand standard (NZS4402 1986) for soil testing (Test 2.7.2 

Determination of solid density of soil particles) was followed (with vacuum extraction) to 

determine the specific gravity of the materials; the results are summarised in Table 4.1. 
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Figure 4.5. Schematic representation of pumice particles (from Wesley, 2001).   

 

 

Table 4.1. Index properties of the materials used.  

Sand type 
Specific 

gravity 

D50 

(mm) 
Cu 

Plasticity 

index 
emax emin 

NP1 

NP2 

NP3.1 (d = 4.0–4.5 m) 

NP3 (d = 5.2–5.9 m) 

NP4 

Toyoura 

Pure pumice 

Mercer sand 

2.53 

2.50 

2.50 

2.54 

2.48 

2.66 

2.09 

2.65 

0.60 

0.17 

0.11 

0.21 

0.24 

0.21 

1.10 

0.69 

3.98 

3.68 

6.84 

2.45 

5.34 

1.17 

2.18 

2.8 

NP 

NP 

11 

NP 

NP 

NP 

NP 

NP 

0.99 

1.33 

1.81 

1.74 

1.56 

0.89 

2.58 

0.83 

0.65 

0.82 

1.03 

1.04 

0.95 

0.61 

1.76 

0.56 

The coefficient of uniformity, Cu = D60 /D10  
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4.5 Maximum and Minimum Void Ratios  

 

Pumiceous materials are characterised by their distinctive texture, internal voids, and grain 

fragility. The grain fragility of pumiceous soil creates difficulties in performing maximum dry 

density (MDD) tests on these soils because of particle crushing occurring during the tests. 

To examine the applicability of different standard methods, New Zealand and Japanese 

standards were both used; the details of this investigation (test procedures, results and 

conclusion) are explained Chapter 5. The maximum and minimum void ratios determined 

according to the results of the Japanese standard test method (JGS 2000) are summarised 

in Table 4.1. As be explained in Chapter 5, the results obtained using the Japanese 

standard gave consistent MDD values for repeated tests due to negligible particle crushing. 

However, the results obtained using the New Zealand standard indicated that a significant 

amount of particle crushing had occurred and consequently it was not possible to obtain 

consistent results when the test was repeated.  

 

Maximum and minimum void ratios emax, emin from the study of Cubrinovski and Ishihara 

(2002) were considered in order to compare the values of natural pumiceous sands with 

those of hard-grained sands. Figure 4.6(a) shows the relationship between the minimum and 

maximum void ratios of over 300 natural sands; as indicated in the figure, the results for 

natural pumiceous soils fit the trend of natural sands as investigated by Cubrinovski and 

Ishihara (2002). However, the result for pure pumice sand is an outlier of the trend for 

natural sands. Figure 4.6(b) illustrates the correlation between the void ratio range (emax – 

emin) and emax; the NP soils and Toyoura sand fit the trend of over 300 natural sands very 

well, while the pure pumice sand does not. The different result for pure pumice sand might 

be due to the fact that the specific gravity of this sand is significantly lower than the other 

sands tested (Table 4.1), an indication of more internal voids in pure pumice particles than in 

the other sands tested.  
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Clean sands        0 ˂ Fc ≤ 10%                        Sands with fines   5 ˂ Fc ≤ 15%                   

sands with clay    15 ˂ Fc ≤ 30%                      Silty soils              30  ˂ Fc ≤ 70               

Natural pumiceous sands                                 Pure pumice               

Toyoura sand        

(a) 

 
(b) 

 
Figure 4.6. Comparison of void ratios of natural pumiceous sands with hard-grained sands: 

(a) emax vs emin ; (b) emax vs emax – emin ; (modified from Cubrinovski and Ishihara, 2002).  

 

   

 

 

 

 

30 gravels  
(non-standard procedures) 

12 coarse sands 
ASTM & non-standard procedures 

12 gravelly sands 
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4.6 Particle Shape Characterisation 

 

4.6.1 Scanning Electron Microscopic Images  

 

To characterise the particle shape of the materials tested, several series of scanning 

electron microscope (SEM) imaging were performed. Prior to the SEM tests, the samples 

were wet sieved and the materials retained at the different sieve sizes were dried and stored 

in separate plastic bags. A very small quantity of each size range was sprinkled on an 

adhesive patch attached to a small aluminium sample-holder stalk and disc. These were 

placed in a vacuum chamber and coated with a very thin layer of platinum by electrical 

sputtering. The samples were then mounted in the SEM chamber and the air inside the 

chamber was evacuated.   

Figures 4.7–4.10 show representative SEM micrographs of NP1, NP2, NP3 and NP4 

materials, respectively; Figures 4.11 and 4.12 shows SEM images of commercially available 

pure pumice sand and Toyoura sand, respectively. The micrographs reveal that the particles 

of the natural pumiceous soils and pure pumice sand have a unique appearance and are 

easily distinguished from particles of more familiar hard-grained sand particles (for example 

Toyoura sand). It is evident from the SEM images that the particles of natural pumiceous 

soils have very irregular surface texture with many surface voids.  
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Figure 4.7. Scanning electron microscope (SEM) image of NP1 material. 

 

 

Figure 4.8. Scanning electron microscope (SEM) image of NP2 material. 
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Pumice  

Pumice 

1.00 mm  

Pumice  
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Figure 4.9. Scanning electron microscope (SEM) image of NP3 material. 

 

 

Figure 4.10. Scanning electron microscope (SEM) image of NP4 material. 

 

1.00 mm  

Pumice  

Pumice 

1.00 mm 

Pumice  
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Figure 4.11. Scanning electron microscope (SEM) image of pure pumice sand. 

 

 

Figure 4.12. Scanning electron microscope (SEM) image of Toyoura sand. 
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4.6.2 Shape Description Coefficients 

 

The SEM micrographs of the different materials were analysed to quantify the shapes of the 

particles through the roundness coefficient Rc, aspect ratio Ar and angular coefficient Ac, 

which have been used by many researchers (e.g. Bowman et al. 2001; Kikkawa et al. 2013) 

in describing two-dimensional (2D) particle morphology. While the interaction between 

particles in the field and laboratory is essentially three-dimensional (3D), these 2D indices 

can characterise the shape of the particles very well. The indices are defined as follows:  

 
𝐶𝐶𝑐𝑐 =

𝐿𝐿2

4𝜋𝜋𝜋𝜋
 (4.1) 

 𝜋𝜋𝑟𝑟 =
𝑏𝑏
𝑎𝑎

 (4.2) 

 𝜋𝜋𝑐𝑐 = �𝐶𝐶𝑐𝑐 − 1+(𝐴𝐴𝑟𝑟)2

2(𝐴𝐴𝑟𝑟)
�   (4.3) 

In the above equations, L is the perimeter measured on a plan image of the particle at its 

most stable position, A is the cross-sectional area of the same image, and α and b are the 

widths of the particles along the minor (short) and major (long) axes, respectively. Figure 

4.13 depicts the short and long axes schematically. 

 

To characterise the grain shape of each soil sample, initially a number of particles were 

chosen randomly according to the original PSD curves of the materials. Figure 4.14 shows 

the number of soil particles analysed for each soil sample in the various size ranges. The 

number of particles in those ranges used for shape quantification was chosen in proportion 

to the percentage of material (by mass) retained at each sieve size.  
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Figure 4.13. Schema adopted for determining the major and minor axes of a particle (from 

Kikawa et al. 2013). 

 

 

 

Figure 4.14. Number of particles used for image processing.  
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Figure 4.15. Typical binarised cross-sectional images of pumice particles in different size 

ranges, for image processing.  

0.50 mm  0.50 mm 0.25 mm 

0.25 mm 0.25 mm 0.10 mm 

0.50 mm 0.50 mm 1.0 mm 

1.0 mm 1.0 mm 1.0 mm 
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The method of Kikawa et al. (2013) was used to analyse the SEM images. In the first step, 

the SEM images were binarised (Figure 4.15) for the purpose of segmentation. Once the 

boundaries of the particles were defined, the perimeter and area of a plan image of each 

particle were measured. After calculating the centre of gravity, the lengths of the long and 

short axes were measured (Figure 4.13). Using these four parameters, the shape description 

coefficients (roundness coefficient, aspect ratio and angular coefficient) were calculated for 

each soil sample; the average, maximum, minimum and standard deviation (SD) values are 

summarised in Table 4.2.  

 

In addition, the average values of the shape description coefficients of natural pumiceous 

materials were compared with those of different types of grain (based on the study of Kikawa 

et al. 2013); the results are depicted in Figure 4.16. These results indicate that the natural 

pumiceous soils are very angular with high angular coefficients. Moreover, they tend to be 

more elongated (high aspect ratio) compared with Toyoura sand. Though the results of 

image processing were obtained from a limited number of soil particles, it was confirmed that 

the particles chosen were an accurate representation of the whole soil sample based on 

visual observation of many SEM and stereomicroscopy images of the materials. 
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(a) 

 
(b) 

 
Figure 4.16. Comparison of shape description coefficients of NP materials with different 

types of grain: aspect ratio versus (a) roundness coefficient; and (b) angular coefficient; 

(modified from Kikkawa et al., 2013).  

 
   

 

NP materials  

 
 

 
 

NP materials  
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4.7 Mineralogy of the Materials Tested  

 

To understand the mineralogy of the natural pumiceous deposits (at different site locations) 

and to compare this with that of pure pumice sand and Toyoura sand, several series of 

environmental scanning electron microscope (ESEM) imaging accompanied by energy 

dispersive spectroscopy (EDS) analysis were performed on the materials tested in this 

research. 

 

Figures 4.17 and 4.18 illustrate typical ESEM images and EDS analysis of pure pumice sand 

and Toyoura sand, respectively. As indicated in the figures, the dominant elements in pure 

pumice sand are silicon, aluminium and oxygen; in Toyoura sands, however, the dominant 

elements are only silicon and oxygen. Another set of ESEM and EDS tests were performed 

on natural pumiceous materials (mixtures of some pumice particles with other hard-grained 

constituents) from Hamilton (NP1 and NP2), Rangiriri (NP3) and Huntly (NP4). Figure 4.19 

shows typical ESEM images and EDS analysis of hard-grained and pumice particles in some 

of these natural pumiceous deposits. As shown by the figure, the hard-grained particles have 

a similar mineralogy to Toyoura sand and the pumice particles have similar mineralogy to 

pure pumice sand. Further, it appears that the mineralogy of pumice particles in natural soils 

at different sites in the Waikato basin are quite similar.  
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Figure 4.17. Typical ESEM image and EDS analysis of pure pumice sand.   

 

 
Figure 4.18. Typical ESEM image and EDS analysis of Toyoura sand. 
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(a) 

 

(b)  

 

(c) 

 

(d) 

 
Figure 4.19. Typical ESEM image and EDS analysis for natural pumiceous deposits: (a) 

ESEM image of NP1 material; (b) ESEM image of NP2 material; (c) EDS analysis of hard-

grained particles in natural pumiceous deposits; (d) EDS analysis of pumice particles in 

natural pumiceous deposits.     
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4.8 Summary  

 

This chapter outlined the index properties, particle shape and mineralogy of the materials 

tested in this research. These properties were characterised through the following tests:  

 

• Particle size distribution curves, obtained by performing wet sieve and laser 

diffraction tests. The fines content (Fc) and coefficient of uniformity of materials 

differed with different site locations.   

• Atterberg limit tests. All natural pumiceous materials except NP3 material at the 

depth 4.0–4.5 m exhibited no plasticity. The NP3 material (d = 4.0–4.5 m) had a 

plasticity index of 12.  

• Specific gravity test. Values for pumiceous soil were considerably lower than for 

hard-grained sands, for example Toyoura sand. The lower specific gravity of 

pumiceous sand can be attributed to the fact that the pumice particles have a 

vesicular nature (the existence of internal voids in the pumice particles)  

• Maximum and minimum void ratio. Due to particle crushing of pumiceous sand, there 

was some difficulty in obtaining the minimum void ratio. The Japanese standard 

method exhibited no particle crushing during the maximum dry density tests; thus, 

this method was used to measure the maximum dry density of the materials.  

• Scanning electron microscopy (SEM). Particles of natural pumiceous soils have a 

very irregular surface texture with many surface voids. Furthermore, they tend to be 

more elongated than the particles of hard-grained sands. They also have high 

angular and roundness coefficients. 
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• Energy dispersive spectroscopy (EDS) analysis. The results showed the dominant 

elements of pumice particles in natural soils to be silicon, aluminium and oxygen, 

while for Toyoura sands the dominant elements were only silicon and oxygen.  
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Chapter 5: Quantification of Pumice Content   

 

5.1 Introduction 

 

It has long been accepted that the physical nature and physical state of soil have a 

significant effect on its strength (Cubrinovski & Ishihara 2002; Ishihara 1993; Tokimatsu et 

al. 1986). The physical nature of soil is determined by factors such as particle size 

distribution , fines content, particle shape and grain mineralogy, while its physical state is 

revealed by relative density Dr, effective confining pressure and soil fabric (Cubrinovski & 

Ishihara 2002). Therefore, to correctly estimate the stress–strain behaviour and liquefaction 

resistance of soil in engineering projects, it is necessary to use suitable test methods to 

accurately elucidate the physical nature and physical state of different soils. In form of 

cohesion-less soil, crushable volcanic soils can be found in various countries around the 

world, such as Japan, New Zealand, Italy and Chile. These volcanic soils are problematic 

from an engineering point of view and, as found by Wesley (2001), some of conventional test 

methods for determining their index properties are not suitable.  

 

The maximum dry density (MDD) of soil is an important parameter for understanding the 

physical state of the soil. There is a lack of information about an appropriate MDD test 

method for crushable volcanic soils. In addition, natural soils in the Waikato Basin have 

different percentage of pumice particles, mostly depends to the location of the sites. 

Currently there is no information available about how to estimate the pumice content 

(percentage of the mass of crushable pumice sand to the mass of the whole natural soil 
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sample) of natural soils which is an important factor for the understanding the cyclic 

behaviour of them. Hence it is a need to propose a method to estimate the pumice content of 

natural soils and also find the best method to determine the MDD of crushable volcanic soils. 

In this Chapter, based on the crushability of pumice sand a method is proposed to estimate 

the pumice content of natural soils. In addition two method were employed to measure MDD 

of the materials, one based on vibration and the other on tamping.  

 

5.2 Maximum Dry Density Tests  

 

To investigate a suitable method for measuring maximum dry density (MDD) of crushable 

soils, several series of MDD tests following the Japanese standard method (JGS 2000) and 

the New Zealand standard method (NZS4402 1986 Test 4.2.2), which is similar to ASTM 

standard (D4253 2000),  were conducted on NP sands, pure pumice sand, Mercer sand and 

Toyoura sand. 

 

5.2.1 Stage 1: Japanese Standard Method (JGS 2000) 

 

In the Japanese standard, densification is achieved by tapping the side of the mould with a 

small hammer with a face approximately 3 cm in diameter and a mass of 200 g. In this 

method, the soil is poured into a mould with diameter 60 mm and height 40 mm in 10 layers, 

and for each layer a hammer was used to tap the side of the mould 100 times while rotating 

the mould. To accommodate more soil for densification at the last two layers, a sleeve was 

attached to the top of the mould. At the end of compaction the sleeve was removed and the 

excess soil above the mould trimmed away to give a flat surface. The mass of the soil inside 

the mould was measured and the MDD calculated. Three tests were performed for each soil 

sample; the averaged results are presented in Table 2. The results indicate that by 
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employing this method it is possible to obtain consistent results with less than 0.01 (gr/cm3) 

variation between repeated tests (Figure 5.1, left hand column). To allow the results of MDD 

testing to be compared, the MDD values of the materials at the end of each test were 

normalised by the average initial MDD values of the materials obtained by the Japanese 

standard method. Figure 5.1 illustrates the normalized MDD values obtained with respect to 

the number of MDD tests during the first stage. The results of sieve analysis of the materials 

before and after this stage showed that the amount of particle crushing during the tests  

performed following the Japanese standard was negligible (the results of sieve test on pure 

pumice, as a representative example, are shown in Figure 5.2).  The lack of particle crushing 

with this test method indicates that the hammer tapping on the side of the mould is a gentle 

process even for pumiceous materials. 

 

5.2.2 Stage 2: New Zealand Standard Method (NZS 4402)  

 

In the NZ standard, a mould with diameter 105 mm and height 110 mm is fixed to a vibrating 

table. A sleeve is attached to the top of the mould to accommodate a surcharge weight 

producing a pressure of 14 kPa at the top of the dry soil. Subsequently, the dry soil is 

vibrated with 0.5 mm vertical double amplitude at a frequency of 50 Hz for 10 minutes, then 

the surcharge weight and sleeve are removed and extra soil above the top of the mould is 

trimmed away. The soil inside the mould weighed for the MDD calculation. At the end of 

each MDD test, the particle size distribution (PSD) was determined by sieving to check for 

possible particle crushing. 

The test being repeated a number of times to see whether a consistent value was obtained.  

The material from the previous step was reused with extra material being added as required 

to fill the mould to the correct level. At the end of each test, the materials inside the mould 

were thoroughly mixed and some material were removed for a PSD test. The middle plot in 
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Figure 5.1 shows the normalized MDD increasing for each test; it was not possible to obtain 

consistent results even after 8 tests. Figure 5.2 shows how the PSD of the pure pumice sand 

changed with each successive MDD test. As evident from Figures 5.1 and 5.2, even though 

the MDD tests were performed 8 times, particle crushing continued to occur and 

consequently it was not possible to obtain consistent results for the MDD. Moreover, the rate 

of particle crushing, as well as the rate of change in the MDD, decreased with each test. A 

contributing factor to the changing results may be the addition of fresh material to the sample 

after each test to compensate for the material removed for the PSD test. In contrast, the 

results of tests on Toyoura sand and Mercer sand indicate that the variation in MDD (Figure 

5.1) and particle crushing are negligible, as density values are the same for each test. 

 

Table 5.1. Maximum dry density of the materials tested   

Soil tested  

Max dry density (g/cm3)  

Average per 
Japanese standard 

method   

Average per New 
Zealand standard 
method with pre-

treatment   
NP1 

NP2 

NP3 

NP4 

Pure pumice 

Toyoura sand  

Mercer sand 

1.53 

1.38 

1.21 

1.22 

0.78 

1.63 

1.68 

1.97 

1.91 

1.72 

1.83 

1.58 

1.61 

1.69 

 

 



Chapter 5   Quantification of Pumice Content 

 

97 
 

 

Figure 5.1. Trends in normalised maximum dry density versus the number of MDD tests.  

 

 

Figure 5.2. Particle size distribution curves of pure pumice sand during the multi-stage MDD 

testing. 
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5.3 Quantification of Pumice Content  

 

The results of MDD testing proved that under the procedure outlined in the New Zealand 

standard test method, the crushing of Toyoura and Mercer sand is negligible while the 

compressibility of natural pumiceous soils differ from each other. The latter can be partly 

explained by the fact that the materials were obtained from different sites and consequently 

had different contents of crushable pumice. In Order to reach ultimate potential breakage of 

NP sands, a multilayer densification method with the application of 14 kPa surcharge and 

vibrating is proposed. Finally, based on the degree of particle crushing, the pumice contents 

of natural soils were estimated.   

 

5.3.1 Stage 3: Test Method Modification to Accelerate Particle Crushing   

 

During the second-stage MDD tests it was observed that the majority of particle crushing 

occurred within the upper quarter of the mould. The height to diameter ratio of the mould 

specified in NZS4402 is almost 1. It is possible that the irregular surface texture of pumice 

particles results in high friction between the particles and the side of the mould, such that the 

effect of the surcharge would not be transferred to the lower part of the mould; consequently, 

less particle crushing might occur there. Another possibility is that the particle crushing 

occurring in the top portion dissipated most of the compaction energy, resulting in a 

dampening effect. Therefore, in the third stage, each sample remaining at the end of the 

second stage was divided into four parts and placed in the mould layer by layer, with each 

being subjected to 10 minutes of vibration with the 14 kPa surcharge specified in the New 

Zealand standard. This is to ensure that crushing will occur in each of the four layers. 

Sieving showed that a substantial amount of additional particle crushing occurred during the 

third stage, such that the MDD values of all the materials containing pumice were larger than 
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the MDD measured after 8 steps of repeated densification in stage 2; the resulting PSD 

curves are plotted in Figure 5.2. 

 

5.3.2 Stage 4: Repeating the New Zealand Standard Method on Pre-Treated 

Samples 

  

In stage 4, the pumiceous materials remaining at the end of stage 3 were reused to perform 

the MDD test 3 times according to the procedure outlined in the New Zealand standard (that 

is, the mould was filled to the top each time). It was found that in this stage the amount of 

particle crushing was negligible (Figure 5.2) and it is possible to obtain consistent results for 

MDD when the tests were repeated. The fluctuations in normalised MDD during stage 4 are 

shown in Figure 5.1, while the averaged results of the MDD tests are presented in Table 5.1. 

Figure 5.3 shows the PSD of the original materials (before testing) and after stage 4 testing.  

 

 

Figure 5.3. Particle size distribution curves of the original materials (before testing) and 

following stage 4 testing. 
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5.3.3 Verifying the Modification to the New Zealand Method  

   

Fresh pumiceous materials (NP3 was used as a representative sample) were directly 

subjected to the 4-layer variation of the New Zealand procedure outlined above, in which the 

sample was divided into four portions and each layer placed in the mould under the 14 kPa 

surcharge and vibrated for 10 minutes, followed by the next layer. This process was carried 

out 3 times on the same sample; for each test, acceptably repeatable results (less than 0.01 

(g/cm3) fluctuation) were obtained. The average MDD of NP3 was 1.75 g/cm3. This shows 

that the multilayer modification to the New Zealand standard MDD test provides enough 

energy to achieve all the particle crushing that can be achieved under the 14 kPa surcharge.  

 

5.3.4 Proposed Method for Quantification of Pumice Content  

 

Hardin’s method (1985) was used to quantify particle crushing; in this method, the area 

enclosed by the PSD curves before and after the tests and the line corresponding to 0.063 

mm was used to calculate the total breakage Bt. The relative breakage (Br= Bt/ Bpo where 

the initial potential breakage Bpo is the enclosed area between the PSD curves before the 

tests and the line corresponding to 0.063mm) was used to allow the ultimate breakage of the 

materials within the range of force applied to be compared. Figure 5.4 shows the relative 

breakage of the martials at different stages, while Table 5.2 shows the breakage index of the 

materials tested at the end of stage 4; it can be seen that the degree of crushability of 

natural pumiceous deposits are different from each other. Note that the pumice particles in 

the natural soils and pure pumice sands used in this paper have the same origin, and the 

results of EDS analysis showed that the mineralogy of pure pumice particles was the same 

as pumice particles in NP deposits at the four sites along the Waikato River. 
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The relative breakages of the materials were used to estimate the pumice content of NP 

deposits. Taking into account the similarity of the pumice particles in the materials tested 

and the fact that the pumice content of pure pumice sand is almost 100% while that of  

Toyoura sand and Mercer sand is 0%, it is assumed that there is a linear relationship 

between the pumice content (by mass) and the relative breakage of the materials. 

Accordingly, the pumice content of NP deposits were estimated (Figure 5.5) and are 

presented in Table 5.2. 

 

Table 5.2. Breakage index at the end of stage 4 and estimated pumice 

content of the materials.   

Materials tested Bp0 Bt Br Estimated pumice 
content (%) 

 NP1 

NP2 

NP3 

NP4 

Pure pumice sand 

Toyoura sand  

Mercer sand 

0.981 

0.453 

0.50 

0.68 

1.32 

0.54 

1.01 

0.12 

0.08 

0.11 

0.19 

0.75 

0.005 

0.003 

0.12 

0.18 

0.22 

0.28 

0.57 

0.00 

0.00 

21 

32 

39 

49 

100 

0 

0 
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Fig. 5.4.  Relative breakage of pumiceous materials at different stages of MDD testing 

 

 

Fig. 5.5. Estimation of pumice content according to the relative breakage.   
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5.3.5 Verifying the Proposed Method to Quantify the Pumice Content  

 

Finally, to examine the applicability of this approach for estimating the pumice content of NP 

materials, pure pumice sand was mixed with Mercer sand with known ratio of 25%, 50% and 

70%. Then the mixed materials were subjected to four-layer densification method in order to 

reach their ultimate potential breakage within the range of force applied. The verification 

stage was also done to make sure they reached their ultimate potential breakage, then sieve 

tests were performed on the crushed mixed materials to calculate the relative breakage of 

them. The results indicated that indeed, there is almost a linear relation between pumice 

content and the relative breakage (Figure 5.6).  In addition, to quantify the pumice content 

based on the shape of the particles, a series of stereo-microscopy and scanning electron 

microscopy (SEM) tests was performed on the materials before MDD testing. To avoid the 

effect of dimension and mass of individual pumice particles the SEM images captured for 

different size ranges according to the original PSD curves of the materials and then the 

pumice contents for each size ranges were estimated by counting the number of ‘pumice-

looking’ particles and divided by the total number of particles within the image. Figure 5.7 

shows typical SEM images of pure pumice sand, NP2, NP3 and NP4 (for the size ranges of 

0.25 mm < d < 0.50 mm). According to visual identification of pumice based on the shapes of 

the particles, the pumice contents of pure pumice and NP2 are almost 100 percent and 30 

percent, respectively. For each size ranges a correction factor (CF) similar to percentage of 

the materials retained on each sieve was used (Table 5.3) and the total pumice content of 

material was calculated. Table 5.3 shows the pumice content of NP sands for different size 

ranges and the total pumice content as well. As shown in Figure 5.6, pumice content 

quantification based on the shape of particles supported the assumption that that there is a 

linear relation between pumice content and relative breakage.   
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Table 5.3. Pumice content of NP sands according to the shape of particles from SEM 
images 

 Sample 

 NP1 NP2 NP3 NP4 

PSD (µm) CF PC% CF*PC CF PC% CF*PC CF PC% CF*PC CF PC% CF*PC 

d>1000 0.20 23 4.7 0.01 40 0.45 0.01 45 0.5 0.03 60 1.7 

500<d<1000 0.39 17 9.12 0.02 32 0.85 0.02 50 1.1 0.19 58 11.2 

250<d<500 0.27 14 6.5 0.17 30 4.88 0.30 41 12.3 0.40 52 220.9 

180<d<250 0.08 22 2.08 0.30 26 10.0 0.43 46 19.8 0.15 49 7.4 

90<d<180 0.05 16 1.35 0.40 29 12.9 0.17 43 7.4 0.15 56 8.2 

63<d<90 0.01 20 0.28 0.09 35 3.14 0.06 38 2.5 0.08 60 4.9 

Total PC  17.8  29.0  43.5  54.2 

 

 

Fig. 5.6. Verification of linear relation between pumice content and relative breakage  
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(a) 

Total number of particles = 141 

Number of pumice particles = 139 

Pumice content ≈ 100% 

 

(b) 

Total number of particles = 103 

Number of pumice particles = 32 

Pumice content ≈ 30% 

 
(c) 

Total number of particles = 106 

Number of pumice particles = 44 

Pumice content ≈ 41% 

 

(d) 

Total number of particles = 104 

Number of pumice particles = 51 

Pumice content ≈ 50% 

 
Figure 5.7. Scanning electron microscope images of: (a) pure pumice sand; (b) NP2; (c) 

NP3; (d) NP4.   

 

2.0 mm 2.0 mm 

2.0 mm 2.0 mm 
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5.5 Effect of Particle Crushing on Particle Shape  

 

To investigate the effect of particle crushing on the shape of pumiceous materials in a 

qualitative manner, scanning electron microscopy (SEM) and stereo-microscopic imaging 

were performed on the materials before and after MDD testing (end of stage 4). Figure 5.8 

shows typical stereo-microscopic images of the pumiceous materials (NP4) before and after 

MDD testing. In addition, representative SEM images of crushed pumiceous materials (NP4 

and pure pumice sand) are shown in Figure 5.9. The micrographs provide a qualitative 

indication that the percentages of shards of crushed pumice increase in the samples as a 

result of particle crushing. Moreover, the surface texture of the samples tends to be more 

irregular and elongated, especially when the size of the particles decreases. These changes 

in the surface texture of the particles could lead to more interlocking and a higher angle of 

internal friction (Shin & Santamarina 2013). In addition, angle of repose tests (ASTM C1444-

00) were performed on the materials at the end of different stages of MDD testing, in order to 

obtain some indication of the shear strength of the materials. Figure 5.10 shows the test set-

up, and the results of these tests are given in Table 5.4. As evident from the table, 

performing the MDD tests according to the Japanese standard method (end of stage 1) did 

not cause any changes in the angle of repose of the pumiceous materials. However, as a 

result of the first two MDD tests carried out according to the New Zealand standard method, 

the angle of repose of the pumiceous soils changed significantly. In subsequent tests, the 

angle of repose remained constant.  
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Table 5.4. Result of angle of repose tests on pumiceous materials   

 Angle of repose (degree) 

 NP1 NP2 NP3 NP4 
Pure 

pumice 
sand 

Toyoura 
sand 

Before MDD testing 35 36 34 35 36 36 

End of stage 1 35 36 34 35 36 36 

St
ag

e 
2 

Test 1 

Test 2 

Test 3 

Test 4 

Test 5 

Test 6 

Test 7 

Test 8 

39 

40 

41 

41 

41 

41 

41 

41 

38 

40 

41 

41 

41 

41 

41 

41 

37 

40 

40 

40 

40 

40 

40 

40 

38 

40 

40 

40 

40 

40 

39 

40 

39 

41 

41 

41 

41 

42 

42 

42 

36 

36 

36 

36 

- 

- 

- 

- 

End of stage 4 41 41 40 40 42 36 

 

 

(a) 

 

(b) 

 
Figure 5.8. Microscopic images of natural pumiceous soil (NP4): (a) before MDD testing; (b) 

after MDD testing.  

 

1.0 mm 1.0 mm 
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(a) 

 

(b) 

 

Figure 5.9. Scanning electron microscopy images of crushed pumice sands: (a) pure pumice 

sand; (b) NP4.  

 

 

(a) 

 

(b) 

 

Figure 5.10. Angle of repose test set-up.  

 

 

1.0 mm 0.5 mm 
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5.6 Summary 

 

To accurately measure the maximum dry density of crushable volcanic soils and to 

investigate a possible method for estimating the pumice content of natural pumiceous soils, 

several series of MDD tests were performed on pumiceous and Toyoura sands according to 

New Zealand and Japanese standard methods and the results were compared. The major 

conclusions are as follows:  

 

• The Japanese standard method involved a gentle approach that gave an MDD value 

with no particle crushing. Thus, this can be regarded as providing a bound for the 

densification process for crushable materials.  

• The determination of the MDD of pumiceous sands according to the New Zealand 

standard method resulted in significant soil particle crushing; the method was not 

suitable for crushable pumiceous soils, apparently because the full surcharge 

pressure was experienced only by the top part of the sample. Thus, the MDD 

changed continually with repeated testing.  

• A modification of the New Zealand standard test method was found to produce 

consistent results; in this, the sample was divided into four parts and placed into the 

mould layer by layer with each layer subjected to vibration under the surcharge 

mass.  

• Clearly, the modified New Zealand standard method produced greater MDD values 

than the Japanese method; it is possible to consider that the two methods produce 

bounds for the MDD – the Japanese method giving a value with negligible particle 

crushing and the modified New Zealand procedure giving a value with the maximum 

amount of crushing possible under the 14 kPa surcharge.  
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• The ultimate potential breakages of the pumiceous soils within the range of the force 

applied are different for each material, possibly because of differing site locations; 

different modes of deposition may have caused the natural pumiceous materials to 

have different contents of crushable pumice. 

• The pumice contents of pure pumice sand and Toyoura sand were considered to be 

100% and 0% respectively.  

• The relationship between relative breakage and pumice content is found to be linear; 

thus, the pumice content of the natural deposits investigated was estimated 

according to the relative breakage of the materials tested (Figure 5.4).  

• The method of quantification of pumice content was validated by visually quantifying 

pumice-looking particles from SEM and stereomicroscopic images of the materials 

investigated. 
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Chapter 6: Experimental Programme  

 

6.1 Introduction 

  

As explained in Chapter 1, liquefaction as a consequence of earthquake is been one of the 

main causes of damages to infrastructure and financial loss worldwide. To mitigate its 

disastrous effects, it is necessary to first investigate soil properties, for example undrained 

cyclic behaviour and post-liquefaction monotonic behaviour, through laboratory and in-situ 

tests such as cyclic and post-cyclic triaxial tests, cone penetration tests (CPTs) and bender 

element tests. In this research, several series of laboratory tests were performed on natural 

pumiceous sand in order to clarify the undrained cyclic behaviour, post-liquefaction 

monotonic response and dynamic properties (i.e. initial shear modulus); this chapter 

describes the testing procedures used to achieve this goal. First, the testing concept and the 

apparatus used are described. The methods of sample preparation (undisturbed and 

reconstituted samples) for triaxial testing, data acquisition and instrumentation are then 

explained. Next, the methods used for data interpretation are discussed. Finally, the 

potential sources of error are discussed and the test information explained. 

 

6.2. Apparatus  

 

The triaxial apparatus at the Geomechanics Laboratory of the University of Auckland was 

used to perform the cyclic and post-cyclic triaxial tests and the bender element tests. The 
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triaxial apparatus consists of a loading machine, triaxial cell, pressure regulator and data 

acquisition equipment, which work independently during the tests. The pressure regulator 

and data acquisition components are common to all the triaxial apparatus regardless of the 

type of test being performed. However, the triaxial cells used are slightly different for each 

type of test. Due to design of the triaxial cell, it was possible to carry out the tests on 

specimens with a diameter of 50 mm, 63 mm, 75 mm and 100 mm. Figure 6.1 shows the 

components of the triaxial apparatus. 

 

 

Figure 6.1. Triaxial apparatus at the University of Auckland Geomechanics Laboratory. 

Loading machine 

Triaxial cell 

Pressure regulator Data acquisition 

Volume 
change device 

External 
load cell 

Internal 
load cell 

Hydraulic ram Pressure 
source 

Software controller 
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6.2.1 Loading Machine  

 

The MTS machine, a servo-hydraulic loading frame, is used to apply the load (cyclic and 

monotonic) during triaxial tests. The MTS machine allows for either stress- or strain-

controlled triaxial testing. It is capable of applying the target cyclic force to the specimens 

over a range of frequencies (0.001 to 9 Hz). Prior to this research, the external load cell was 

used to run the tests and the internal load cell (located on the loading ram inside the triaxial 

cell) was used only for measuring the force. When the cyclic test was performed, some 

problems were encountered due to eccentricity of the external and internal load cells, bush 

bearings and loading ram friction. (1) There was some uncertainty about the actual forces 

applied to the specimens. Figure 6.2 shows the difference between the target force and the 

actual force applied to the specimen; the value of loading applied to the specimen was less 

than expected. (2) Another problem related to the degradation of the stress applied to the 

specimen while the cyclic tests were progressing (Figure 6.3(a)): the rate of degradation was 

more significant under high excess pore water pressure.  

 

To overcome these problems, the apparatus was slightly modified such that the internal load 

cell was used to run and measure the data during loading. This modification enabled the 

application of a target force to the specimen, eliminating the uncertainty about the actual 

force applied. Figure 6.3 compares the stress–strain response curves of the materials before 

and after modification. As evident from the figure, after modification the problem of stress 

degradation as a result of the specimen approaching initial liquefaction was resolved. In this 

research, all the cyclic tests were subjected to a sinusoidal cyclic axial load at a frequency of 

0.1 Hz under undrained conditions. The loading rate for monotonic tests was set to 0.01 

millimetres per second. 
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Figure 6.2. Difference between the target and the actual forces applied to the specimen.  

 

 

 

(a) Before modification  

 

(b) After modification  

 

Figure 6.3. Stress–strain response curves of the specimens: (a) before modification; (b) after 

modification.  

 

Target force  

Actual force applied  

Target force Target force  
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6.2.2 Pressure Application  

 

The servo-controlled pressure regulator, designed by Pender (2005), was used to apply the 

cell and back pressures during triaxial testing. The detailed components of the pressure 

system are shown in Figure 6.4. The device has two solenoid valves and a built-in pressure 

transducer. The solenoid valves are connected to a dive cylinder as source of pressure and 

to an exhaust vent in order to control changes in applied pressure. The required cell and 

back pressures are manually set on the system; they are shown by a DC voltage signal that 

automatically compares with the voltage from the on-board pressure transducer. When the 

pressure is increased manually, one of the solenoid valves opens and more air is supplied 

from the pressure source. When the pressure is decreased manually, the other solenoid 

valve opens and extra pressure is vented to the atmosphere. The maximum capacity of the 

pressure regulator is 1000 kPa; however, a pressure multiplier is designed to allow higher 

cell pressures to be applied to specimens if required. The independent pressure regulator 

system allows both drained and undrained triaxial tests to be performed. 

(a) 

 

(b) 

 
Figure 6.4. (a) Components of pressure system hardware; and (b) electronic components of 

regulator system (from Pender 2005). 
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6.2.3 Measurement and Data Acquisition  

 

Five electronic transducers were used to measure the data during triaxial testing; these are 

described as follows.  

 

Axial load: an internal load cell, Imperial College submersible type (Head, 1980) was used 

to measure the axial force during cyclic and monotonic loading. Figure 6.5 shows cross-

sectional and plans view of the submersible load cell. The load cell was located inside the 

triaxial cell and was connected directly to the top cap. The maximum capacity of the load cell 

was 3 KN at a 3 N level of precision.  

 

Cell and back pressure: the cell and pore water pressures were measured via pressure 

transducers were installed at the base of the triaxial cell. Their maximum capacity was 2000 

kPa with an accuracy of ±1 kPa.  

 

 

Figure 6.5. Submersible internal load cell: (a) cross-section; (b) plan view (from Head 1980). 

(a) 

(b) 
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Volume change: the volume of water taken into (during saturation) and expelled from 

(during consolidation) the specimen was measured via a volume change device. This device 

was a rolling diaphragm type with piston indicator, which was designed at the University of 

Auckland. Figure 6.6 shows a schematic view of the volume change device. It consists of 

two chambers separated by a piston and Bellofram rolling seals. The linear movement of the 

piston, which was proportional to the change in volume of the water inside the two 

chambers, was electronically recorded by a linear variable displacement transducer (LVDT) 

with an accuracy of 0.01 ml. The advantages of this design are follows:  

• accurate volume change measurement can be achieved once the air bubbles in the 

water have been dissolved under back pressure; 

• by reversing the direction of the piston movement at the end of each stroke, the 

cylinder possesses a virtually infinite capacity. 

Axial displacement: for cyclic triaxial testing, the axial deformation was measured via an 

LVDT mounted outside the triaxial cell, with an accuracy of 0.01 mm. Thus for the cyclic 

triaxial tests, only the global displacement was recorded.  

 

Figure 6.6. Volume change device (from Head 1980). 
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6.2.4 Bender element   

 

The bender element test is a non-destructive dynamic method developed by Shirley and 

Hampton (1978). This test enables the measurement of the shear wave velocity, Vs, of soil in 

the laboratory. Bender element testing has long been used to measure the maximum shear 

modulus at low strain leves, despite some difficulties in signal interpretation. In this study, 

the top cap and base pedestal of the triaxial apparatus were modified in order to 

accommodate the bender elements. The technical specification of the reinforced 

piezoelectric sheets (produced by Piezo System Inc.) that were used is given in Table 6.1. 

The suggestions of Marjanovic and Germaine (2013) were used to design suitable bender 

elements for minimising the distortions that mask the accurate arrival time. The bender 

element geometry ratio (height/width) and wavelength ratio (rw = L/λ, in which L is the tip-to-

tip distance between the bender elements and λ is wavelength) are the two significant 

parameters that must be controlled during the test (Marjanovic & Germaine 2013); 

appropriate choice of the former leads to propagating true S-waves and the appropriate 

choice of the latter reduces the near-field effect in the soil sample. For this purpose, the 

reinforced piezoelectric sheet was cut to give a geometry ratio of 0.8, with height 20 mm and 

width 16 mm.  

 

Table 6.1. Specification of brass-reinforced piezoelectric sheet (from Piezo System Inc.) 
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Two different wiring methods (parallel and series) are availble for connecting the bender 

elements to the wave generator and oscilloscope. The difference between these methods is 

shown in Figure 6.7. In the series method, two wires are used to connect the piezoelectric 

sheet to the devices; in the parallel method, three wires are need for connection. In this 

research, the series method was used due to its simplicity. After soldering the wires to the 

bender elements, epoxy resin was used to coat the bender elements in order to waterproof 

them and prevent a short circuit in the system during testing. Finally, the bender elements 

were installed on the base pedestal and top cap. Figure 6.8 shows the schematic 

configuration of the bender element test set-up. The system used a FG110 synthesised 

function generator and a TDS 2024C digital oscilloscope for generating waves and recording 

the generator and receiver signals for data analysis, respectively. An amplifier was used to 

magnify the receiver wave signal for better data visualisation and measurement.  

 

 

 

 

Figure 6.7. Wiring methods for connecting bender elements to wave generator and 

oscilloscope.  

     

 

 

 

(a) Series method  (b) Parallel method 
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Figure 6.8. Schematic configuration of bender element test set-up (modified from Ibrahim et 

al. 2011).  

 

 

 

6.3 Sample Preparation for Triaxial Testing 

 

In this section, the specimen preparation procedures for undrained cyclic triaxial and bender 

element tests are briefly described. As two different techniques were used to obtain 

undisturbed natural pumiceous sand samples, the methods of sample trimming and 

preparation were slightly different and are explained below. The procedure for reconstituting 

specimens for triaxial testing is also described.  
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6.3.1 Undisturbed Specimen Preparation (Gel-Push Sampling)  

 

The gel-push samples were subjected to cyclic loading and post-liquefaction monotonic 

loading in the triaxial apparatus. Prior to performing these tests, the specimens were 

extracted by cutting a section from the PVC sample tube (71 mm internal diameter) using a 

band-saw, extruding the sample manually and trimming it using a sharp, straight edge to 

achieve the target size of 63 mm diameter and 126 mm height for cyclic triaxial testing. 

Figure 6.9 shows this sample preparation procedure. After trimming, a three-part split mould 

(Figure 6.10) was used to make both ends of the specimen flat in order to minimise bedding, 

seating and alignment errors (Pender et al. 2009). In cases where the material in the 

specimen could not be trimmed to a flat surface with a knife and straight edge, the specimen 

was trimmed slightly at the ends and a thin layer of quick-setting plaster was used to form 

flat, parallel ends. 

 

(a) 

 

(b) 

 

(c) 

 

Figure 6.9. Preparation of undisturbed gel-push samples for cyclic triaxial testing: (a) cutting 

the PVC sample tube using a band-saw; (b) trimming the specimen to the target size; (c) 

specimen at the end of trimming. 
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The prepared specimen was carefully positioned on the pedestal of the triaxial apparatus. 

The top cap was placed on top of the specimen and a thin layer of silicon grease was 

applied on the side of the top cap and pedestal in order to achieve perfect seals between the 

surface of the membrane and the top cap and pedestal. A rubber membrane was then 

placed around the specimen and secured to the top cap and pedestal with two O-rings. 

Finally, the triaxial cell was assembled with slide-in type tie rods and the chamber was filled 

with water. Figure 6.10 shows the procedure for setting up the gel-push specimen on the 

triaxial apparatus and the assembly of the triaxial cell.  

(a) 

 

(b) 

 

(c) 

 
(d) 

 

(e) 

 

(f) 

 
Figure 6.10. (a) Three-way split mould details; (b) an overview of the mould; (c) trimming the 

specimen ends inside the mould; (d) the specimen carefully positioned on the pedestal of the 

triaxial apparatus; (e) the rubber membrane around the specimen which was secured to the 

top cap and pedestal with two O-rings; (f) filling the triaxial cell with water.   
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6.3.2 Undisturbed Specimen Preparation (Small-Block Sampling) 

 

In the laboratory, a hydraulic jack was used to extrude the undisturbed soil samples from the 

small-block sampling tube, with a diameter of 200 mm and a height of 200 mm. The samples 

were cut into four pieces using a band-saw, and subsequently trimmed using a soil lathe to 

obtain samples with target sizes of:  

 

(a) 150 mm high and 75 mm diameter, for bender element testing; 

(b) 126 mm high and 63 mm diameter, for cyclic triaxial testing. 

The specimen preparation procedure is shown in Figure 6.11. 

 

(a) 

 

(b) 

 

(c) 

 

Figure 6.11. Block sample specimen preparation for triaxial tests: (a) extruding the soil 

samples using a hydraulic jack; (b) cutting the small-block samples into four by using a 

band-saw; (c) a piece of sample for trimming. 

   



Chapter 6   Experimental Programme 

 

124 
 

To minimise the effect of bedding, seating and alignment errors, as a final step a three-part 

split mould was used with a knife and straight edge to trim the ends of the specimen to a flat 

surface. In cases where the material in the specimen could not be trimmed to a flat surface 

in this way, a thin layer of quick-setting plaster was used to form perfect parallel and flat 

ends, as illustrated in Figure 6.12. The prepared specimen was placed on top of the pedestal 

of the triaxial apparatus and the same procedure adopted for the gel-push sample. The block 

sample specimen preparation procedure is shown in Figure 6.12. 

 

 

(a) 

 

(b) 

 

(c)  

 

Figure 6.12. (a) Trimming the block sample specimens to reach the target size; (b) final 

trimming step, using plaster to make parallel and flat ends; (c) specimen at the end of the 

trimming procedure.  
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6.3.3 Reconstituted Specimen Preparation  

 

As indicated by Ishihara (1996), there are several different techniques that are widely used 

for reconstituting soil samples in the laboratory, such as dry and water pluviation and moist 

tamping methods. Sseveral researchers (Ghionna & Porcino 2006; Mulilis et al. 1977; Vaid 

et al. 1999) have shown that different sample preparation techniques on the same soil 

samples caused the materials to show different undrained behaviour under the application of 

cyclic and monotonic loading. For example, as reported by Mulilis et al. (1977), specimens 

reconstituted using water pluviation showed noticeably lower liquefaction resistance 

compared with specimens prepared by moist tamping. Moreover, specimens prepared using 

either of these techniques exhibited higher cyclic resistance than materials prepared using 

air pluviation. As found by Vaid et al. (1999), reconstituting the specimens using water 

pluviation more closely replicates the fabric of sands in nature and will provide a 

homogenous and uniform specimen if the materials are clean sands. However, for silty 

sandy materials the water pluviation method is not applicable due to the particles becoming 

sorted into layers during specimen preparation.  

 

In this research, reconstituted specimens for triaxial testing were prepared by moist tamping; 

this method was chosen to produce uniform test specimens and avoid segregation due to 

the low solid density of the pumice particles compared with the hard-grained constituents, 

and to the existence of fine particles within the NP samples. The target size of the specimen 

was diameter of 63 mm and height of 126 mm. Prior to sample preparation, the soil materials 

were mixed with water to form moist samples with a water content of around 20% to 30% 

(due to the high angularity of pumiceous soil, it was possible to prepare reconstituted 

specimens with an initial water content as high as 30%). The specimens were prepared in a 
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sample split mould on top of the base of the triaxial apparatus, with the target initial density 

corresponding to loose and dense conditions, respectively. 

  

The details of the reconstituted sample preparation methods follow. First, a thin layer of 

silicon grease was applied to the top cap and pedestal of the triaxial apparatus to produce a 

perfect seal between the rubber membrane, pedestal and top cap and avoid leakage during 

the triaxial testing. A rubber membrane was then placed on the pedestal and sealed with two 

O-rings. This was followed by placing a spilt mould around the membrane and pedestal. The 

top of the membrane was folded down over the split mould and a small amount of suction 

was applied to the internal side of the split mould through a valve, to stretch the membrane 

so as to produce a perfect shape inside the split mould. Figure 6.13 shows these 

procedures.  

 

(a) 

 

(b) 

 

(c) 

 

Figure 6.13. Initial procedure for reconstituting specimens for triaxial testing: (a) apply a thin 

layer of silicon grease around the pedestal of the triaxial apparatus; (b) position the 

membrane around the pedestal and seal with two O-rings; (C) place the split mould on top of 

the pedestal of the triaxial apparatus. 
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The specimens were prepared in 5 layers inside the sample split mould. A pre-weighed 

quantity (based on the target relative density) was used for each layer and was compacted 

by gentle tamping using a tamper of 25 mm diameter until the required height at the top of 

each layer was achieved (by measuring down from the top of the mould). Once the target 

specimen height was reached, the top cap was placed on top of the soil specimen and the 

membrane rolled up over the top cap and sealed with two O-rings. A small amount of suction 

was applied via a burette to the specimen through the drainage valve at the bottom, and 

then the split mould was removed. Finally, the triaxial cell was assembled and filled with 

water. Figures 6.14 and 6.15 show the procedure for preparing reconstituted specimens 

preparation for triaxial testing.  

 

(a) 

 

(b) 

  

(c) 

 

Figure 6.14. Procedure for initial preparation of reconstituted specimens: (a) fill the split 

mould with the pre-weighed amount of soil in 5 layers to reach the target initial density; (b) 

place the top cap on top of the soil sample; (c) remove the split mould.  
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(a) 

 

(b) 

 

(c) 

 

Figure 6.15. Procedure for prepaation of reconstituted specimens: (a) specimen standing 

upright after removal of the mould;  (b) triaxial cell placed on top of the apparatus base; and 

(c) triaxial cell being filledwith water.   

 

 

6.4 Saturation and Consolidation  

 

Once the triaxial cell was assembled and filled with water, the specimen was fully saturated 

by gradually increasing the cell and back pressures over a period of 24 hours. A B-value 

(Skempton 1954) of more than 0.95 was reached when the specimen was subjected to a 

back pressure of 600 kPa. After ensuring that the specimen was fully saturated, the cell 

pressure was increased to isotropically consolidate the specimen under a specified effective 

confining pressure that depended on the purpose of the test. 
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6.5 Undrained Cyclic Testing 

 

To elucidate the cyclic undrained behaviour of the natural pumiceous soils and Toyoura 

sand, the consolidated specimens were subjected to cyclic axial loading with a frequency of 

0.1 Hz under undrained conditions. In each test, the specimen was subjected to a different 

level of cyclic stress ratio (CSR), calculated by dividing the deviator stress (q) by twice the 

effective confining pressure (σ’c) (Equation 6.1): 

 𝐶𝐶𝐶𝐶𝐶𝐶 =
𝑞𝑞

2𝜎𝜎𝑐𝑐
′ 6.1 

Note that the deviator stress (q) is defined as the difference between the axial and lateral 

effective stresses and can also be defined as the axial load (F) applied to the specimen 

divided by the area of the specimen after consolidation (A): 

 𝑞𝑞 = 𝜎𝜎′1 − 𝜎𝜎′
𝑐𝑐 =

𝐹𝐹
𝜋𝜋

 6.2 

where σ1´ is the effective axial stress and σ’c is the effective confining pressure. 

 

The mean effective stress P’ is defined as:   

 
𝑃𝑃′ =

𝜎𝜎′1 + 2𝜎𝜎′
𝑐𝑐

3
 6.3 

Cyclic loading was applied to the specimen until liquefaction took place. For comparison 

purposes, liquefaction was defined in two ways:  
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1) When the excess pore water pressure ratio (ru = EPWP/ σ’c, in which EPWP is the 

excess pore water pressure during cyclic loading) reached 0.95; at this stage the 

effective stress is almost zero (this phenomenon is usually defined as initial 

liquefaction). 

2) When the double amplitude axial strain of εDA= 5% was reached.  

The definitions of initial liquefaction, double-amplitude axial strain and EPWP ratio are 

schematically illustrated in Figure 6.16. The results of these tests are presented in the 

Chapter 7.  

 

(a) 

 

(b) 

 

Figure 6.16. Definition of initial liquefaction, double-amplitude axial strain and cyclic loading: 

(a) stress–strain relationship; (b) relationship between ru and εa with number of cycles.   
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6.6 Post-cyclic Testing 

 

To investigate the post-liquefaction behaviour of natural pumiceous soils and Toyoura sand, 

some of the liquefied specimens were subjected to undrained monotonic loading at a rate of 

0.01 mm per second without allowing the EPWP inside to dissipate. The procedure for the 

multi-stage triaxial tests is shown schematically in Figure 6.17. It is known that the post-

liquefaction deformation is strongly dependent on the loading history during the cyclic phase 

(Sitharam et al. 2009; Vaid & Thomas 1995). However, in stress-controlled cyclic triaxial 

testing it is difficult to stop all tests at exactly the same state (a limitation of the MTS 

apparatus). Thus, in order to produce almost the same initial condition for post-cyclic testing, 

attempts were made to stop the cyclic loading on the extensional side, Zone A at Figure 

6.18. At zone A the specimens were in the transient state of zero effective stress (zero 

secant shear modulus) and, within the application of shear stress, underwent some 

deformation with zero strength. Note that due to limitations of the stress-controlled cyclic 

triaxial test apparatus, attempting to stop the tests at zone A resulted in some specimens 

experiencing more deformation than 5% double-amplitude axial strain.  

 

To overcome the problem of different starting points for post-cyclic monotonic loading, the 

initial height (hi) of the specimen was considered in calculating the axial strain for data 

processing: zero (0%) axial strain corresponded to the initial height of specimen before cyclic 

loading, and negative axial strain corresponded to post-cyclic monotonic loading starting 

when specimens were in the extension condition. Figure 6.18 shows schematically the 

details of the initial conditions for post-cyclic monotonic loading with respect to the last cycle 

of loading. 
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Figure 6.17. Step-by-step procedure for multi-stage triaxial testing. 

 

 

 

Figure 6.18. Initial conditions for post-cyclic monotonic loading with respect to the last cycle 

of loading.  

  



Chapter 6   Experimental Programme 

 

133 
 

For the purpose of data analysis, the deviator stress and mean effective stress were defined 

as for the cyclic tests (Equations 6.2 and 6.3); however, for the deviator stress calculation 

the corrected area (Ae) was used (Equation 6.4) in order to take into account the effect of 

extensive deformation during monotonic loading on the deviator stress. 

 

 
𝜋𝜋𝑎𝑎 =

𝑉𝑉
ℎ𝑖𝑖(1 − 𝜀𝜀𝑎𝑎)

 6.4 

where V, εα, and hi are the initial volume, axial strain and initial height of the specimen, 

respectively.  

 

The slope of the effective stress path line (M) was used to calculate the angle of internal 

friction (Φ’ ) (Figure 6.19). The following equations were used to determine the angle of 

internal friction of the natural pumiceous soils and Toyoura sand following liquefaction.  

 

 𝑀𝑀 =
𝑞𝑞
𝑝𝑝′

 6.5 

 
𝑀𝑀 =  

6 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠′
3 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠′

 6.6 

 
𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠′ =  

3𝑀𝑀
6 + 𝑀𝑀

 6.7 
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Figure 6.19. Effective stress path and calculation of angle of internal friction. 

 

To characterise the behaviour of liquefied sand, the stress–strain curves of such sand were 

divided into three distinct regions (Sitharam et al. 2009; Thomas 1992; Vaid & Thomas 1995; 

Yazdi 2004). Figure 6.20 shows the definition of these three regions. Region 1 starts from 

the last part of the last cycle of loading (extension side) where the effective confining 

pressure (σ’c) is almost zero. Note that according to the original definition of Thomas (1992), 

the start of Region 1 corresponds to the start of post-cyclic loading; however, in this study, 

because of the difficulty in stopping the cyclic test at exactly the same position each time and 

also taking account of the strain history of each specimen during cyclic loading, Region 1 

starts at the last cycle of loading (extension side) where σ’c ≈ 0. In Region 1 the stiffness of 

the soil is almost zero and the specimens would undergo extensive deformation until they 

recover their stiffness; as soon as a specimen starts to recover its strength, Region 1 ends. 

Region 2 coincides with a parabolic curve indicating that the stiffness of the soil increases as 

a result of straining. The linear part of the stress–strain curve, where the shear modulus is 

almost constant, corresponds to Region 3. 
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Figure 6.20. Characterization of post-cyclic behaviour of liquefied sand (modified from 

Thomas 1992). 

 

To further investigate the post-liquefaction behaviour of natural pumiceous soils and Toyoura 

sand, the following parameters used by several researchers (Dash 2010; Lombardi et al. 

2014; Rouholamin et al. 2017) were used in this study to model the response of liquefied 

Toyoura and pumiceous sand; these parameters are defined as follows. 

• Shear modulus at Region 1, G1: the shear modulus of a liquefied specimen at 

Region 1 with almost zero shear strength is called G1 and can be measured from the 

shear stress–shear strain curve (Figure 6.21). 

• Recovery strain, ɣr: the strain where the strength of the liquefied specimen suddenly 

increases (i.e. strain required to mobilize 2 kPa of stress); this corresponds to 

the start of Region 2 in Figure 6.20. The definition of ɣr is also shown in Figure 6.21. 

• Shear modulus at recovery, G2: the shear modulus of the linear part of the shear 

stress–shear strain curve that corresponds to Region 3 (Figure 6.20) is called G2; as 
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shown in Figure 6.21, G2 can be measured directly from the shear stress– shear 

strain curve. 

To measure G1, G2 and ɣr the deviator stress–axial strain curves obtained from triaxial 

testing were used (Figure 6.21); by using the following equations the shear stress and shear 

strain were calculated. 

   𝜏𝜏 =
𝑞𝑞
2

 6.8 

where q and τ are deviator stress and shear stress, respectively.  

 ɣ = (1 + 𝜈𝜈)𝜀𝜀𝑎𝑎 6.9 

where ɣ and εα are shear strain and axial strain respectively; ν is Poisson’s ratio, which was 

taken to be ν = 0.5 for the undrained condition (Muir Wood 1990). 

 
Figure 6.21. Basic definitions relating to the post-liquefaction behaviour of materials. 
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6.7 Bender Element Testing 

 

To find the initial shear modulus of the natural pumiceous soils and Toyoura sands, the 

consolidated specimens were subjected to a bender element test, which is a non-destructive 

dynamic method. Figure 6.22 shows a typical bender element test result. This test enables 

the measurement of the shear wave velocity, Vs, of soil in the laboratory by using the 

following equation: 

 
𝑉𝑉𝑠𝑠 =

𝐿𝐿
𝑡𝑡
 6.10 

where L is tip-to-tip distance between bender elements and t is the travel time of wave 

propagation. Based on the theory of wave propagation in elastic media, the maximum shear 

modulus of soil Gmax is then measured using Equation 6.11 (Shirley & Hampton 1978). 

 𝐺𝐺𝑚𝑚𝑎𝑎𝑚𝑚 = 𝜌𝜌𝑉𝑉𝑠𝑠
2 6.11 

where ρ is the bulk density of soil. In bender element data analysis the peak-to-peak arrival 

time was chosen to determine t (see Figure 6.22), owing to the consistency, clarity and 

simplicity of this method as compared with other approaches. 

 
Figure. 6.22. Typical bender element test result. 

t = 688µs 
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6.8 Particle Crushing Investigation  

 

Crushability is the most important feature of pumice particles. To examine the occurrence of 

particle crushing during the tests, particle size distribution (wet sieve) tests were performed 

on the materials before and after the tests. Several methods for quantifying the degree of 

crushability of material have been proposed (Bolton et al. 2008; Hardin 1985; Miura & 

Yamanouchi 1975). In this study, Hardin’s (1985) method was used to quantify the particle 

crushing; in this method, the relative breakage, Br, which is independent of the particle size 

distribution (PSD) and has a lower limit of zero and a theoretical upper limit of unity, was 

used to allow the results of PSD testing to be compared. The relative breakage is defined as 

follows:   

 𝐵𝐵𝑟𝑟 =
𝐵𝐵𝑡𝑡

𝐵𝐵𝑝𝑝0
 6.12 

where Bp0 and Bt are initial potential breakage and total breakage, respectively.  

As shown in Figure 6.23, the area enclosed by the PSD curves before and after the tests 

and the line corresponding to 0.063 mm was used to calculate the total breakage Bt. The 

initial potential breakage (Bpo) is the enclosed area between the PSD curves before the tests 

and the line corresponding to 0.063 mm. Further details about the quantification of particle 

crushing are provided by Hardin (1985). 
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(a) 

 

(b) 

 

Figure 6.23. Definition of: (a) initial potential breakage; (b) final potential breakage and total 

breakage (from Hardin 1985).   

 

 

Bpo 

Bpf 

Bt 
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6.9 Void Ratio Determination  

 

Two different techniques for determining the void ratio of a specimen in triaxial tests are 

described below. These techniques are based on: 1) physical dimension and mass of 

specimen at the beginning of testing; 2) mass of specimen at the end of testing. 

 

1) Initial void ratio determination: this method is based on the physical dimension of the 

specimen at the beginning of triaxial testing (before assembling the cell). In this method, the 

initial void ratio e of a cylinder specimen can be determined before saturation using Equation 

6.13.  

 

 
𝑒𝑒 =  

𝜋𝜋𝑑𝑑2ℎ𝐺𝐺𝑠𝑠

4𝑀𝑀𝑠𝑠
− 1 6.13 

where d, h, and Ms are initial diameter, height and mass of the dry solids of the specimen, 

respectively, and Gs  is the specific gravity of the material. To accurately determine the initial 

void ratio of the specimen using this method, it is essential to measure the specimen 

dimensions carefully with as little error as possible. This method can be reliable for stiff 

materials, because densification of the materials (change in void ratio) during the assembly 

of the triaxial cell and the saturation procedure is minor. However, as revealed by Verdugo 

and Ishihara (1996), for loose materials there is some possibility of densification and change 

in the void ratio during the saturation phase and triaxial cell assembly and it is not possible to 

measure these changes using the conventional testing procedure.  
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2) Post-test void ratio determination: this method is based on the mass of the specimen 

at the end of triaxial testing. This method was successfully used by Andy (2012), Rees 

(2010) and Taylor (2015). In this method, the void ratio of a cylindrical specimen can be 

determined using Equation 6.14:  

 

 
𝑒𝑒 =

𝑀𝑀𝑤𝑤

𝑀𝑀𝑠𝑠
𝐺𝐺𝑠𝑠 = 𝜔𝜔𝑐𝑐 × 𝐺𝐺𝑠𝑠 6.14 

where Mw is the mass of water after consolidation and ωc is the water content of the 

specimen after consolidation. It was suggested by Vaid and Sivathayalan (1996) and 

Verdugo and Ishihara (1996) that this second method can more accurately determine the 

void ratio of the specimen (after consolidation) than the first method, mainly because 

dimension measurement is more prone to error than mass measurement. In addition, in the 

second method the change in void ratio during triaxial cell assembly and the saturation 

phase is also considered. The mass of solids MS can be readily obtained by the standard 

procedure of oven-drying after the test. To accurately measure the mass of water after 

consolidation, the following procedure was followed:  

 

• After the undrained testing was completed, the drainage valve was opened while the 

volume change was recorded. The purpose of this step was to remove the water 

from the specimen; the mass of water expelled from the specimen during this step 

was recorded as M1. 

• The cell and back pressures were then reduced gradually until cell and back 

pressures of 50 and 0 kPa, respectively, were applied to the specimen. The mass of 

water extracted from the specimen during this step was recorded as M2.  
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• Next, the drainage valve was closed, the cell pressure was released and the triaxial 

cell was disassembled. (Because the specimen was in a state of positive effective 

stress when the valve was closed, the specimen would remain upright after the cell 

fluid was drained because of the negative pore water pressure.) 

• Thereafter, the exterior of the specimen (membrane, top cap, pedestal and O-rings) 

was dried carefully with paper towel. 

• The specimen was then moved from the pedestal of the triaxial apparatus to a tray 

and the membrane was immediately removed from the sample. By means of a 

spatula, all the soil attached to both membranes and porous stones were carefully 

removed. The mass of specimen in the tray was weighed. The material was then 

oven-dried for 24 hours to measure the mass of water M3 and solids Ms.  

• The mass of water after consolidation Mw was determined by adding M1, M2 and M3 

together (Mw = M1+M2+M3).  

• Finally, Equation 6.14 was used to back-calculate the void ratio of the specimen after 

consolidation. 

In this research, the procedure outlined in the second method was followed to measure the 

void ratios of specimens after consolidation.  
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6.10 Potential Sources of Error  

 

As noted by several researchers (e.g. Verdugo 1992; Sladen and Handford 1987; Tatsuoka 

et al. 1986), there are a number of potential sources of error when performing triaxial tests 

on sandy materials. These potential sources of error are described below.  

 

• Seating, bedding and alignment error. In this research, a three-part split mould 

and the application of a thin layer of plaster to both ends of specimens was used to 

minimise the effects of these errors. 

• Membrane penetration. The potential error in void ratio arising from membrane 

penetration effects was deemed to be negligible due to the fact that the maximum 

mean diameter of the materials tested was 0.6 mm, which was considerably smaller 

(110 times smaller) than the diameter of the triaxial specimen.  

• Specimen barrelling. To reduce specimen barrelling and also promote uniform 

deformation, a thin layer of lubricant was placed on the top cap and pedestal of the 

triaxial apparatus. 

• Compressibility of the water. The effect of this potential source of error was 

reduced by using de-aired water and by maintaining high saturation criteria (B value 

> 0.95). 

• Rigidity of loading frame. The loading frame used in this study was very rigid 

(capable of performing compression tests on concrete), and consequently this effect 

is negligible.  

• Flexibility of pore-pressure system. The effect of this potential source of error was 

minimised by using high-stiffness tubes in the drainage line.  
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6.11. Test Programme  

 

The test programme for undrained cyclic triaxial testing of reconstituted and undisturbed 

natural pumiceous materials is presented in Tables 6.2 and 6.3, respectively. In addition, the 

programme for bender element testing of undisturbed natural pumiceous materials is 

presented in Table 6.4.  

 

Table 6.2. Details of cyclic tests performed on reconstituted specimens 

Test 
code 

Soil 
type 

σ’c 

(kPa) 

Dr* 

(%) 
CSR Post-cyclic 

loading Remarks 

TSOP1 NP1 98 83 0.24 YES (1) 

TSOP2 NP1 100 79 0.3 YES (1) 

TSOP3 NP1 99 78 0.35 NO (1) 

TSOP4 NP1 101 82 0.4 NO (1) 

TSOP5 NP1 102 30 0.2 YES (1) 

TSOP6 NP1 100 26 0.24 NO (1) 

TSOP7 NP1 101 30 0.22 NO (1) 

TSOP8 NP1 100 28 0.17 YES (1) 

TSOP9 NP1 99 55 0.30 YES (1) 

TSOP10 NP1 100 57 0.35 YES (1) 

TSOP11 NP1 101 81 0.35 YES (1) 

TSOP12 NP1 99 27 0.22 YES (1) 

TSOP13 NP1 101 81 0.35 NO (2) 

TSOP14 NP1 99 27 0.22 NO (2) 

TFOP1 NP2 100 30 0.24 YES (1) 

TFOP2 NP2 101 32 0.20 NO (1) 

TFOP3 NP2 99 33 0.17 YES (1) 

TFOP4 NP2 100 32 0.185 NO (1) 

TFOP5 NP2 101 81 0.29 YES (1) 

TFOP6 NP2 100 83 0.40 NO (1) 
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Table 6.2. Details of cyclic tests performed on reconstituted specimens 

Test 
code 

Soil 
type 

σ’c 

(kPa) 

Dr* 

(%) 
CSR Post-cyclic 

loading Remarks 

TFOP7 NP2 100 80 0.35 YES (1) 

TFOP8 NP2 98 81 0.32 NO (1) 

TFOP9 NP2 100 52 0.21 YES (1) 

TFOP10 NP2 101 52 0.24 NO (1) 

TFOP11 NP2 102 54 0.28 NO (1) 

TFOP12 NP2 101 30 0.2 YES (1) 

TFOP13 NP2 102 83 0.35 YES (1) 

TFOP14 NP2 101 32 0.18 NO (2) 

TFOP15 NP2 99 80 0.32 NO (2) 

TFOP16 NP2 100 53 0.24 NO (2) 

TRR2 NP3 100 51 0.25 NO (1) 

TRR3 NP3 100 52 0.21 YES (1) 

TRR4 NP3 99 51 0.24 YES (1) 

TRR5 NP3 98 50 0.22 NO (1) 

TRR6 NP3 100 28 0.22 NO (1) 

TRR7 NP3 101 27 0.20 NO (1) 

TRR8 NP3 100 30 0.18 YES (1) 

TRR9 NP3 99 80 0.36 NO (1) 

TRR10 NP3 100 78 0.3 NO (1) 

TRR11 NP3 101 81 0.25 YES (1) 

TRR12 NP3 102 79 0.3 NO (2) 

TRR13 NP3 100 52 0.21 NO (2) 

TRR14 NP3 100 53 0.21 YES (1) 

THG1 NP4 99 35 0.20 YES (1) 

THG2 NP4 99 32 0.18 YES (1) 

THG3 NP4 101 33 0.16 NO (1) 

THG4 NP4 100 81 0.25 YES (1) 

THG5 NP4 100 83 0.28 YES (1) 
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Table 6.2. Details of cyclic tests performed on reconstituted specimens 

Test 
code 

Soil 
type 

σ’c 

(kPa) 

Dr* 

(%) 
CSR Post-cyclic 

loading Remarks 

TRT11 Toyoura 101 54 0.13 YES (1) 

TRT12 Toyoura 102 52 0.16 YES (1) 

TRT13 Toyoura 100 51 0.11 YES (1) 

TRT14 Toyoura 99 60 0.15 YES (1) 

TRT18 Toyoura 100 88 0.29 YES (1) 

TRT19 Toyoura 102 92 0.26 YES (1) 

TRT20 Toyoura 100 89 0.2 YES (1) 

TRT22 Toyoura 99 90 0.24 YES (1) 
* After consolidation.  
(1) Cyclic tests stopped when liquefaction occurs.  
(2) Cyclic tests stopped at some point before liquefaction to investigate particle crushing. 

       

 

Table 6.3. Details of cyclic tests performed on undisturbed specimens 

Test 
code 

Soil 
type 

σ’c 

(kPa) 

Dr* 

(%) 
CSR Post-cyclic 

loading Remarks 

TUHG5 NP4 100 37 0.225 YES (1) 

TUHG6 NP4 100 32 0.21 YES (1) 

TUHG7 NP4 100 35 0.265 YES (1) 

TUHG10 NP4 98 32 0.24 NO (1) 

TUHG11 NP4 100 30 0.28 NO (1) 

TUHG15 NP4 250 55 0.22 YES (1) 

TUHG16 NP4 245 50 0.195 YES (1) 

TURR1 NP3.1 100 58 0.22 NO (1) 

TURR1.1 NP3.1 101 59 0.3 NO (1) 

TURR2 NP3.1 99 61 0.35 YES (1) 

TURR3 NP3.1 100 59 0.4 YES (1) 

TURR4 NP3.1 100 57 0.42 YES (1) 

TURR5 NP3.1 99 60 0.4 NO (1) 
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Table 6.3. Details of cyclic tests performed on undisturbed specimens 

Test 
code 

Soil 
type 

σ’c 

(kPa) 

Dr* 

(%) 
CSR Post-cyclic 

loading Remarks 

TURR6 NP3 101 49 0.2 YES (1) 

TURR6.1 NP3 101 51 0.3 YES (1) 

TURR7 NP3 100 53 0.35 YES (1) 

TURR8 NP3 100 49 0.38 YES (1) 

TURR9 NP3 100 50 0.4 YES (1) 

TURR10 NP3 101 48 0.35 NO (1) 

TURR11 NP3 100 52 0.38 NO (1) 

TURR15 NP3 99 53 0.35 NO (1) 

TURR16 NP3 251 60 0.30 YES (1) 

TURR17 NP3 248 65 0.25 NO (1) 
* After consolidation.  
(1) Cyclic tests stopped when liquefaction occurred.  

 

 

 

 

Table 6.4. Details of the bender element tests performed 

Test 
code 

Soil 
type 

σ’c 

(kPa) 

Initial Dr 

(%) 
Sample 

condition  Remarks 

TURR18 NP3 500 48 Undisturbed  (1) 

TURR19 NP3 300 45 Undisturbed (1) 

TURR20 NP3 400 50 Reconstituted (1) 

TURR21 NP3.1 300 55 Undisturbed (1) 

TURR22 Toyoura 400 50 Reconstituted (1) 
(1) Consolidation pressure increased gradually and bender element test performed at 
different levels of pressure. 
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6.12 Summary 

 

The details of the laboratory test programme for bender element, cyclic triaxial and post-

cyclic triaxial testing was outlined in this chapter. First, the equipment used to perform the 

tests was described. For instance, an MTS machine was used to perform cyclic triaxial tests; 

all specimens were subjected to a sinusoidal cyclic axial load at frequency of 0.1 Hz and the 

internal load cell was used to measure the data during the cyclic testing. To perform bender 

element testing, the triaxial apparatus was modified to accommodate the bender elements in 

the top cap and pedestal of the apparatus. In addition, the procedures for preparing 

undisturbed and reconstituted specimens for multi-stage triaxial testing were described. For 

undisturbed specimens, following trimming a three-part split mould was used to obtain a flat 

surface at both ends of the specimen, in order to minimise the effect of bedding, seating and 

alignment errors. The basic definitions and equations used for analysing the data from the 

cyclic triaxial, post-cyclic triaxial and bender element tests were also described. Finally, the 

steps taken in order to minimise potential sources of error were outlined and the details of 

the tests performed summarised.  
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Chapter 7: Undrained Cyclic Response of 

Reconstituted Soil Samples   

 

7.1 Introduction  

 

This chapter presents the results of undrained cyclic triaxial tests performed on reconstituted 

Toyoura and natural pumiceous (NP) sands; their index properties are described in Chapter 

4. In order to characterise, evaluate and compare axial strain development in and generation 

of excess pore water pressure (EPWP) by the specimens during cyclic loading, the density 

state parameter (i.e. relative density) was used; this is calculated as follows:  

 𝐷𝐷𝑟𝑟 =
𝑒𝑒𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑒𝑒

𝑒𝑒𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑒𝑒𝑚𝑚𝑖𝑖𝑚𝑚
× 100 (%) 7.1 

where emax and emin are the maximum and minimum void ratios of the soil, respectively, and 

e is the void ratio of the specimen at the end of consolidation, calculated as described in 

Section 6.10. The emax and emin values of the materials tested are given in Table 4.1. All the 

tests performed as described in this chapter were isotropically consolidated at an effective 

confining pressure of σ’c = 100 kPa. Furthermore, the effects of the cyclic stress ratio (CSR) 

and the pumice content of the natural soils on their undrained response were considered. To 

investigate the effect of particle crushing, the results for NP sands were compared with those 

of hard-grained sands, i.e. Toyoura sand. Finally, the liquefaction susceptibility of the 

materials was evaluated according to the number of cycles required to attain either 5% 
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double-amplitude axial strain (εDA = 5%) or 95% EPWP ratio (ru = 95%) for the specified 

cyclic stress ratio. 

 

 

7.2 Triaxial Test Results for Toyoura Sand 

 

7.2.1 Undrained Cyclic Response 

 

Cyclic undrained tests were performed on Toyoura sand for bench-marking purposes. 

Toyoura sand is a well-known Japanese hard-grained sand that is commonly used in 

laboratory tests (Ishihara 1993; Kokusho et al. 2014; Miura et al. 1994; Toki et al. 1986; 

Zhang et al. 2011). Consequently, the undrained cyclic behaviour of Toyoura sand is well 

established in the literature. As shown by several researchers, test set-up and sample 

preparation both have an effect on the undrained cyclic behaviour of the materials tested 

(Ishihara 1993; Mulilis et al. 1977; Vaid et al. 1999). By comparing the results of the cyclic 

tests performed on Toyoura sand for this research with those provided in the literature, we 

can verify the test procedure adopted for this research. Subsequently, we can confirm that 

the undrained cyclic behaviour of pumiceous sands depends on the material comprising the 

sands rather than on the test set-up. Finally, by comparing the results for Toyoura sand to 

those for natural pumiceous sand, the effect of particle characteristics and crushing on the 

undrained cyclic behaviour of pumiceous sandy materials may be investigated.  

 

Figures 7.1 and 7.2 show the undrained behaviour of Toyoura sand for medium-dense (Dr ≈ 

50%) and dense conditions (Dr ≈ 80%), respectively, under cyclic loading with the same σ’c 

of 100 kPa. The data depicted in these figures are the test results for those specimens that 
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liquefied after a similar number of cycles (i.e. N = 11–14). The undrained cyclic behaviour of 

Toyoura sand can be explained by reference to three different stages. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 7.1. Behaviour of medium-dense Toyoura sand (Dr ≈ 50%) at CSR = 0.20: (a) 

relationship of cyclic axial stress to axial strain; (b) development of mean effective stress and 

EPWP versus number of cycles; (c) effective stress path; (d) development of axial strain and 

EPWP versus number of cycles. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 7.2. Behaviour of dense Toyoura sand (Dr ≈ 80%) at CSR = 0.28: (a) relationship of 

cyclic axial stress to axial strain; (b) development of mean effective stress and EPWP versus 

number of cycles; (c) effective stress path; (d) development of axial strain and EPWP versus 

number of cycles. 
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In the initial stage, both the medium-dense and dense samples showed immediate increases 

in EPWP during the first cycle of loading (from A to B); the dense sample had a higher initial 

EPWP, although the pattern of the EPWP development curves was quite similar. As 

postulated by several researchers (e.g. Alarcon-Guzman et al. 1988; Georgiannou et al. 

2008; Nemat-Nasser & Takahashi 1984), such initially high development of EPWP can be 

attributed to the elimination of local instability at the contact points of particles and to particle 

rearrangement.  

 

During the second stage (from B to C), under subsequent cycles of loading, the rate of 

EPWP development decreased and EPWP accumulated at an almost constant rate. This is 

due to the occurrence of plastic volumetric contraction within the specimen as a 

consequence of cyclic loading. In undrained saturated conditions, the plastic volumetric 

strain is counterbalanced by the increase in EPWP. Consequently, the effective stress path 

moves from B to C. In terms of axial strain development, during the first two stages 

negligible deformation occurred on the Toyoura sand specimens regardless of their relative 

densities.   

 

During the third stage, when the cyclic effective stress path reached point (C) an immediate 

increase in excess pore water pressure occurred, associated with instability of the sample 

and the onset of extensive deformation; this condition is defined by Ishihara et al. (1975) as 

the instability condition. From point C onwards, the effective stress path moved to the left 

and reached a threshold condition: where a very large EPWP developed during the 

unloading phase which was followed by a decrease in the subsequent loading phase 

(compression or extension), causing the effective stress path to turn and move to the right of 

point D. These transition points at which the behaviour of the sample changes from 

contractive to dilative are called phase transformation points, and the line of best fit through 

these points is called the phase transformation line (PTL) (Ishihara et al. 1975).  
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In stage 3 (from point C onwards), the medium-dense and dense Toyoura sand show 

responded differently to cyclic loading:  

• When the medium-dense sample reached the instability condition, initial liquefaction 

(development of ru = 95%) was observed immediately (within one or two cycles of 

loading after point C). Moreover, the initial liquefaction (IL) accompanied the 

occurrence of extensive deformation in excess of εDA = 5%, defined here as 

liquefaction (L).  

• In contrast, the dense sample was more stable after point C; it was capable of being 

subjected to a few more cycles of loading before IL occurred. Moreover, following IL, 

the dense sample continued to be stable under cyclic loading with steady strain 

development until εDA = 5% was reached; this reflects the fact that the initial state was 

close to the critical state. This behaviour of dense samples is called cyclic mobility 

(Idriss & Boulanger 2008).  

 

The undrained cyclic behaviour of Toyoura sand described here is similar to that reported in 

the literature (e.g. Ishihara 1993; Toki et al. 1986). Figure 7.3 shows the results of cyclic 

tests performed by Sze et al. (2014) on loose (Dr ≈ 30%), medium dense (Dr ≈ 60%) and 

dense (Dr ≈ 80%) Toyoura sand with σ’c = 98 kPa. The figure shows that a similar response 

in terms of axial strain and EPWP development was observed by Sze et al. (2014), and the 

three stages described above are also applicable to their results. It was therefore confirmed 

that the experimental method and sample preparation adopted in this research were 

consistent with international standards and the results could be treated as very accurate.     
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Figure 7.3. Typical undrained cyclic behaviour of Toyoura sand: (a) Dr ≈ 30%; (b) Dr ≈ 60%; 

(c) Dr ≈ 80% (from Sze et al. 2014). 

 

 

7.2.2 Effect of Relative Density  

 

To render the results of the tests performed on Toyoura sand comparable and also to further 

investigate the undrained cyclic response of Toyoura sand, the maximum εDA and ru at the 

end of each cycle of loading were plotted against the normalised number of cycles; the 

number of cycles was normalised by dividing by the number of cycles at which εDA = 5% 

occurred, N/N(at εDA = 5%).  Figure 7.4 shows the results of the six cyclic tests performed on 

medium-dense (Dr ≈ 50%) and dense (Dr ≈ 80%) Toyoura sand with the same σ´c of 100 

kPa, under different levels of CSR. The range of CSRs applied to the medium-dense and 

dense samples was 0.11–0.16 and 0.20–0.29, respectively. Figure 7.4 reveals the following:  
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• Strain development during the early stages of cyclic loading is negligible. However, 

the rate of strain development increases dramatically as soon as the specimen 

reaches ru  ≈ 0.5–0.6.   

• Strain began to develop in medium-dense and dense specimens when N/N(at εDA = 

5%) was greater than 0.8 and 0.5, respectively. 

• This behaviour of Toyoura sand is consistent with that reported in the literature  for 

Toyoura sand (e.g. Ishihara 1993; Toki et al. 1986) and other hard-grained sands 

such as Ottawa, Christchurch, Wakasa and Aio (e.g. Idriss & Boulanger 2008; Taylor 

2014; Yoshimoto et al. 2014).  

 

Figure 7.4(b) shows that the patterns of the ru development curves for Toyoura sand are 

similar regardless of relative density. All the Toyoura sand specimens undergo an immediate 

increase (albeit at different rates) in EPWP as soon as they are subjected to cyclic loading. 

This is followed by a gradual increase in EPWP until ru ≈ 0.5–0.6 is reached, at which point 

an immediate increase in the EPWP ratio is observed. This pattern of EPWP ratio 

development during cyclic loading is consistent with observations made for other hard-

grained materials, such as Ottawa, Christchurch and Wakasa sand (e.g. Idriss & Boulanger 

2008; Taylor 2014; Yoshimoto et al.).  
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(a) 

 
(b) 

 
Figure 7.4. Comparison of the undrained cyclic response of medium-dense (Dr ≈ 50%) and 

dense (Dr ≈ 80%)  Toyoura sand under different cyclic stress ratios: (a) double-amplitude 

axial strain; (b) excess pore water pressure ratio, both plotted against normalised number of 

cycles. 
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7.2.3 Effect of Cyclic Stress Ratio  

 

To elucidate the effect of the cyclic stress ratio on the trends in EPWP and axial strain 

development of Toyoura sand, the raw data were further processed; the results are shown in 

Figure 7.5. A plot of maximum double-amplitude axial strain εDA and maximum EPWP ratio ru 

at the end of each cycle of loading is given in Figure 7.5(a) for the medium-dense (Dr ≈ 50%) 

condition and in Figure 7.5(b) for the dense condition (Dr ≈ 80%). The medium-dense 

Toyoura sand was subjected to three levels of CSR, 0.13, 0.15 and 0.17, and the dense 

specimens were subjected to CSRs of 0.20, 0.24 and 0.28. Figure 7.5 shows the following:  

 

• The number of cycles required to cause either initial liquefaction or liquefaction 

decreased with increasing CSR.  

• The shapes and patterns of the εDA and ru curves with respect to the number of 

cycles (log-scale) are similar for medium-dense and dense Toyoura sand, regardless 

of the level of CSR within each range investigated.  

• The Toyoura sand experienced negligible axial strain development as a result of the 

first cycle of loading, regardless of the level of CSR.  

• Higher initial ru was generated with increasing CSR (within the range of CSRs 

considered).   

• For medium-dense Toyoura sand, the εDA and ru curves merged at the point where ru 

reached 0.6, regardless of the CSR. This indicates that these specimens underwent 

immediate extensive deformation under the application of ru ≈ 0.6. 

• For dense Toyoura sand, the rate of axial strain development increased rapidly at the 

point where ru ≈ 0.6 was reached; however, the εDA and ru curves did not merge (ru = 1 

occurred at a smaller number of cycles compared with that for εDA = 5%).  
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(a) 

 

(b) 

 

Figure 7.5. Trends in double-amplitude axial strain and EPWP ratio versus number of cycles: 

(a) medium-dense Toyoura sand (Dr ≈ 50%); (b) dense Toyoura sand (Dr ≈ 80%).    
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7.3 Triaxial Test Results for Natural Pumiceous Sands  

 

Figures 7.6, 7.7 and 7.8 illustrate the undrained behaviour of natural pumiceous sands (NP2) 

in loose (Dr ≈ 30%), dense (Dr ≈ 80%) and medium-dense (Dr ≈ 50%) conditions, 

respectively, subjected to cyclic loading with the same σ’c  of 100 kPa. The data depicted in 

these figures are the test results for that specimens that liquefied after a similar number of 

cycles (N = 12–15). The CSRs were 0.22, 0.28 and 0.40 for Dr ≈ 30%, 50% and 80%, 

respectively.  

 

7.3.1 Loose condition 

 

Figure 7.6 shows plots of stress–strain, effective stress path, EPWP and axial strain 

development for loose NP2 sand with a relative density of Dr = 30%.  The specimen was 

subjected to a CSR of 0.22. The specimen reached the initial liquefaction (IL) and 

liquefaction (L) states after the same number of cycles, i.e. N = 13. Regarding axial strain 

and EPWP development for loose natural pumiceous sand, the following can be seen from 

Figure 7.6:   

• An immediate high EPWP (= 18 kPa) developed as a result of the first cycle of 

loading (A to B). 

•  This was followed by a gradual, almost linear increase until the occurrence of initial 

liquefaction (B to IL).  

• In terms of axial strain development, deformation of the specimen (εDA = 0.25%) 

initially occurred as a result of the first cycle of loading. 

• In subsequent cycles of loading, very gradual axial strain development occurred until 

the EPWP reached almost 70 kPa (F). 
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• From point F onwards, the specimen showed very strong dilative behaviour and the 

strain developed more quickly, such that after a small number of cycles εDA = 5% was 

reached.  

(a) 

 

(b) 

 
(c) 

 

(d) 

 

Figure 7.6. Behaviour of loose natural pumiceous sand NP2 (Dr ≈ 30%) at CSR = 0.22: (a) 

relationship of cyclic axial stress to axial strain; (b) development of mean effective stress and 

EPWP versus number of cycles; (c) effective stress path; (d) development of axial strain and 

EPWP versus number of cycles. 
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7.3.2 Dense condition 

 

Figure 7.7 shows plots of stress–strain, effective stress path, EPWP and axial strain 

development for dense NP2 sand with a relative density of Dr = 80%. The specimen was 

subjected to a CSR of 0.4. After about 7 cycles of loading, initial liquefaction occurred; 

however, the specimen reached the liquefaction (L) state after 15 cycles. Regarding axial 

strain and EPWP development for dense natural pumiceous sand, Figure 7.7 reveals the 

following (additional interpretation is given later):   

 

• It is apparent from the figure that as a consequence of the first cycle of loading, a 

huge increase in EPWP (≈ 50 kPa) occurred (from A to B).  

• In subsequent cycles of loading, the rate of change of EPWP gradually decreased, 

step by step (from B to F and then from F to IL), until the onset of initial liquefaction 

(IL). 

• From point F onwards, until the occurrence of liquefaction (point L), a very strong 

dilative behaviour is observed.  

• The figure also shows that as a consequence of the first cycle of loading, an 

immediate deformation of εDA = 0.9% occurred, followed by gradual, almost linear 

deformation until εDA = 5% is reached. 

• The undrained cyclic behaviour of dense pumiceous sand is found to be significantly 

different (in terms of EPWP and axial strain development) from that of loose 

pumiceous sand as shown in Figure 7.6. For instance, during the first cycle of loading 

the dense NP2 sand underwent more initial deformation and greater generation of 

EPWP compared with the loose sand; a detailed comparison is presented in Section 

7.3.4. 



Chapter 7                                     Undrained Cyclic Response of Reconstituted Soil Samples   

 

163 
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 7.7. Behaviour of dense natural pumiceous sand NP2 (Dr ≈ 80%) at a CSR of 0.40: 

(a) relationship of cyclic axial stress to axial strain; (b) development of mean effective stress 

and EPWP versus number of cycles; (c) effective stress path; (d) development of axial strain 

and EPWP versus number of cycles. 
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7.3.3 Medium-dense condition 

 

Figure 7.8 shows plots of stress–strain, effective stress path, EPWP and axial strain 

development for medium-dense NP2 sand with a relative density of Dr = 50%. The specimen 

was subjected to a CSR of 0.28. Initial liquefaction occurred after about 10 cycles of loading 

and the specimen reached the liquefaction (L) state after 12 cycles. Regarding axial strain 

and EPWP development for medium-dense natural pumiceous sand, Figure 7.8 reveals the 

following (further explanation is provided in later sections):   

 

• Similar to loose (Figure 7.6) and dense (Figure 7.7) NP2 specimens, an initial 

deformation (εDA = 0.45%) accompanied by an immediate increase in the EPWP (˃35 

kPa) as a consequence of the first cycle of loading (from A to B) occurred for the 

medium-dense specimen.   

• The level of deformation and EPWP generation as a consequence of the first cycle of 

loading was less than for the dense specimen but more pronounced than for the 

loose specimen.  

• The trends in axial strain and EPWP development until the occurrence of liquefaction 

are somewhere between those of the loose and dense specimens.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 7.8. Behaviour of medium-dense natural pumiceous sand NP2 (Dr ≈ 50%) at a CSR 

of 0.28: (a) relationship of cyclic axial stress to axial strain; (b) development of mean 

effective stress and EPWP versus number of cycles; (c) effective stress path; (d) 

development of axial strain and EPWP versus number of cycles. 
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7.3.4 Effect of Relative Density  

 

To render the results of all the tests performed on natural pumiceous sands comparable and 

also to further elucidate the cyclic response of these materials, the maximum double-

amplitude axial strain and maximum EPWP ratio at the end of each cycle of loading were 

plotted against the normalised number of cycles N/N(at εDA = 5%). Figure 7.9 compares the 

undrained cyclic behaviour observed in 11 tests performed on loose (Dr ≈ 30%) and dense 

(Dr ≈ 80%) natural pumiceous sands (NP1 and NP2) under different levels of CSR with the 

same σ’c  of 100 kPa. The range of CSRs applied to the loose and dense specimens was 

0.17–0.24 and 0.29–0.40, respectively. Figure 7.8 shows the following (additional 

interpretation is given later): 

• The dense pumiceous specimens undergo deformation from the start of cyclic 

loading, accompanied by high ru development. 

• In subsequent loading cycles, the axial strain in dense specimens gradually 

increases, almost linearly, until εDA = 5% is reached.  

• The rate of strain development for loose specimens was initially very slow, after a few 

cycles (the number of cycles varied depending on the level of CSR applied to the 

specimen), however, the rate of strain development increased rapidly. 

• There was an immediate increase in EPWP for the dense specimens, with ru 

reaching 0.8 during the first quarter of cyclic loading (when N/N(at εDA = 5%) was 

between about 0.17 and 0.30), followed by a gradual increase to 0.95 (initial 

liquefaction) in the second quarter of cyclic loading.  

• In contrast, the ru of the loose specimens increased immediately during the first cycle 

of loading, then gradually changed to an almost linear trend; initial liquefaction (ru = 

0.95) occurred just before εDA reached 5%.  
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(a) 

 
(b) 

 
Figure 7.9 Comparison of the undrained cyclic responses of loose (Dr ≈ 50%) and dense (Dr 

≈ 80%) natural pumiceous sand under different levels of CSR: (a) double-amplitude axial 

strain; (b) excess pore water pressure ratio, both plotted against normalised number of 

cycles. 
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7.3.5 Effect of Cyclic Stress Ratio  

 

To investigate the effect of CSR on the development of εDA and ru for natural pumiceous 

sands, the results of cyclic tests performed on loose, medium-dense and dense natural 

pumiceous sand are shown in Figures 7.10, 7.11 and 7.12, respectively. The maximum εDA 

and ru at the end of each cycle of loading are shown in Figure 7.10(a) and Figure 7.10(b) for 

loose NP1 and NP2 materials, respectively. As indicated in this figure, the loose materials 

were subjected to different CSRs; the corresponding results for the dense and medium-

dense materials are shown in Figures 7.11 and 7.12, respectively. The figures reveal the 

following:  

 

• The number of cycles required to cause either initial liquefaction or liquefaction 

decreased with increasing CSR.  

• Initial deformation as a consequence of the first cycle of loading was very much 

dependent on the level of CSR applied to the specimen, and was more pronounced 

for dense specimens; higher initial deformation occurred as a result of subjecting the 

specimens to a higher level of CSR.  

• Higher initial EPWP was generated as a result of applying a higher CSR to the 

specimens, regardless of relative density; this was more significant for the dense 

condition.  

• The curve shapes for εDA development versus number of cycles were similar for all 

the natural pumiceous materials, with all curves being concave upward regardless of 

relative density and CSR.  
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• The rate of axial strain development increased at the point at which ru reached 0.6, 

regardless of relative density; however, the rate of εDA development was much faster 

for loose specimens than for dense ones.  

• Unlike medium-dense Toyoura sand, the ru and εDA development curves did not 

merge at a high EPWP ratio (Figure 7.5), indicating that there is no instability 

condition for pumiceous sands even under the loose condition.    

• The CSR has a significant effect on the curve shape of ru versus number of cycles. 

For the loose condition the ru curves are concave upward (under low CSR), and the 

curves become almost linear with increasing CSR.  

• For the dense condition, the curves that are concave upward under low CSR 

become almost linear as CSR increases and finally become concave downward 

(under high CSR). This behaviour can be attributed to crushing of the pumice 

particles and to elastic deformation during cyclic loading. Further discussion of this is 

presented in Section 7.7.  

• It can be seen from Figure 7.12 that the ru trends changed significantly as CSR 

increased from 0.3 to 0.35, but increases in CSR from 0.35 to 0.4 did not cause a 

significant change in the ru trends.  
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(a) 

 
(b) 

 
Figure 7.10. Trends in double-amplitude axial strain and EPWP ratio versus number of 

cycles for the loose condition (Dr  = 30%): (a) NP1; (b) NP2.    
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(a) 

 
(b) 

 
Figure 7.11. Trends in double-amplitude axial strain and EPWP ratio versus number of 

cycles for the medium-dense condition (Dr  =  50%): (a) NP2; (b) NP3.    
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(a) 

 

(b) 

 
Figure 7.12. Trends in double-amplitude axial strain and EPWP ratio versus number of 

cycles for the dense condition (Dr  = 80%): (a) NP1; (b) NP2.    
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7.3.6 Effect of Pumice Content   

 

As described in Chapter 5, the pumice content of the natural pumiceous materials 

investigated was variable, mostly because the materials were obtained from different sites. 

In this section, the undrained cyclic responses of the natural pumiceous materials were 

compared with regard to their pumice content. For this purpose, they were subjected to 

cyclic loading under the same initial conditions (the same relative density, confining pressure 

and CSR).  

 

Over-lay plots of stress–strain, effective stress path, EPWP and axial strain development are 

shown in Figure 7.13 for NP2 and NP3 sands. The pumice content (PC) of NP2 and NP3 

was 30% and 40%, respectively. Both soils had almost the same non-plastic fines content of 

Fc = 10%. The mean particle diameter d50 was 0.17 and 0.19 for NP2 and NP3, respectively.  

They were tested at a CSR of 0.2 with the same relative density of Dr = 30% and confining 

pressure of σ’c = 100 kPa.  

 

As indicated by Figure 7.13, NP3 (with a higher pumice content) exhibited higher initial 

deformation and higher EPWP generation as a result of the first cycle of loading. Despite this 

different initial response, both specimens then showed similar responses during cyclic 

loading. The number of cycles required to induce either initial liquefaction or liquefaction was 

fairly similar; NP2 reached liquefaction in 15 cycles while NP3 reached liquefaction in 11 

cycles.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 7.13. Comparison of the cyclic responses of NP2 and NP3 specimens: (a) stress–

strain relationship; (b) effective stress path; (c) EPWP development; (d) axial strain 

development.  
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To further elucidate the effect of pumice content on the undrained response of natural 

pumiceous soils, the trend in ru and εDA for NP1, NP2 and NP3 at the end of each cycle of 

loading are shown in Figures 7.14, 7.15 and 7.16 for the loose, medium-dense and dense 

conditions, respectively. The initial conditions of the tests are indicated in the figures and the 

following can be seen:  

 

• The initial deformation and EPWP generation of the specimens was reliant on the 

pumice content of the specimens; as a consequence of the first cycle of loading, 

materials with a higher pumice content demonstrate slightly higher initial 

compressibility, inducing greater development of εDA and ru.  

• The shapes and patterns of the εDA and ru curves under the same initial conditions 

were similar regardless of pumice content. 

Further explanation of these observations is presented later.   

(a) 

 

(b) 

 

Figure 7.14. Comparison of the cyclic responses of loose (Dr ≈ 30%) natural pumiceous 

materials with different pumice contents: (a) CSR = 0.2; (b) CSR = 0.24.  
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Figure 7.15. Comparison of the cyclic responses of medium-dense (Dr ≈ 50%) natural 

pumiceous materials with different pumice contents. 

 

(a) 

 

(b) 

 

Figure 7.16. Comparison of the cyclic responses of dense (Dr ≈ 80%) natural pumiceous 

materials with different pumice contents: (a) CSR = 0.35; (b) CSR = 0.4.  
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7.4 Comparison of Natural Pumiceous and Toyoura Sands   

 

The trends in εDA and ru development for pumiceous sand and Toyoura sand are shown in 

Figures 7.17 and 7.18 for the dense (Dr ≈ 80%) and medium-dense (Dr ≈ 50%) conditions, 

respectively. Based on a limited number of tests, it appears that the undrained cyclic 

behaviour of pumiceous sand is significantly different to that of Toyoura sand. An attempt to 

explain these differences are provided below, and the possible reasons are discussed in 

Section 7.7. 

• The dense pumiceous materials underwent deformation from the start of cyclic 

loading, while negligible strain developed on the dense Toyoura sand during the 

early stages of cyclic loading. The Toyoura sand began to develop strain when ru = 

0.5-06 was reached (Toyoura sand exhibited higher stiffness and no deformation 

during the initial cycle of loading; however, within a lower mean effective stress (high 

ru), the overall weakness of Toyoura sand became apparent with sudden realisation 

of great strain).  

• Another remarkable feature of the dense pumiceous materials was that even under 

high ru (more than 0.8), the specimens were capable of being subjected to significant 

cyclic loading (more than three-quarters of the number of cycles required to cause 

liquefaction), demonstrating a gradual deformation under high ru until εDA = 5% was 

reached; the pattern and rate of axial strain development was unaffected by changes 

in ru. For Toyoura sand, however, as soon as ru reached about 0.5–0.6, the pattern 

and rate of deformation changed (strain started to develop faster) and εDA reached 

5% in just a few cycles.  

• For medium-dense Toyoura sand, the pattern and rate of ru development increased 

suddenly as soon as ru = 0.5–0.6 was reached, leading to instability of the samples 
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and the εDA increasing from almost 0% to 5% within 1 or 2 cycles of loading 

(instability condition).   

• The instability condition, which is accompanied by an immediate increase in ru and 

εDA, is not observed in pumiceous sand (even in a loose state; Figure 7.9). For 

medium-dense pumiceous sand,  the ru changed from 0 to 0.5 and the εDA increased 

from 0% to 0.5% during the first quarter of cyclic loading (when the normalised 

number of cycles was less than 0.25); in subsequent cycles, the εDA and ru increased 

gradually until ru = 1.0 and εDA = 5% were reached.  

• As a consequence of the first cycle of loading, higher EPWP is generated in 

pumiceous sand compared with Toyoura sand. 

• The three stages of ru and εDA development discussed in Section 7.2.1 for Toyoura 

sand are in general not applicable to pumiceous sand.  

• Unlike Toyoura sand, relative density has a much more significant effect on the 

shape of the ru and εDA development curves in pumiceous sand; as the relative 

density increases, the pattern and rates of ru and εDA development change. 

• A more contractive behaviour is observed in pumiceous sand compared with Toyoura 

sands during the first quarter of the cyclic loading required for liquefaction (when 

N/N(at εDA = 5%) is less than about 0.3). However, under high ru, a very strong 

dilative behaviour is observed in pumiceous sand compared with Toyoura sand. 

   

The remarkable behaviour of the pumiceous materials can be attributed to particle crushing 

of the pumiceous components during cyclic loading and the subsequent effect on specimen 

stabilisation. Further discussion of this is presented in Section 7.7.  
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(a) 

 

(b) 

 

Figure 7.17. Comparison of the undrained cyclic behaviour of dense (Dr ≈ 80%) pumiceous 

materials and dense Toyoura sand at different CSRs: (a) double-amplitude axial strain; (b) 

excess pore water pressure ratio.   
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(a) 

 

(b) 

 

Figure 7.18. Comparison of the undrained cyclic behaviour of medium-dense (Dr ≈ 50%) 

pumiceous materials and Toyoura sand at different CSRs: (a) double-amplitude axial strain; 

(b) excess pore water pressure ratio.   
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7.5 Liquefaction Resistance of Natural Pumiceous and Toyoura 

Sands  

 

The liquefaction resistance curves for the materials tested are shown in Figure 7.19, relating 

the number of cycles required to attain εDA = 5% for a specified CSR. For each plot the 

properties of the samples are listed (soil type, pumice content, fines content, post-

consolidation relative density and effective confining pressure). As can be seen in the figure, 

the resistance of natural pumiceous soils to liquefaction increases with increasing relative 

density. For loose specimens, the number of cycles required to reach εDA = 5% is reduced 

with small increases in the CSR, giving curves with gentle slopes. For dense specimens, 

however, variation in the CSR did not have a significant effect on the number of cycles 

required to induce liquefaction, resulting in steeper curves. These behaviours are consistent 

with observations made for hard-grained sands, for example Toyoura sand. 

 

For the purposes of comparison, the liquefaction resistance curves of some materials are 

combined in Figure 7.20, shown as the number of cycles required to attain either εDA = 5% or 

ru = 95% for a specified CSR. It is noteworthy that natural pumiceous deposits are more 

resistant to liquefaction compared with Toyoura sand. For instance, with almost the same 

relative density (Dr ≈ 50%), to achieve liquefaction (εDA = 5%) nearly 1.7 times higher CSR 

needs to be applied to NP3 specimens than to Toyoura sand. It is possible to say that in 

general the liquefaction resistance of loose and dense natural pumiceous deposits is about 

1.4 and 1.8 times, respectively, higher than that of Toyoura sand.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 7.19. Liquefaction resistance curves for the materials tested, based on 5% double-

amplitude axial strain: (a) NP1; (b) NP2; (c) NP3; (d) Toyoura sand. 
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(a) 

 

(b) 

 
Figure 7.20. Liquefaction resistance curves for the materials tested, based on: (a) 5% 

double-amplitude axial strain; (b) 95% excess pore water pressure ratio. 

 

εDA =5% 

ru =95% 
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A comparison of Figures 7.20(a) and (b) reveals that for dense pumiceous sand, there is a 

significant difference between the number of cycles required to cause the onset of initial 

liquefaction (ru = 95%) and large deformation (εDA=5%); for dense Toyoura sand, however, 

this difference is less significant. As mentioned previously, the difference can be explained 

by the fact that dense pumiceous materials under high EPWP are capable of being 

subjected to significant cyclic loading without substantial deformation; further explanation will 

be presented later.  

 

In this study, liquefaction resistance is defined in terms of the magnitude of the cyclic stress 

ratio corresponding to 15 cycles (CRR15) to produce εDA = 5% (shown by arrows in Figure 

7.19). All the plots in Figure 7.19 have the same vertical scale. The figure shows that the 

NP1, NP2 and NP3 sands had the same liquefaction resistance under loose conditions but 

different liquefaction resistance under dense conditions; thus, the liquefaction resistance of 

loose and dense natural pumiceous sand varies. For instance, the liquefaction resistance of 

dense NP1 and NP3 sands is about 2.1 and 1.6 times higher than that of loose NP1 and 

NP3 sand, respectively. These differences might be attributed to the pumice content of the 

materials: as the pumice content increased, the difference in the liquefaction resistance of 

loose and dense pumiceous sand decreased. For further scrutiny, the relationship between 

liquefaction resistance and relative density are shown in Figure 7.21 for natural pumiceous 

soils and pure pumice (after Orense et al. 2012). Furthermore, for purposes of comparison, 

the corresponding relationships are shown in Figure 7.22 for Toyoura sand, Christchurch 

sand (after Taylor 2015 and Rees 2012) and Ottawa sand (after Carraro et al. 2003) with 

differing fines contents. All the tests were conducted at the effective confining pressure of 

100 kPa. The following can be seen from the figures (further explanation is presented in the 

next sections):  
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Figure 7.21. Relationship between relative density and liquefaction resistance for pumiceous 

sands. 

 

(a) 

 

(b) 

 
Figure 7.22. Relationship between relative density and liquefaction resistance for: (a) 

Christchurch sand; (b) Ottawa sand. 
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• For any given soil, there is an almost linear trend in the relationship between relative 

density and liquefaction resistance: as the former increases, so does the latter.  

• The fines content has an effect on the liquefaction resistance of Christchurch and 

Ottawa sands: their liquefaction resistance decreases with increasing fines content.  

• The slope of the CRR15–Dr curves was almost parallel for Christchurch sand and 

Ottawa sand, regardless of fines content and grain size distribution.  

• Natural pumiceous sand and pure pumice sand in a loose condition have almost the 

same liquefaction resistance; however, in a dense state their liquefaction resistance 

is significantly different as shown by the different slopes of the CRR15–Dr curves. 

Note that as the pumice content of the materials decreases, the effect of relative 

density on the liquefaction resistance becomes more pronounced (the slope of the 

CRR15–Dr curves decreases with increasing pumice content). 

 

7.6 Particle Crushing Investigation 

 

The results of particle size distribution (PSD) tests proved that particle crushing was 

occurring during triaxial testing. A typical set of PSD test results before and after the cyclic 

undrained triaxial tests, with specimens subjected to quite similar CSRs, is shown in Figure 

7.23. As can be seen, all natural pumiceous sand underwent particle crushing but with 

differing degrees of crushing; this will be discussed later. 

 

Hardin’s method (1985) was used to quantify the particle crushing; Figure 7.24 shows the 

relationship between relative density and relative breakage of the natural pumiceous 

materials, and the following can be seen:  



Chapter 7                                     Undrained Cyclic Response of Reconstituted Soil Samples   

 

187 
 

 

• Relative density plays an important role in the degree of crushing. With greater 

relative density, the relative breakage of the natural pumiceous materials increased 

under similar cyclic loading. The relative breakage of dense natural pumiceous sand 

is almost twice that of loose natural pumiceous sand.  

• Pumice content also has a significant effect on relative breakage. As the pumice 

content increases, so does the relative breakage; as a result, the natural pumiceous 

sands underwent different levels of crushing under the same initial conditions (the 

same Dr, σ’c and CSR). For instance, the relative breakage of dense NP2 sand with a 

pumice content of 30% was twice that of dense NP1 sand with a pumice content of 

20%.   

 

 

 
Figure 7.23. Typical particle size distribution curves of natural pumiceous sands before and 

after undrained cyclic triaxial testing. 

 



Chapter 7                                     Undrained Cyclic Response of Reconstituted Soil Samples   

 

188 
 

 

 
Figure 7.24. Relationship between the relative breakage after cyclic triaxial testing and the 

relative density of the materials after consolidation. 

 

To investigate the amount of particle crushing at different stages of triaxial testing, some 

tests under the same initial conditions (the same Dr, σ’c and CSR) were terminated at 

various stages: (1) at the end of consolidation; (2) after almost half the number of cycles 

required to cause liquefaction; and (3) after liquefaction occurred, εDA = 5%. A typical set of 

PSD test results before testing, after consolidation, after 10 cycles of loading and after 22 

cycles of loading (εDA = 5%) is shown in Figure 7.25, from which it is evident that the amount 

of particle crushing at the end of consolidation was negligible (under the application of σ’c = 

100 kPa). This finding is consistent with the observation of Pender et al. (2006) for pure 

pumice sand; they showed that under the application of normal stress (within the range 

investigated), particle crushing was negligible. Figure 7.25 also shows that during the first 10 

cycles of loading, more particle crushing occurred compared with the next 12 cycles. Figure 

7.26 compares the relative breakage of natural pumiceous sands at the end of almost half of 

the cycles required to cause liquefaction and at the end of cyclic loading, and shows that the 
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majority of particle crushing occurred during the first half of the cyclic loading required to 

cause liquefaction. 

 

 
Figure 7.25. Typical set of particle size distribution tests on pumiceous sand (NP2) at 

different stages of triaxial testing. 

 

 
Figure 7.26. Relative breakage of the materials at the end of almost half the cycles required 

to cause liquefaction and at the end of cyclic testing. 
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In addition, to investigate the effect of CSR on the degree of material crushing, the relative 

breakage of the loose (Dr ≈ 30%), medium-dense (Dr ≈ 50%) and dense (Dr ≈ 80%) natural 

pumiceous sands at the end of cyclic testing (after the occurrence of liquefaction) under 

different magnitudes of the CSR was considered. As shown in Figure 7.27, the effect of CSR 

on the level of crushing of natural pumiceous sands of similar relative density at the end of 

cyclic testing is minor; relative breakage was almost unaffected by increased CSR. Note that 

the number of cycles at the end of testing varied depending on the magnitude of the CSR; 

specimens subjected to a higher CSR (under the same Dr and σ’c) liquefied after a lower 

number of cycles (the number of cycles for each test is indicated in the figure). In order to 

only consider the effect of the CSR, another set of tests was performed with the CSRs 

indicated in Figure 7.27 (under the same Dr and σ’c). This time the cyclic tests were 

terminated at a specific number of cycles; the number of cycles and the results are shown in 

Figure 7.28. Based on a limited number of tests, after the same number of cycles the CSR 

can be seen to have a significant effect on the level of particle crushing, increasing with 

increasing CSR. As will be discussed later, particle crushing has an effect on the undrained 

cyclic behaviour of pumiceous sand. 
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Figure 7.27. Relationship between relative breakage and cyclic stress ratio at the end of 

cyclic testing. 

 

Figure 7.28. Relationship between relative breakage and cyclic stress ratio after the same 

number of cycles of loading.  
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7.7 Interpretation of Results and Discussion  

 

In order to interpret the distinct cyclic behaviour of pumiceous sands, particle crushing of 

pumiceous materials during cyclic loading as well as the complex surface texture of the 

materials were considered. As a consequence of the initial cycle of loading (the first quarter 

of cycles required to cause liquefaction), a very contractive behaviour was observed for 

pumiceous materials (Figures 7.6 to 7.8). The initial EPWP development for pumiceous sand 

was more pronounced than that of Toyoura sand (Figures 7.17 and 7.18). As mentioned 

earlier, the initial EPWP development for hard-grained sand was postulated as being due to 

the elimination of local instability at contact points and the rearrangement of particles 

(Alarcon-Guzman et al. 1988); numerical studies using the distinct element method (DEM) 

support this hypothesis. The DEM studies provide an insight into the interaction of soil 

particles at different stages of cyclic loading. According to these studies (e.g. Kuhn et al. 

2014; O'Sullivan et al. 2008), the change in fabric anisotropy is more pronounced during the 

first few cycles of loading and unloading than in subsequent cycles of loading, where it 

remains constant. These changes caused an immediate increase in the EPWP of the 

specimens.  

 

In view of the crushability and very irregular surface texture of pumiceous sand, such 

material has more unstable contact points than does hard-grained sand (Figure 7.29). It is 

hypothesised that as a result of the initial cycle of loading, particle crushing occurs within the 

specimen, especially at points of contact between particles. Moreover, a limited number of 

tests reveal that the amount of particle crushing is more significant during the first half of the 

cyclic loading required to induce liquefaction than during the second half (Figure 7.26). It is 

also postulated that the initial particle crushing at points of contact between particles provide 

a new level of freedom that allows much more particle rearrangement to occur during the 
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first few cycles of loading; some DEM studies (e.g. Bolton et al. 2008) support this idea. This 

permits more particle movement, which results in natural pumiceous specimens 

experiencing initial deformation with very pronounced EPWP development within the first few 

cycles of loading.  

 

Figures 7.17 and 7.18 compare deformation and EPWP development for pumiceous sand 

and Toyoura sand of differing relative density. As shown in the figures, as a consequence of 

the first cycle of loading the dense specimens undergo more initial deformation and more 

EPWP development than the loose and medium-dense specimens. This behaviour can be 

explained by the fact that in a dense condition there is less void space between particles and 

more particles are in contact with each other, and therefore there is potentially more local 

instability present at contact points. As a consequence of eliminating this local instability at 

contact points, higher deformation and EPWP increase are observed in dense specimens 

after the first cycles of loading. The deformation and EPWP development of dense 

pumiceous specimens are more pronounced because they undergo more particle crushing 

(Figure 7.24). 

 

Note that the level of CSR applied to the specimens also have some effect on the undrained 

behaviour of the pumiceous materials; for instance, as shown in Figures 7.10 to 7.12, as a 

result of increases in CSR the natural pumiceous soil experienced higher initial 

compressibility inducing greater development of εDA and ru during the first cycle of loading. 

This behaviour can be attributed to the fact that with increasing CSR more particle crushing 

occurred within the specimens (Figure 7.28). This permits more particle movement under 

higher magnitudes of CSR, resulting in the pumiceous specimens experiencing higher initial 

deformation with very pronounced EPWP development within the first few cycles of loading.  
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In addition, it is postulated that as a result of initial particle crushing and rearrangement 

along with the application of subsequent cycles of loading, a more stable soil skeleton 

gradually forms inside the specimen, resulting in the structure of force chain become more 

stable. To explain the formation of such a stable soil skeleton, attention is paid to the shape 

of the particles. Particle shape plays an important role in the shear behaviour of materials 

(e.g. Tsomokos & Georgiannou 2010; Yang & Wei 2012; Yoshimoto et al. 2014), and 

liquefaction resistance increases as a result of a high coefficient of angularity.  

 

As pumice particles have a very irregular surface texture with a high coefficient of angularity, 

particle crushing causes the contact surface of the particles to increase. Note that some 

SEM tests were performed on pumiceous materials after cyclic testing in order to observe 

the effect of particle crushing on the shape of particles in detail and qualitatively. The SEM 

images gave a clear qualitative indication that the shapes of the particles did not change 

significantly. However, some SEM images (Figure 7.30) show the existence of fine particles 

that have the appearance of shards of broken glass; these are recognised to be debris of 

crushed particles. It is postulated that these fine shard particles contribute to the formation of 

a more stable specimen. As the soil particles became crushed and rearranged under initial 

cyclic loading, these fine shards developed a bond between the particles which provided a 

higher interlocking effect in the soil samples. 
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(a) 

 

(b) 

 

 

(c) 

 

(d) 

 

 

Figure 7.29. Schametic diagram showing packing of particels for: (a) Toyoura sand; (b) 

close-up of Toyoura sand; (c) pumiceous sand; (d) close-up of pumiceous sand   
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(a) 

 

(b) 

 

(c) 

 

(b) 

 

Figure 7.30. SEM images of fine shards formed during crushing of pumice particles.   

 

0.1 mm 0.05 mm 

0.1 mm 0.1 mm 
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Although a number of DEM studies (e.g. De Bono & McDowell 2014; Zhou et al. 2015) 

consider the effect of particle crushing on the monotonic behaviour of specimens as well as 

on the formation of stable conditions due to changes in fabric, little is known about the true 

micro-behaviour of natural crushable soil (i.e. combinations of hard-grained and crushable 

soils) under cyclic loading; thus, there is no numerical model to support this speculation. 

Nevertheless, based on the number of tests performed, the undrained cyclic behaviour of 

pumiceous materials supports the hypothesis of the formation of a stable condition in the 

specimen. For instance, the following consequences are due to the formation of such a 

stable soil skeleton:  

 

• Natural pumiceous sands did not exhibit the instability condition (even in loose 

specimens). 

• The specimens were capable of being subjected to significant cyclic loading even 

under high ru, while undergoing only gradual deformation (this was more pronounced 

for dense pumiceous specimens, probably due to more particle crushing). 

• Higher liquefaction resistance of pumiceous sand compared with Toyoura sand, 

regardless of the very high initial contractive response of pumiceous sands to cyclic 

loading.  

 

Finally, to interpret the effect of pumice content on the liquefaction resistance of natural 

pumiceous sands (Figure 7.21), attention was paid to the amount of particle crushing during 

the tests. As described earlier, the relative breakage of natural pumiceous materials under 

cyclic loading increased with increasing pumice content (Figure 7.24). Furthermore, the 

difference between the relative breakages of the natural pumiceous materials was more 

significant for dense specimens than for loose ones; for instance, the relative breakage of 
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dense NP3 sand was almost 1.5 times higher than that of dense NP2 sand, while the relative 

breakages of loose NP2 and NP3 sands was similar. Thus, dense natural pumiceous 

materials with a high pumice content are more prone to liquefaction, since they undergo high 

initial compressibility (deformation) and as a result strong initial contractive behaviour is 

observed. Moreover, it is hypothesised that for dense natural pumiceous sands with a high 

pumice content, a stable soil skeleton was not completely formed inside the specimen as a 

result of a higher level of particle crushing. Consequently, the effect of relative density on 

liquefaction resistance becomes less pronounced for natural pumiceous materials with a 

high pumice content. For example, dense NP3 sand underwent more particle crushing 

compared with dense NP1 sand (Figure 7.28). As a result of high particle crushing, the 

dense NP3 was not capable of stabilisation at each cycle of loading, as explained earlier. 

Thus, the dense NP3 specimen liquefied more readily than the dense NP1 specimen, 

making the effect of relative density on NP3 less noticeable than for the other natural 

pumiceous materials.  

 

Note that the undrained cyclic response of pumiceous sands, as discussed above, is 

affected by both their particle characteristics and the crushing of the particles during loading; 

at this stage, it is difficult to separate these effects from each other. Further study is required 

to clarify the contributions of these factors to the overall undrained behaviour of natural 

pumiceous sands. 
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7.8 Summary  

 

To investigate the cyclic undrained behaviour of natural pumiceous deposits, several series 

of triaxial tests were performed on pumiceous materials with different relative densities under 

the same initial σ’c of 100 kPa. Similar tests were performed on Toyoura sand for 

comparison purposes. In addition, to elucidate the distinct behaviour of pumiceous materials, 

a series of supplementary tests (such as sieve analysis and SEM tests) were performed to 

investigate the level of crushing and the shape characteristics of the pumiceous materials. 

The major conclusions from this study are as follows: 

• As a result of particle crushing, an immediate development of EPWP was observed 

during the undrained cyclic loading of natural pumiceous sands. Also, an initial 

deformation occurred as a consequence of the first cycle of loading. Denser 

pumiceous sands underwent higher initial deformation and, consequently, a higher 

EPWP ratio was observed.    

• Compared with Toyoura sand, pumiceous sands showed different trends in terms of 

axial strain and EPWP development during cyclic loading. A gradual deformation 

from the beginning of cyclic testing until the occurrence of liquefaction was observed 

for pumiceous material, which is in contrast to the observed behaviour of Toyoura 

sand which is characterised by negligible initial deformation followed by a sudden 

deformation.  

• The instability condition was not observed for pumiceous sands due to the formation 

of a stable soil skeleton inside the specimen. 
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• As a consequence of the initial cycle of loading, a very contractive behaviour was 

observed for pumiceous specimens; however, these showed a very strong dilative 

behaviour under a high EPWP ratio.  

• Dense pumiceous samples were capable of being subjected to significant cyclic 

loading under a high EPWP ratio (ru ≈ 0.8). They also underwent more particle 

crushing compared with loose pumiceous samples. 

• Relative density plays an important role in the liquefaction resistance of natural 

pumiceous materials, and they are significantly less susceptible to liquefaction than is 

Toyoura sand.  

• Pumiceous materials have a very irregular and complex surface texture; during cyclic 

loading, particle crushing occurred which caused them to form a stable condition and 

be more resistant to liquefaction compared with Toyoura sand. 
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Chapter 8: Undrained Cyclic Behaviour of 

Undisturbed Natural Pumiceous Soil 

 

 

 

8.1 Introduction  

 

The results of undrained cyclic triaxial testing performed on undisturbed natural pumiceous 

sands are presented in this chapter. Gel-push and small-block sampling were used to obtain 

undisturbed samples from Huntly and Rangiriri, respectively. Details of the soil sampling 

methods are presented in Chapter 3, while the index properties of the materials (NP3, NP3.1 

and NP4) are described in Chapter 4 (Table 4.1). The NP3 and NP4 sands have a non-

plastic fines content of less than 15%, while the NP3.1 sand has a fines content of more than 

40% with a plasticity index of 11.  

 

To investigate the effects of soil fabric (arrangement of particles), structure (layering, 

lamination and other forms of inhomogeneity) and stress history, the results for the 

undisturbed specimens were compared with those of reconstituted specimens prepared 

using similar materials and similar initial conditions (same relative density and same effective 

confining pressure). The results of this comparison are reported in this chapter. In addition, 

the results of bender element tests performed on single specimens of undisturbed and 

reconstituted NP3 sand are presented.  
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8.2 Triaxial Test Results for Undisturbed Natural Pumiceous Sand  

 

In total, 24 undrained cyclic triaxial tests were performed on undisturbed natural pumiceous 

sands. A typical undrained cyclic response for undisturbed NP3, NP3.1 and NP4 is shown in 

Figures 8.1, 8.2 and 8.3, respectively. The specimens were subjected to cyclic loading with 

the same effective confining pressure σ’c of 100 kPa. The NP3, NP3.1 and NP4 specimens 

were subjected to a cyclic stress ratio CSR of 0.35, 0.35 and 0.22, respectively.  

 

8.2.1 NP3 Sand (Small-block Sampling) 

 

Figure 8.1 shows plots of stress–strain, effective stress path, excess pore water pressure 

(EPWP) and axial strain development with respect to number of cycles for undisturbed NP3 

sand with a relative density Dr of 55% (the method for calculating Dr following consolidation 

is described in Section 6.9). The specimen was subjected to a CSR of 0.35. The specimen 

reached the ‘initial liquefaction’ state (EPWP ratio ru = 95%) after 22 cycles of loading, and 

‘liquefaction’ (where double-amplitude axial strain εDA = 5%) occurred after 24 cycles. The 

following can be seen from Figure 8.1:   

• In terms of EPWP development, as a result of the first cycle of loading almost 35 kPa 

EPWP was generated inside the specimen; during the next 10 cycles of loading the 

EPWP changed from almost 35 kPa to 75 kPa. In subsequent cycles of loading the 

rate of increase in EPWP decreased and the initial liquefaction state was reached 

after an additional 11 cycles.  

• In terms of axial strain development, almost 0.85% εDA developed as a result of the 

first cycle of loading; during the next 10 cycles, a gradual deformation occurred and 



Chapter 8                        Undrained Cyclic Behaviour of Undisturbed Natural Pumiceous Soil  

 

203 
 

the specimen reached an εDA of 1.5% after 10 cycles. In subsequent cycles the axial 

strain developed more quickly and after an additional 13 cycles εDA = 5% occurred. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 8.1. Behaviour of medium-dense undisturbed NP3 sand (Dr = 55%) at a CSR of 0.22: 

(a) relationship of cyclic axial stress to axial strain; (b) effective stress path; (c) development 

of mean effective stress and EPWP versus number of cycles; (d) development of axial strain 

and EPWP versus number of cycles. 
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8.2.2 NP3.1 Sand (Small-block Sampling) 

 

Plots of stress–strain, effective stress path, EPWP and axial strain development for 

undisturbed NP3.1 sand with a relative density of Dr = 50% are shown in Figure 8.2. The 

specimen was subjected to a CSR of 0.35. The specimens reached the initial liquefaction 

and liquefaction states after the same number of cycles, i.e. 64. NP3.1 sand exhibited 

different undrained cyclic behaviour to NP3 sand, which can be attributed to the influence of 

plasticity in the fines. The following can be seen from Figure 8.2:   

• As a result of the first cycle of loading, the specimen experienced extensive 

deformation (εDA = 1.0%) which was accompanied by the generation of high EPWP 

(EPWP = 40 kPa). 

• During the next 10 cycles, the EPWP increased from 45 kPa to 70 kPa. In 

subsequent cycles, the rate of change of EPWP decreased and initial liquefaction 

(EPWP ≈ 100 kPa) occurred after 53 cycles. 

• After the first cycle of loading, strain developed gradually (mostly towards the 

extension side) and εDA = 3.0% occurred after 50 cycles; the rate of strain 

development then increased and after 13 cycles the specimen reached the 

liquefaction state (εDA = 5.0%). 

The unusual shape of the effective stress path and the fact that the mean effective stress 

was not zero even under an EPWP of 100 kPa can be attributed to the low permeability of 

cohesive soil causing a lag in measuring the EPWP. Owing to very fine-grained layers, 

including clay particles, the drainage of EPWP is retarded, preventing rapid equalisation. 

Thus, the induced lag caused distortion of the effective stress path plots.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 8.2. Behaviour of medium-dense undisturbed NP3.1 sand (Dr = 50%) at a CSR of 

0.22: (a) relationship of cyclic axial stress to axial strain; (b) effective stress path; (c) 

development of mean effective stress and EPWP versus number of cycles; (d) development 

of axial strain and EPWP versus number of cycles. 
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8.2.3 NP4 Sand (Gel-push Sampling) 

 

Figure 8.3 shows plots of stress–strain, effective stress path, EPWP and axial strain 

development for undisturbed NP4 sand with a relative density of Dr = 35%. The specimen 

was subjected a CSR of 0.22. The specimen reached the initial liquefaction state after 21 

cycles of loading, and liquefaction occurred after 40 cycles. The following can be seen from 

Figure 8.3: 

 

• Almost 0.4% double-amplitude axial strain developed as a consequence of the first 

cycle of loading, accompanied by the generation of almost 30 kPa EPWP. 

• During the next 20 cycles, the EPWP changed gradually from almost 30 kPa to 96 

kPa (the point at which initial liquefaction occurred) and the specimen reached an εDA 

of almost 1.6 %. 

• After the occurrence of initial liquefaction, the rate of axial strain development 

increased and within 20 cycles of loading the εDA changed from 1.6% to 5%. 

• The specimen deformed mostly towards the extension side. 

• The effective stress path immediately moved to the left side of the start point (in the 

first 5 cycles of loading); as the number of cycles increased, the distance between 

each loop decreased.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 8.3. Behaviour of loose undisturbed NP4 sand (Dr = 35%) at a CSR of 0.22: (a) 

relationship of cyclic axial stress to axial strain; (b) effective stress path; (c) development of 

mean effective stress and EPWP versus number of cycles; (d) development of axial strain 

and EPWP versus number of cycles. 
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8.3 Comparison of Undisturbed and Reconstituted Natural 

Pumiceous Sands 

 

To investigate the influence of soil fabric and structure, the results of cyclic triaxial tests on 

undisturbed natural pumiceous sand were compared with those of reconstituted specimens 

of similar materials and density under the same σ’c of 100 kPa. First, a detailed comparison 

of the undrained cyclic behaviour of the specimens is provided in Figures 8.4 and 8.6 for 

NP3 and NP4 sand, respectively. Liquefaction resistance is discussed in the next section. 

Note that due to the different liquefaction resistances of the undisturbed and reconstituted 

samples, the range of CSR applied to the undisturbed and reconstituted specimens was 

different; thus, it was not possible to compare their behaviour under the same CSR. The 

data shown in Figures 8.4 and 8.6 are from specimens that underwent liquefaction (reached 

εDA = 5%) after a similar number of cycles.  

 

 

8.3.1 NP3 Sand  

 

Figure 8.4 presents over-lay plots of stress–strain, effective stress path, EPWP and axial 

strain development for undisturbed and reconstituted NP3 sand. The undisturbed and 

reconstituted specimens were tested at CSRs of 0.35 and 0.24, respectively, and had similar 

relative densities (Dr ≈ 50–55%). They reached the liquefaction state (εDA = 5%) after a 

similar number of cycles (Nc ≈ 20–24). Figure 8.4 shows the following: 

• As consequence of the first cycle of loading, the undisturbed specimen exhibited 

higher initial deformation (εDA = 0.85%) than reconstituted one (εDA = 0.35%). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 8.4. Comparison of the cyclic responses of undisturbed and reconstituted NP3 

specimens with similar relative density of Dr = 50–55%: (a) stress–strain relationship; (b) 

effective stress path; (c) EPWP development; (d) axial strain development.  
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• The undisturbed specimen deformed mostly towards the extension side, and the rate 

of strain development was apparently unaffected by further reduction in effective 

stress. In contrast, under high excess pore water pressure (EPWP = 80 kPa) the 

reconstituted specimen started to deform more quickly towards both the extension 

and the compression side.  

• Despite the differences in axial strain development, both specimens showed a similar 

EPWP response during cyclic loading. 

• The shapes of the effective stress path were similar for both specimens; however, 

the level of stress applied to the reconstituted sample was less than that for the 

undisturbed one.   

These differences highlight the influence of soil fabric and structure on the cyclic undrained 

behaviour of NP3 sand. To further elucidate the differences in response of undisturbed and 

reconstituted specimens, the maximum εDA and ru at the end of each cycle of loading were 

plotted against the number of cycles normalised by the number of cycles required to reach 

εDA = 5%. Figure 8.5 compares the results of eight tests performed on undisturbed and 

reconstituted specimens with similar relative density (Dr ≈ 50–55%) and different levels of 

CSR. Due to the differing liquefaction resistances of the undisturbed and reconstituted 

specimens, the level of CSR applied to the undisturbed specimens was between 0.3 and 0.4 

while that for the reconstituted specimens was between 0.21 and 0.25. Figure 8.5 shows the 

following:  

• As a result of increasing the CSR, the specimens underwent greater initial 

deformation. 

• All the specimens showed almost the same ru response during cyclic loading 

regardless of the amplitude of the CSR. 

• The undisturbed specimens exhibited steady deformation under the application of 

high ru, while for the reconstituted specimens the rate of strain increased with high ru.  
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(a) 

 

(b) 

 

Figure 8.5. Comparison of the undrained cyclic responses of undisturbed and reconstituted 

NP3 sand under different levels of CSR: (a) double-amplitude axial strain; (b) excess pore 

water pressure ratio plotted against normalised number of cycles.  
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8.3.2 NP4 Sand  

 

Over-lay plots of stress–strain, effective stress path, EPWP and axial strain development are 

shown in Figure 8.6 for undisturbed and reconstituted NP4 sand. The undisturbed and 

reconstituted specimens were tested at a CSR of 0.26 and 0.18, respectively, and had 

similar relative densities (Dr ≈ 30–35%). They reached the liquefaction state (εDA = 5%) after 

a similar number of cycles (Nc ≈ 24–27). Figure 8.6 shows the following: 

 

• The reconstituted specimen shows much higher initial stiffness, with 1% double-

amplitude axial stain requiring many cycles (20) to achieve; meanwhile, the 

undisturbed specimen reached an εDA of 1% after only 3 cycles.  

• As a consequence of the first cycle of loading, a very large excess pore water 

pressure (EPWP = 40 kPa) was generated inside the undisturbed specimen; in 

contrast, the reconstituted specimen reached only EPWP = 15 kPa after the first 

cycle of loading.  

• The undisturbed specimen reached the initial liquefaction state after 12 cycles and 

liquefaction occurred after 27 cycles. In contrast, the reconstituted specimen reached 

the initial liquefaction and liquefaction states at almost the same number of cycles, 

i.e. N = 24. 

• Strain development for the undisturbed specimen was unaffected by changes in 

EPWP during cyclic loading, with the strain increasing at a steady rate from the 

beginning of the test until εDA = 5% was reached.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 8.6. Comparison of the cyclic responses of undisturbed and reconstituted NP4 

specimens with similar relative density of Dr = 35%: (a) stress–strain relation; (b) effective 

stress path; (c) EPWP development; (d) axial strain development. 
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For further scrutiny and also to compare the results of eight undrained cyclic tests performed 

on undisturbed and reconstituted specimens with similar relative density (Dr ≈ 30–35%) and 

different levels of CSR, the maximum εDA and ru at the end of each cycle of loading were 

plotted against the normalised number of cycles (NN), shown in Figure 8.7. Due to the 

different liquefaction resistances of the undisturbed and reconstituted specimens, the level of 

CSR applied to the undisturbed specimens was between 0.21 and 0.28 while that applied to 

the reconstituted specimens was between 0.16 and 0.20. The following can be seen from 

Figure 8.7:  

 

• Greater initial deformation occurred in both the undisturbed and reconstituted 

specimens at higher levels of CSR. 

• The EPWP responses of undisturbed and reconstituted specimens were significantly 

different. For instance, during the first quarter to the first third of cyclic loading (NN ≈ 

0.25 to 0.35), the EPWP of undisturbed specimens increased significantly with ru 

reaching up to 0.8; this was followed by a gradual increase during subsequent cycles 

to an ru of 0.95. In contrast, for reconstituted specimens an excess pore water 

pressure ratio of 0.1–0.15 was generated inside the specimens as a result of the first 

cycle of loading, followed by a gradual increase in ru . The specimens reached an ru 

of 0.80 when the normalised number of cycles was almost 0.8, and initial liquefaction 

occurred just before εDA reached 5%. 

• For undisturbed specimens, the rate of increase in strain was almost unaffected by 

changes in EPWP and the specimens were capable of being subjected to significant 

cycling (more than 60% of the number of cycles required to induce liquefaction) 

under an ru of more than 0.8. In contrast, the reconstituted specimens started to 

deform faster when ru = 0.8 was reached.   
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(a) 

 

(b) 

 

Figure 8.7. Comparison of the undrained cyclic responses of undisturbed and reconstituted 

NP4 sand under different CSRs: (a) double-amplitude axial strain; (b) excess pore water 

pressure ratio plotted against normalised number of cycles. 
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From the data shown in Figures 8.6 and 8.7, it can be seen that the behaviour of loose 

undisturbed NP4 sand is quite similar to that of dense reconstituted natural pumiceous sand, 

discussed in Chapter 7. As will be shown in section 8.5, the undisturbed and reconstituted 

NP3 and NP4 specimens underwent almost the same level of particle crushing. The 

differences in the undrained cyclic behaviour of reconstituted and undisturbed NP3 and NP4 

sand are therefore considered to be due to the stress history, the soil fabric and the structure 

of the specimens, providing more resistance to cyclic loading.  

 

The most important feature of the undrained cyclic behaviour of the undisturbed soil samples 

is that despite the higher initial compressibility (higher initial deformation), the specimens 

show more stable behaviour under high EPWP. For example, at low mean effective stress, a 

very steady deformation occurred per cycle. This behaviour means that residual contact is 

maintained in the force-chain network, evidence of a stable granular structure.  

 

Taylor (2015) observed the same differences between reconstituted and undisturbed 

Christchurch sand. Taylor (2015) postulated that the artificial fabric in reconstituted 

specimens created by tamping allows not only higher small strain stiffness (mostly because 

of the tamping energy imparted to the specimen during formation) but also the creation of 

voids in the sand matrix. At low mean effective stress, the transformation between the 

contractive and the dilative phases of loading and unloading cycles and the rotation of 

principal stresses allow adjacent grains to move into the void spaces, generating both plastic 

strain and EPWP. However, for undisturbed samples the fabric has been created under 

conditions of flowing water and has been subjected to long-term loading from both recent 

and historical earthquakes, resulting in reorientation and creep of the grains to resist vertical 

stress and shear. This results in a more robust fabric with few voids that may be exploited 

during cyclic loading under low mean effective stress.  
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8.4 Liquefaction Resistance of Undisturbed and Reconstituted 

Natural Pumiceous Sand 

 

The liquefaction resistance curves for undisturbed natural pumiceous sand are shown in 

Figure 8.8, as the number of cycles required to attain εDA = 5% for a specified CSR. It can be 

seen that undisturbed NP3 sand with a relative density of 50–55% is more resistant to 

liquefaction than undisturbed NP4 sand with a relative density of 35–40%. For instance, if 

the liquefaction resistance is defined in terms of the cyclic stress ratio corresponding to 15 

cycles (CRR15), then the liquefaction resistance of NP3 sand is 1.3 times higher than that of 

NP4 sand. Moreover, the liquefaction resistance of NP3.1 sand is slightly higher than that of 

NP3 sand, reflecting the importance of fines content and the plasticity of fines particles 

regarding the cyclic behaviour of the materials.  

 

Figure 8.8. Comparison of liquefaction resistance curves for undisturbed natural pumiceous 

sand.  
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(a) 

 
 

(b) 

 
Figure 8.9. Liquefaction resistance curves for undisturbed and reconstituted natural 

pumiceous sand in terms of 5% double-amplitude axial strain: (a) NP3; (b) NP4. 
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Figure 8.9 compares the liquefaction resistance of undisturbed and reconstituted natural 

pumiceous sand from Rangiriri, NP3 (Dr = 50–55%) and Huntly, NP4 (Dr = 30–35%). It can 

be seen that the undisturbed pumiceous sand is more resistant to liquefaction than the 

reconstituted one. For example, the liquefaction resistances of undisturbed NP3 and NP4 

sand are about 1.5 to 1.6 times, respectively, higher than those of reconstituted sand. 

Moreover, the undisturbed specimens exhibited steeper liquefaction resistance curves 

compared with the reconstituted specimens. These differences highlight the contribution of 

the soil fabric, the structure and the stress history on the liquefaction resistance of natural 

pumiceous sand, as during the preparation of reconstituted specimens the soil fabric, stress 

history and structure were erased.  

 

 

8.5 Particle Crushing Investigation  

 

To examine the occurrence of particle crushing during the cyclic triaxial tests performed on 

undisturbed and reconstituted specimens, particle size distribution (PSD) tests were 

performed before (for undisturbed samples, material left over from trimming the specimen 

was used) and after the cyclic testing. Hardin’s (1985) method was used to quantify the 

particle crushing (this method is outlined in Section 6.9). Figure 8.10 shows the relative 

breakage of undisturbed and reconstituted NP3 and NP4 sand at the end of cyclic triaxial 

testing. The results indicate that particle crushing occurred during cyclic testing and that the 

level of particle crushing was similar for undisturbed and reconstituted NP3 and NP4 sand.  
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Figure 8.10. Relative breakage of undisturbed and reconstituted natural pumiceous sand.  

 

 

8.6 Effect of Confining Pressure on Maximum Shear Modulus of 

NP3 Sand 

 

It has long been established that the maximum shear modulus (Gmax) of sandy soils is 

significantly influenced by σ’c and void ratio (e) (Hardin & Drnevich 1972; Ishibashi & Zhang 

1993; Kokusho 1980). To investigate the effect of confining pressure on the Gmax of 

undisturbed NP3 sand from Rangiriri, several series of bender element tests at levels of σ’c 

ranging from 50 kPa to 500 kPa were performed on a single specimen. Note that it is not 

possible to have undisturbed specimens with similar void ratios under different levels of σ’c 

because e decreases with increasing σ’c. Thus, for purposes of comparison similar tests 

were conducted on single specimens of reconstituted NP3 sand and hard-grained Toyoura 

sand.  



Chapter 8                        Undrained Cyclic Behaviour of Undisturbed Natural Pumiceous Soil  

 

221 
 

(a) 

 

(b) 

 

Figure 8.11. Effect of confining pressure on the maximum shear modulus of pumiceous 

soils and hard-grained sands: (a) linear scale; (b) log-log scale.  
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Figure 8.11 presents the Gmax–σ’c relationship for undisturbed and reconstituted NP3 sand 

and Toyoura sand; the results of tests performed by Orense et al. (2013) on single 

specimens of silica and pure pumice sand are also shown. It can be seen that the shear 

modulus of undisturbed and reconstituted NP3 sand is considerably lower than that of 

Toyoura, silica and pure pumice sands at all levels of σ’c. In addition, Figure 8.11(b) shows 

that σ’c has a more significant effect on the Gmax of NP3 sand compared with the other 

sands. Using the well-known Gmax ∝ (σ’c)m relationship, m values of 0.88 and 0.75, 

representing the slope of the line of best fit through the bender element test data, were 

calculated for undisturbed and reconstituted NP3 sand, respectively. Very similar behaviour 

was observed for pure pumice sand, with an m value of 0.80. However, the m values for the 

hard-grained Toyoura and silica sands were significantly lower with values of 0.54 and 0.53, 

respectively. 

 

According to Hertzian theory, the shear stiffness of soils is significantly dependent on soil 

particle characteristics and contact area between the soil particles. Therefore, the substantial 

differences between NP3 sand and Toyoura sand in terms of Gmax magnitude and the 

relationship of Gmax and σ’
c can be explained by the distinctive particle characteristics of 

pumice (e.g. complex surface texture, porosity, compressibility, light weight and crushability). 

A possible explanation for these differences is given below.  

 

Figure 8.12 indicates that the shear wave velocity (Vs) of NP3 sand is slower than that of 

Toyoura sand. It is well known that Vs propagation in soft soil deposits is considerably lower 

than in stiff soils (Orense 2003). Consequently, using a lower value of Vs and ρ for NP3 sand 

in the equation Gmax=ρVs
2 would result in the maximum shear modulus of NP3 sand being 

lower than that of hard-grained Toyoura sand. 

 

 



Chapter 8                        Undrained Cyclic Behaviour of Undisturbed Natural Pumiceous Soil  

 

223 
 

 

Figure 8.12. Effect of confining pressure on shear wave velocity of natural pumiceous soil 

compared with Toyoura sand. 

 

The results of isotropic consolidation testing of undisturbed and reconstituted NP3 sand and 

Toyoura sand are shown in Figure 8.13. The reconstituted and undisturbed NP3 sand 

showed a greater decrease in void ratio with increasing σ’c compared with Toyoura sand; 

moreover, the reconstituted NP3 sand experienced more change in void ratio compared with 

undisturbed NP3 sand. The relative density of the specimens are shown in the figure; all 

specimens have a similar Dr ≈ 50–55% at σ’ = 100 kPa. To differentiate the changes in void 

ratio during consolidation testing more clearly, the void ratio at all levels of σ’c was 

normalised with respect to the initial void ratio (einitial) (Figure 8.13b). This indicated that the 

increase in contact area between the particles in NP3 sand is more than that of Toyoura 

sand at each level of consolidation testing. Thus, increasing contact area during 

consolidation testing was one factor causing the NP3 sand have a higher m value than 

Toyoura sand because, based on Hertzian theory, Gmax increases as a result of increasing 

contact area between soil particles.  
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(a) 

 

(b) 

 

Figure 8.13. (a) Void ratio changes with respect to increasing confining pressure on single 

specimens; (b) normalised void ratio variation with increase in σc ́  for undisturbed natural 

pumiceous soil and Toyoura sand. 
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It can also be seen from Figures 8.11 and 8.13 that during consolidation testing (within the 

range investigated), the change in the void ratio of reconstituted NP3 sand was more than 

for undisturbed NP3 sand; however, the m value of the undisturbed NP3 sand is higher 

than that of the reconstituted sample. This highlights the importance of soil fabric, 

structure and stress history on the relationship between Gmax and σ’c, and confirms the 

speculation in Section 8.3.2 that reconstituting a specimen using moist tamping creates 

more voids inside the specimen and tamping energy during formation of specimen imparts 

greater initial small strain stiffness.  

 

Finally, a further reason for the high m value obtained for NP3 sand could be the angularity 

and crushability of the pumice particles. Cho et al. (2006) reported that the m value is highly 

reliant on the shape of soil particles; for example, higher m values can be obtained from the 

bender element testing of a specimen with angular and elongated soil particles. Thus, the 

greater angularity and elongation of NP3 sand particles, reported in Table 4.2, could be an 

additional reason for the higher m value for NP3 sand compared with Toyoura sand. 

Moreover, the occurrence of particle crushing (even though the amount of particle crushing 

is small) under high σ’c could also cause greater connection between the particles; it is 

speculated that the fine shards formed during the crushing of pumice particles would fill the 

voids and consequently give a higher m value.  

 

 

8.7 Summary  

 

To investigate the influence of soil fabric, structure and stress history on the undrained cyclic 

response of natural pumiceous sand, several series of undrained cyclic triaxial tests were 

performed on undisturbed and reconstituted NP3 and NP4 sands. Similar NP3 and NP4 
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sands were used to prepare reconstituted specimens with similar relative densities. The 

cyclic tests were performed under the same initial σ’c of 100 kPa. In addition, sieve tests 

were performed on the materials before and after testing to examine the occurrence of 

particle crushing (materials left over from trimming were used for the undisturbed samples). 

Finally, several bender element tests were performed on single specimens of undisturbed 

and reconstituted NP3 sand and Toyoura sand. The major conclusions are given below. 

 

• The undrained cyclic behaviour of undisturbed and reconstituted natural pumiceous 

sand is significantly different.  

• The liquefaction resistance of undisturbed NP3 and NP4 sand is considerably higher 

than that of reconstituted sand. 

• The amount of particle crushing of undisturbed and reconstituted NP3 and NP4 sand 

was quite similar. 

• The Gmax of undisturbed and reconstituted NP3 sand was considerably lower than 

that of Toyoura sand; however, the m value of the NP3 sand was higher than that of 

the Toyoura sand. 
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Chapter 9: Post-Liquefaction Behaviour of 

Natural Pumiceous and Toyoura Sands   

 

 

9.1 Introduction  

 

The stress–strain behaviour of soil following liquefaction represents vital information that is 

required not only for evaluating earthquake-induced settlement but also for investigating the 

impact of deformation on buried structures such as pipelines and foundations. The post-

liquefaction behaviour of soil is important because following an earthquake, the liquefied soil 

would be in a transient state of zero effective stress and the application of shear stress 

would cause the soil to undergo deformation with zero strength. The deformation of soil 

following liquefaction is affected by factors such as soil type, relative density, stress–strain 

history and confining pressure. As found by several researchers (Kokusho et al. 2004; 

Lombardi et al. 2014; Rouholamin et al. 2017; Sitharam et al. 2009; Vaid & Thomas 1995), 

relative density plays the most important role in the post-liquefaction behaviour of hard-

grained sands; for instance,  the initial shear modulus G1 and shear modulus at recovery G2 

would increase with increasing relative density while recovery strain ɣr would decrease. A 

detailed review of the literature is provided in Section 2.7. 
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The results of undrained post-cyclic monotonic triaxial tests performed on Toyoura and 

natural pumiceous (NP) sands (undisturbed and reconstituted) are presented in this chapter. 

After liquefaction occurred, the specimens were subjected to monotonic loading without 

allowing the excess pore water pressure (EPWP) inside them to dissipate. To investigate the 

effect of particle shape and crushing, the results for the NP sands were compared with those 

of hard-grained sands, i.e. Toyoura sand. The effect of relative density on the response of 

the liquefied specimens to monotonic loading was investigated, and the effect of confining 

pressure on the behaviour of undisturbed NP soils was examined. Finally, the post-

liquefaction responses of undisturbed and reconstituted NP sands were compared.       

 

 

9.2 Response of Toyoura Sand  

 

Figures 9.1 and 9.2 show the undrained behaviour of liquefied Toyoura sand for the 

medium-dense (Dr = 50%) and dense (Dr = 80%) conditions, respectively, under the same 

initial effective confining pressure σ’c of 100 kPa. The medium-dense and dense specimens 

were initially subjected to a cyclic stress ratio CSR of 0.20 and 0.28, respectively; after 

liquefaction occurred they were then subjected to monotonic loading. Both types of 

specimen experienced similar levels of double-amplitude axial strain at the end of cyclic 

loading. The effective stress paths of the materials during cyclic and post-liquefaction 

loading are shown in the Figures 9.1. and 9.2, along with stress–strain curves and EPWP 

during post-liquefaction loading. It can be seen that:  

• The specimens show contractive behaviour during cyclic loading irrespective of their 

relative density; the mean effective stress decreases gradually from the initial value 
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towards zero, and a condition of zero effective stress was observed for both medium-

dense and dense specimens. 

• Upon the application of monotonic loading, the liquefied specimens underwent 

deformation with almost zero stiffness regardless of their relative density; however, 

some differences in the responses of medium-dense and dense specimens will be 

discussed later.   

• Under post-liquefaction monotonic loading, both the medium-dense and the dense 

liquefied specimens started to recover their strength after reaching a certain level of 

strain, due to dilatancy induced by the rearrangement of particles. This observation is 

consistent with the response of other liquefied hard-grained sands to monotonic 

loading (Lombardi et al. 2014; Rouholamin et al. 2017; Sitharam et al. 2009; Vaid & 

Thomas 1995).  

• The angle of internal friction (Φ’) for the medium-dense and dense specimens was 

34˚ and 37˚, respectively. 

It is generally expected that the stiffness of sandy materials will decrease as a result of strain 

(Sitharam et al. 2009; Vaid & Thomas 1995); however, the liquefied specimens recovered 

their strength as a result of straining, irrespective of their relative density. The undrained 

response of liquefied Toyoura sand was found to be significantly different to that of 

unliquefied Toyoura sand. These differences in response can be explained by the fact that 

the soil fabric (arrangement of particles) changes during liquefaction and the soil dilates as a 

result of straining, causing the effective stress to continue to increase up until the end of 

post-cyclic testing.  
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(a) 

 

(b) 

 
Figure 9.1. Typical post-liquefaction response of medium-dense (Dr ≈ 50%) Toyoura sand: 

(a) effective stress path; (b) development of deviator stress and EPWP versus axial strain. 
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(a) 

 

(b) 

 

Figure 9.2. Typical post-liquefaction response of dense (Dr ≈ 80%) Toyoura sand: (a) 

effective stress path; (b) development of deviator stress and EPWP versus axial strain. 

 



Chapter 9                   Post-Liquefaction Behaviour of Natural Pumiceous and Toyoura Sands 

 

232 
 

9.3 Response of Natural Pumiceous Sand  

 

Twenty four post-liquefaction monotonic tests were performed on NP sands with different 

relative densities; typical post-liquefaction undrained monotonic behaviour of NP2 sand, 

representative of the materials tested, is shown in Figures 9.3, 9.4 and 9.5 for the loose (Dr = 

30%), medium-dense (Dr = 50%) and dense (Dr = 80%) conditions, respectively, under the 

same initial effective confining pressure σ’c of 100 kPa. The loose and dense specimens 

were initially subjected to a CSR of 0.22 and 0.40, respectively, and the medium-dense 

specimen was subjected to a CSR of 0.28. All the specimens experienced similar levels of 

maximum double-amplitude axial strain at the end of cyclic loading. After cyclic testing, the 

specimens were subjected to monotonic loading without allowing EWPW to dissipate. The 

following can be seen from Figures 9.3, 9.4 and 9.5:  

 

• During cyclic loading the specimens showed contractive behaviour, and the mean 

effective stress decreased gradually from the initial value towards the origin; the 

initial liquefaction state was observed for all specimens regardless of relative density. 

• The NP soils, regardless of their relative density, always showed strain-hardening 

behaviour during post-cyclic testing. This post-liquefaction strain-hardening 

behaviour is due to the tendency of the liquefied soils to dilate when shear stress is 

applied, leading to decreased pore water pressure and increased shear stress. This 

behaviour of NP soils is consistent with observations for Toyoura sand and other 

hard-grained materials (Lombardi et al. 2014; Rouholamin et al. 2017; Sitharam et al. 

2009). 
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(a) 

 

(b) 

 

Figure 9.3. Typical post-liquefaction responses of loose (Dr ≈ 30%) pumiceous sand (NP2): 

(a) effective stress path; (b) development of deviator stress and EPWP versus axial strain. 
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(a) 

 

(b) 

 

Figure 9.4. Typical post-liquefaction responses of medium-dense (Dr ≈ 50%) pumiceous 

sand (NP2): (a) effective stress path; (b) development of deviator stress and EPWP versus 

axial strain. 
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(a) 

 

(b) 

 

Figure 9.5. Typical post-liquefaction responses of dense (Dr ≈ 80%) pumiceous sand (NP2): 

(a) effective stress path; (b) development of deviator stress and EPWP versus axial strain. 
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• The friction angle of initially dense NP material with a relative density of around 80% 

(42°) is significantly higher than that of NP sand in the loose condition (37.5°) and the 

medium-dense condition (39.5˚). 

• The liquefied specimens underwent some deformation with almost zero stiffness, 

irrespective of relative density; however, some differences in the responses of loose 

and dense specimens will be discussed later.   

• The response of liquefied NP sand to undrained loading was found to be generally 

the same as liquefied Toyoura sand; however, some differences will be discussed 

later;  

 

 
9.4 Particle Crushing Investigation  

 

As described in Section 6.11, the NP sands underwent some particle crushing during cyclic 

loading. To investigate the occurrence of particle crushing during post-liquefaction 

monotonic loading, multi-stage triaxial tests under the same initial conditions (the same 

relative density, confining pressure and CSR) were terminated at different stages: (1) the 

end of cyclic loading; and (2) the end of post-liquefaction monotonic loading and sieve tests 

to determine the particle size distribution (PSD) of the samples were then performed. Figure 

9.6 shows a typical set of PSD test results. It reveals that particle crushing occurred during 

both cyclic loading and post-liquefaction monotonic loading.       

 

The method of Hardin (1985) was used to quantify the particle crushing of NP sand during 

post-cyclic testing. The relationship of relative breakage to relative density at the end of both 

cyclic loading and post-liquefaction monotonic loading is shown in Figure 9.7. All NP soils 
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underwent some particle crushing during both cyclic and post-cyclic testing. Based on a 

limited number of tests, it appeared that the amount of particle crushing during cyclic loading 

is more significant than that during post-liquefaction monotonic loading. Moreover, the NP 

materials with a higher pumice content underwent more particle crushing than those with a 

lower pumice content. For instance, the relative breakage of NP3 materials, with a pumice 

content of 40%, was considerably higher than that of NP1 and NP2, with pumice contents of 

20% and 30%, respectively.  

 

 

 

Figure 9.6. Typical particle size distribution curves of NP2 sand at different stages of multi-

stage triaxial testing.  
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Figure 9.7. Comparison of the relative breakage of the materials at the end of cyclic testing 

and at the end of post-cyclic monotonic testing. 

 

 

9.5 Effect of Relative Density  

 

For examination of the influence of relative density on the stress–strain and EPWP–strain 

relationships of Toyoura sand and NP sands, the results of post-liquefaction monotonic tests 

on Toyoura sand with relative densities of 50%, 60% and 80% are shown in Figure 9.8, and 

the corresponding results for NP2 sand with relative densities of 30%, 50% and 80% are 

shown in Figure 9.9. The data shown in the figures are for specimens that experienced 

similar levels of double-amplitude axial strain (εDA = 5–6% ) at the end of cyclic loading. As 

shown in the figures, relative density plays an important role in the post-liquefaction 

behaviour of Toyoura and NP sands:  
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• The length of Region 1 decreased with increasing relative density, resulting in the ɣr  

of loose specimens being greater than that of dense specimens (the length of Region 

1 is shorter for dense specimens).  

•  The strength recovery of dense specimens is considerably faster than that of loose 

specimens. 

• The G2 of Toyoura and NP sands is greatly affected by their relative density, 

increasing with increasing relative density; dense specimens show a stiffer response 

at Region 3 then medium-dense and loose specimens and the slope of the stress–

strain curve in Region 3 is steeper for dense specimens.  

 

The different responses of loose, medium-dense and dense liquefied Toyoura and NP sands 

can be attributed to the voids between the particles being minimal in the dense condition; 

even though the material is liquefied (cyclic mobility) there is little contact between particles. 

Thus, as a consequence of post-liquefaction loading dense samples immediately recover 

their strength (dilative response). In the loose condition, there are more voids between 

particles and consequently more deformation is required for recovery of strength or for the 

particles to come into contact (Rouholamin et al. 2017).  
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(a) 

 

(b) 

 

Figure 9.8. Effect of relative density on the post-liquefaction responses of Toyoura sand: (a) 

axial stress versus axial strain; (b) excess pore water pressure ratio versus axial strain.   
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(a) 

 

(b) 

 

Figure 9.9. Effect of relative density on the post-liquefaction responses of natural pumiceous 

sand: (a) axial stress versus axial strain; (b) excess pore water pressure ratio versus axial 

strain.   
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9.6 Effect of Consolidation Pressure and Cyclic Loading on the 

Shear Strength of Undisturbed Natural Pumiceous Sands 

 

To investigate the influence of consolidation pressure and cyclic loading on the shear 

strength of undisturbed NP sands, several series of multi-stage triaxial tests were performed 

on NP3 and NP4 materials. The angle of internal friction of liquefied NP4 sand was 

compared with that without prior cyclic loading; a typical set of results is shown in Figure 

9.10. This figure reveals that liquefaction did not have a significant effect on the post-

liquefaction strength of NP4 sand. This sand had an angle of internal friction of about 43° 

regardless of consolidation pressure (within the range investigated) and the occurrence of 

liquefaction. The high angle of internal friction of NP materials may be a result of particle 

crushing as well as the angular shape of the particles. 

 

Figure 9.10. Effective stress paths for monotonic and post-cyclic monotonic loading. 
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In addition, the effect of consolidation pressure on the stress–strain and EPWP–strain 

relationship of undisturbed NP sands was investigated; the results are shown in Figures 9.11 

and 9.12. The following can be seen:  

 

• The undrained monotonic response of liquefied NP4 sand was found to be different 

to that of unliquefied NP4 sand; for instance, the stiffness of unliquefied NP4 sand 

decreased as a result of strain while the stiffness of liquefied NP4 sand increased.    

• Strong dilative behaviour was observed during post-liquefaction monotonic loading 

regardless of the level of confining pressure (within the range investigated).  

• The liquefied specimens underwent some deformation with zero strength, and 

specimens subjected to σ’c = 100 kPa underwent greater deformation with zero 

strength than those subjected to σ’c = 250 kPa.  

• The EPWP of liquefied specimens always decreased as a result of straining; 

however, the EPWP of unliquefied NP4 specimens initially increased, reaching an 

EPWP of 50 kPa, and then decreased (dilative behaviour).  

• The rate of strength recovery in Region 2 increased with increased effective confining 

pressure. 

• G2 increased with increasing consolidation pressure. 
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Figure 9.11. Stress–strain relationships during post-cyclic monotonic loading and monotonic 

loading. 

 

Figure 9.12. Pore pressure responses during post-cyclic monotonic loading and monotonic 

loading. 
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9.7 Comparison of Post-liquefaction Undrained Behaviour of 

Natural Pumiceous and Toyoura Sands   

 

Figures 9.13 and 9.14 show typical post-liquefaction undrained monotonic behaviour of 

Toyoura sand and NP sands (NP2, representative of the materials tested). The data shown 

are for specimens that experienced similar levels of double-amplitude axial strain (εDA = 5–

6%) at end of cyclic loading. Figures 9.13 and 9.14 show the following:  

 

• The post-liquefaction behaviour of Toyoura sand is more affected by relative density 

than that of pumiceous sand. For instance, medium-dense Toyoura sand underwent 

more deformation with zero strength compared with the dense condition. The take-

off strain of medium-dense Toyoura sand (ɣr = 4.8%) is higher than that of dense 

specimens (ɣr = 1.3%); the recovery strain of medium-dense and dense NP sand is 

approximately the same (ɣr = –0.5% to –1.1%). As discussed in Section 6.6, the 

axial strain of 0% corresponding to the initial height of the specimens before cyclic 

loading and the negative values for recovery strain indicate that the specimens 

started to recover their strength when they were on the extension side.    

• The length of Region 1 (corresponding to the region with almost zero shear 

strength) for NP sand is considerably shorter than that for Toyoura sand (for the 

same relative density), indicating that during post-cyclic monotonic testing the NP 

soil recovers its stiffness at a considerably lower strain than the Toyoura sand. For 

instance, at the medium-dense relative density of 50%, Toyoura sand undergoes 

more than 4% shear strain with zero strength; however, pumiceous sand with the 

same relative density recovers its stiffness at a significantly smaller shear strain 
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value (around –0.5%) and at the initial height of the specimen (0% axial strain) NP 

sands had some stiffness. 

• The G1 of NP sand is higher than that of Toyoura sand; for example, the G1 of 

dense Toyoura sand is 19 kPa while that of dense NP2 is 63 kPa. In contrast, the 

G2 of Toyoura sand is considerably higher than that of pumiceous sand with similar 

relative density; for instance, the G2 of dense Toyoura sand (G2 = 8.2 MPa) is 

almost 2.3 times higher than that of dense NP sand (G2 = 3.45 MPa). 

• The EPWP of Toyoura and NP sands decreased as a result of post-liquefaction 

monotonic loading. At Regions 1 and 2, the rate of decrease in the EPWP of NP 

sand was faster than that of Toyoura sand, while at Region 3 under further loading 

(more straining) the rate of decrease in the EPWP of Toyoura sand became faster.   

The different behaviour of liquefied Toyoura and NP sands under monotonic loading can be 

attributed to different changes in fabric during cyclic loading and to the occurrence of particle 

crushing during cyclic and post-liquefaction testing. It is hypothesised that at Region 1 and 2, 

due to the low level of shear stress applied, the amount of particle crushing is negligible and 

thus the angularity of the pumice particles plays a dominant role. At Region 3, however, the 

increased level of shear stress causes more particle crushing to occur, which has a greater 

influence on the response of NP sands. As explained earlier (Section 7.7), particle crushing 

of NP sands during cyclic loading and the angularity of the pumice particles lead to the 

formation of a stable soil skeleton inside the specimen, indicating interlocking between 

particles during shearing. Hence, NP sands recover their stiffness more quickly (the recovery 

strain of the NP sand is smaller than that of Toyoura sand) and the G1 of the NP sand is 

higher than that of Toyoura sand. Because of particle crushing at Region 3, the G2 of the NP 

sand is smaller than that of Toyoura sand and the rate of decrease in EPWP of Toyoura 

sand also becomes faster than for NP sands. 
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(a) 

 

(b) 

 

Figure 9.13. (a) Post-liquefaction stress–strain relationships for Toyoura and natural 

pumiceous sands; (b) enlarged view of the section indicated in (a). 
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(a) 

 

(b) 

 

Figure 9.14. (a) Post-liquefaction pore water pressure responses of Toyoura and natural 

pumiceous sands; (b) enlarged view of the initial response, as indicated in (a).  
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9.8 Comparison of Undisturbed and Reconstituted Natural 

Pumiceous Sands   

 

Figure 9.15 shows the post-liquefaction monotonic behaviour of undisturbed and 

reconstituted NP3 specimens that liquefied after reaching an εDA of 5% after a similar number 

of cycles. The liquefaction resistance was significantly different for undisturbed and 

reconstituted specimens; thus, it was not possible to apply the same level of CSR to all the 

specimens. The undisturbed and reconstituted specimens were subjected to a CSR of 0.35 

and 0.24, respectively; they had almost the same Dr ≈ 50-55% and σ’c ≈ 100kPa. The 

detailed cyclic behaviour of the specimens is reported in Section 8.3.1. Figure 9.15 

compares the post-liquefaction monotonic behaviour of undisturbed and reconstituted NP3 

sand; the following can be seen: 

• The undisturbed NP3 sand started to recover its strength at lower strain compared 

with reconstituted specimens; the recovery strain for undisturbed and reconstituted 

specimens was –2.2% and –0.8%, respectively.  

• The initial shear modulus of undisturbed specimens (G1 = 100 kPa) is almost two 

times higher than that of reconstituted specimens (G1 = 53 kPa). 

• The shear modulus of undisturbed and reconstituted NP3 sand at Region 3 was 

2.35 MPa and 0.92 MPa, respectively. 

• The EPWP of both the undisturbed and reconstituted specimens decreased as a 

result of strain; the rate of decrease in EPWP was faster for the undisturbed 

specimens than for the reconstituted specimens.   
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(a) 

 

(b) 

 

Figure 9.15. Comparison of post-liquefaction monotonic undrained responses of undisturbed 

and reconstituted NP3 sand: (a) axial stress versus axial strain; (b) excess pore water 

pressure ratio versus axial strain. 
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Ishihara et al. (2016) speculated that undisturbed samples always contain several thinly 

stratified layers of sand or silt of slightly different grain size which run in different directions, 

and these are difficult to be destroyed during cyclic loading even with shear strains of as 

much as 10%. Thus, the inherent skeleton structure seems to remain more or less intact in 

undisturbed samples. In contrast, the relatively uniform depositional structure formed during 

the preparation of reconstituted samples can easily be destroyed. The different responses of 

undisturbed and reconstituted NP3 sand during post-liquefaction monotonic loading support 

the above speculation and also indicate the importance of the role of soil fabric and structure 

in post-liquefaction testing. Even though the undisturbed NP3 specimen liquefied during 

cyclic loading, it appeared to be difficult to destroy the soil fabric and the structure of this 

undisturbed soil sample during cyclic loading in the laboratory.      

 

9.9 Summary 

 

To investigate the post-liquefaction behaviour of natural pumiceous and Toyoura sands, 

several series of triaxial tests were performed on liquefied specimens with different relative 

densities. Moreover, undisturbed pumiceous materials were subjected to different levels of 

consolidation pressure. To examine the effect of particle crushing and angularity, the results 

of post-liquefaction monotonic testing of NP sand were compared with that of Toyoura sand. 

Finally, the undrained monotonic response of liquefied undisturbed and reconstituted NP 

sand was compared. The main findings are summarised as follows:  

 

• Natural pumiceous soil and Toyoura sand always show strain-hardening behaviour 

during post-cyclic testing regardless of relative density. This post-liquefaction strain-
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hardening behaviour is due to the tendency of liquefied soils to dilate when shear 

stress is applied, leading to a decrease in EPWP and an increase in shear strength. 

• The effect of the relative density on the post-liquefaction behaviour of Toyoura sand 

is more significant than for pumiceous sand. 

• Due to the formation of a stable soil skeleton during cyclic loading and the high 

angularity of pumice particles, liquefied NP soils recover their strength at a 

considerably faster rate. In addition, NP sands have some stiffness when the height 

of the specimens reached (as a result of straining) the initial height of the specimens 

before cyclic loading.  

• As a result of particle crushing at Region 3, the rate of decrease in the EPWP of NP 

sands becomes slower than that of Toyoura sand and NP sands show lower G2 

values than Toyoura sand. 

• The post-liquefaction monotonic responses of undisturbed and reconstituted NP sand 

are found to be different, indicating that the inherent structure of undisturbed samples 

is unaffected by cyclic loading.    
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Chapter 10: Conclusions and 

Recommendations  

 

 

10.1 Conclusions 

 

Undisturbed and disturbed samples of natural pumiceous (NP) sands were obtained from 

four sites along the Waikato River. Gel-push and small-block sampling were used to obtain 

undisturbed soil samples, and disturbed materials were obtained as bulk samples from a test 

pit. A comprehensive laboratory testing programme was implemented in order to elucidate 

the soil properties, undrained cyclic behaviour and post-liquefaction monotonic behaviour of 

NP sands. Similar tests were performed on hard-grained Toyoura sand for purposes of 

comparison. The major conclusions from this study can be groups into three sections, as 

described below. 

 

10.1.1 Testing of Soil Properties 

 

• Because of the vesicular nature of pumice particles and the existence of internal 

voids (voids entrapped inside the particles that are not connected to the outside 

surface, such that water cannot penetrate inside), the specific gravity values of NP 

sand are lower than that of hard-grained sands such as Toyoura sand (Table 4.1). 
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• Scanning electron microscope (SEM) imaging was performed on NP sands. The 

particles of NP soils have very irregular surface textures with many surface voids 

(voids that are connected to the exterior of the particles), and tend to be more 

elongated than those of hard-grained sands (Figure 4.17). They also have high 

angularity and roundness coefficients. 

• The results of energy dispersive spectroscopy (EDS) analysis showed that the 

dominant elements of pumice and hard-grained particles in NP soils collected at four 

sites along the Waikato River were the same: the dominant elements of the pumice 

particles are silicon, aluminium and oxygen (the same as for pure pumice sand), 

while those of the hard-grained particles are silicon and oxygen only, similar to 

Toyoura sand (Figure 4.20). 

• The New Zealand and Japanese standard methods were used to measure the 

maximum dry density (MDD) of the NP. The New Zealand method was not suitable 

for MDD testing of crushable NP sands due to the occurrence of particle crushing 

during the tests, leading to inconsistency in the MDD test results; in contrast, the 

gentle approach used in the Japanese standard method gave consistent MDD values 

with negligible particle crushing (Figures 5.1 and 5.2). 

• The NP sands experienced different levels of particle crushing as a result of MDD 

testing according to the New Zealand standard. These results indicated that the 

pumice content of natural soil varies between the four sites along the Waikato River. 

The relative breakage (Br) of the materials at the end of MDD testing was used to 

estimate the pumice content of the natural soils (Figure 5.4). The method for 

quantifying the pumice content was validated by visually quantifying pumice-looking 

particles from SEM and stereo-microscope images of the materials investigated 

(Figure 5.5). 
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10.1.2 Cyclic Testing 

 

To investigate the effects of relative density (Dr), particle crushing, pumice content (PC), 

particle shape characteristics, soil fabric, structure and stress history on the undrained cyclic 

response of NP sands, nearly 80 undrained cyclic triaxial tests were performed on 

undisturbed and reconstituted NP sands and Toyoura sand with differing Dr under the same 

initial effective confining pressure σ’c of 100 kPa. Before consolidation the specimens were 

saturated through the application of back pressure. The following conclusions can be drawn 

from the test results: 

 

• For NP sand, the amount of particle crushing during hydrostatic consolidation within 

the range investigated was negligible; however, the specimens experienced particle 

crushing during cyclic loading. The relative breakage (Br) of dense NP sands was 

almost two times higher than that of loose specimens.  

• The relative breakage of NP sand was different at the end of cyclic loading; for 

instance, the Br of dense NP2 sand (sand collected at site NP2) was almost two 

times higher than that of dense NP1 sand. The different levels of particle crushing 

were attributed to the pumice content of the natural soils (Figure 7.24).  

• The NP sands showed very contractive behaviour during the first quarter of the 

cycles required to induce liquefaction, but in subsequent cycles a very strong dilative 

response was observed under the existence of high excess pore water pressure 

(EPWP).  
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• For the NP sands, an initial deformation was accompanied by an immediate 

generation of EPWP at the end of the first cycle of loading. Denser NP sands 

underwent greater initial deformation and, consequently, higher EPWP ratios (ru) 

were observed. This behaviour was attributed to particle crushing.    

• Reconstituted NP sands showed different responses to cyclic loading compared with 

Toyoura sand (Figure 7.17 and 7.18). Regarding the development of double-

amplitude axial strain (εDA), the dense NP sands underwent deformation from the 

start of cyclic loading and εDA gradually increased until an εDA of 5% was reached. 

Axial strain development in NP sands was unaffected by changes in EPWP during 

cyclic loading. In contrast, Toyoura sand experienced negligible deformation as a 

result of the initial cycle of loading; strain began to develop suddenly on reaching ru ≈ 

0.6, and within a small number of further cycles an εDA of 5% was reached. 

• Due to particle crushing and the very complex surface texture of the pumice particles 

a stable soil skeleton formed inside the NP sands; consequently, the instability 

condition, which is demonstrated by sudden deformation and an increase in EPWP, 

was not observed for the NP sands.    

• The reconstituted NP sands were more resistant to liquefaction than Toyoura sand 

(Figure 7.20). Relative density was found to have a significant influence on the 

liquefaction resistance of both NP and Toyoura sands. However, the effect of relative 

density on liquefaction resistance was different for the NP sands from the four sites. 

As the pumice content of the NP sands increased, the differences in the liquefaction 

resistance of loose and dense specimens became less pronounced (Figure 7.21).  



Chapter 10                                                                        Conclusions and Recommendations  

 

257 
 
 

• Undisturbed and reconstituted NP sands showed different responses during cyclic 

loading, especially in terms of axial strain development (Figures 8.5 and 8.7). 

However, they experienced the same level of particle crushing during cyclic loading 

(Figure 8.10).  

• Undisturbed NP3 and NP4 sands were more resistant to liquefaction than 

reconstituted samples (Figure 8.9), which was attributed to the important influence of 

soil fabric structure and stress history on the liquefaction resistance of the NP sands.  

• The results of a limited number of bender element tests indicated that the maximum 

shear modulus (Gmax) of undisturbed and reconstituted NP3 sands was considerably 

lower than that of Toyoura sand; in addition, increases in confining pressure had a 

greater effect on the Gmax of the NP sands (Figure 8.11).   

 
 

10.1.2 Post-Liquefaction Testing 

 

To investigate the post-liquefaction monotonic response of undisturbed and reconstituted NP 

sands and Toyoura sand, specimens that had undergone liquefaction were subjected to 

monotonic loading without allowing the EPWP inside the specimens to dissipate. The 

following conclusions can be drawn from the test results: 

 

• During post-liquefaction monotonic loading, a strain-hardening response was 

observed for both NP and Toyoura sands regardless of relative density.  
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• Relative density plays an important role in the post-liquefaction response of NP and 

Toyoura sands (Figures 9.8 and 9.9); as the relative density increases, the 

specimens start to recover their strength more quickly (at a lower take-off strain, ɣr). 

The effect of relative density on the post-liquefaction response of the NP sand was 

less pronounced than that for Toyoura sand.  

• The post-liquefaction monotonic response of NP sand was different from that of 

Toyoura sand; the liquefied NP sands recovered their strength at a considerably 

faster rate and had higher initial shear modulus (G1) values compared with Toyoura 

sand. However, due to particle crushing during the post-cyclic testing, the NP sand 

had lower values for shear modulus at recovery (G2) compared with Toyoura sand. 

• The post-liquefaction monotonic responses of undisturbed and reconstituted NP 

sands were found to be different, indicating that the inherent structure of the 

undisturbed samples was unaffected by cyclic loading.  

 

   

10.2 Recommendations for Further Research  

 

The following recommendations are proposed for future research:   

 

• In this study, some hypotheses were made about the interaction of pumice particles 

during cyclic loading. To support these hypotheses and elucidate the interactions 

between pumice particles during cyclic loading, it is recommended that the discrete 

element method (DEM) be used to simulate the undrained cyclic behaviour of NP 

sands.  
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• Additional cyclic testing on NP sands with differing pumice contents is recommended 

for verifying the relationship between the pumice content and the liquefaction 

resistance of NP sand.  

• Bender element tests should be performed on NP sand in order to discover a 

correlation between the bender element test results and cyclic triaxial test results. In 

addition, the applicability of shear wave velocity testing to the evaluation of NP sand 

liquefaction based on laboratory tests should be investigated.   

• The applicability of cone penetration and shear wave velocity testing to the 

evaluation of NP sand liquefaction should be investigated, and the results of field 

testing compared with the results of laboratory testing of high-quality undisturbed 

samples.   

• The effect of high confining pressure on the cyclic behaviour of NP sand should be 

investigated.  

• Cyclic simple shear tests should be performed on NP sands and the results 

compared with the results of cyclic triaxial testing. 
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