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ABSTRACT: The dynamic properties and undrained cyclic behaviour of pumiceous 

deposits from the Waikato basin, North Island, were investigated in this paper. The 

materials in the Waikato basin contain pumice particles which are found to be crushable 

and problematic from an engineering point of view. The pumice originated from a series 

of volcanic eruptions centred in the Taupo and Rotorua regions. In the Waikato basin, the 

pumice has been mixed with other material during reworking and then redeposited. The 

test specimens were taken from small block samples, 200 mm in diameter and 200 mm 

high, obtained by jacking sampling tubes into the base of digger excavation at a site near 

Rangiriri, Waikato. This was followed by extrusion of the sample, cutting into four pieces 

using a bandsaw, and subsequent trimming using a soil lathe to achieve the target size. 

Monotonic undrained triaxial tests were done on specimens using triaxial apparatus 

equipped with bender elements and with three LVDTs positioned around the periphery of 

the specimen to measure axial strain ranging from less than 0.001%. The maximum shear 

modulus of the pumiceous materials was calculated by using the results of the bender 

elements. The effect of confining pressure on the maximum shear modulus and strain-

dependent modulus degradation of the materials was obtained during the monotonic 

loading tests. The liquefaction curves from cyclic loading tests were compared to those of 

other natural geomaterials. 

1 INTRODUCTION  

It is well-known that earthquakes can have disastrous effects on infrastructure, building and society. 

One of the reasons for earthquake damage is related to soil failure under seismic loading. For 

instance, widespread liquefaction was one of the main causes of the 2010-2011 earthquake damage in 

Christchurch, New Zealand (Cubrinovski et al. 2012). Consequently, the importance of understanding 

the geotechnical characteristics and seismic behaviour of various local soils for the purpose of 

designing earthquake resistance structures need to be established. 

Volcanic soils, including pumiceous sands, are found in several areas of the North Island. They 

originated from a series of volcanic eruption centred in the Taupo and Rotorua region, called the 

Taupo Volcanic Zone (Pender et al. 2006). By the power of explosion and airborne transport which 

were followed by erosion and river transport, the pumice materials were distributed and mixed with 

other materials in the Waikato Basin. As a consequence of infrastructure development in the region, 

many engineering projects frequently encounter pumiceous materials, so there is a need to understand 

how these deposits behave under seismic loading.  

Pumice is characterised by a number of distinctive properties. Pumice particles are highly crushable, 

compressible and lightweight as a result of the vesicular nature and the presence of internal voids 

(Orense et al. 2012). Due to these features, it is found that pumice deposits are problematic from an 

engineering point of view. Another important characteristic of pumice is its unique appearance (Figure 

1) with high angularity that enables them to have a very high angle of internal friction (Asadi et al. 

2015; Kikkawa et al. 2013). Although some studies have investigated the dynamic properties and 

cyclic behaviour of crushable soils such as carbonate sand and commercially-available pumice, little is  



known about the seismic response of natural pumiceous deposits which is a mixture of pumice with 

other constituents. 

The maximum shear modulus (Gmax), strain-dependent shear modulus and liquefaction resistance 

curve are fundamental parameters required in non-linear dynamic analysis of soil, such as foundation 

design, settlement prediction, soil improvement and liquefaction assessment. In this paper, the bender 

element and small strain triaxial tests were employed to calculate Gmax and reduction curve of shear 

modulus with respect to the increment of shear strain. Moreover, cyclic triaxial tests were conducted 

to evaluate the liquefaction resistance of natural pumiceous soil.  

2 MATERIAL USED AND TEST PROGRAM  

2.1. Site location and sampling technique 

The samples used were undisturbed pumiceous deposits from a site near Rangiriri, Waikato (see 

Figure 2). In order to get reasonable results from laboratory tests, it is necessary to have high-quality 

undisturbed samples because soil fabric, age and stress history play an important role in the dynamic 

behaviour of soils (Ishihara 1993). Thus, for this study, small block sampling method was 

implemented to obtain undisturbed pumiceous soil samples. After excavating the ground to reach the 

target depth of 4.0m to 4.5m, a hydraulic jack was used to push 200 mm diameter and 200 mm high 

sampling tubes which were fitted with low angle cutting shoe into the ground. The digger shown in 

Figure 3a provided the reaction needed while the tube was pushed down into the ground. The tubes 

were then dug out of the ground, and both ends were levelled and sealed with rubber disc between the 

soil and caps to preserve the natural water content of soil samples, as shown in Figure 3b. The 

obtained samples were fluvial deposits and included pumice particles. The index properties of the 

obtained samples are listed in Table 1 while the grain size distribution curve is shown in Figure 4. 

2.2. Specimen preparation and triaxial test set up   

After obtaining the undisturbed block samples, the materials were transported to the laboratory in 

Auckland. In the laboratory, a hydraulic jack was used to extrude the undisturbed soil samples from 

the sampling tube. Then, this was followed by cutting them into four pieces using a bandsaw, and 

subsequent trimming using a soil lathe to obtain samples with target size of 150 mm high and 75 mm 

diameter and 126 mm high and 63 mm diameter for monotonic triaxial and cyclic triaxial tests, 

respectively. 

 

  

Figure 1 - Scanning electron microscope (SEM) images of pumice sands with different sizes 



  

Figure 2 - (a) Site location south-east of Rangiriri; (b) location of Rangiriri, Waikato 

 

  

Figure 3 - Undisturbed block sampling: (a) site condition; and (b) sample inside the sampling tube 

 

  

Table 1. Index properties of the materials used in 

the tests (some data after Orense et al. 2012). 

Material Gs emax emin 

Rangiriri 2.5 1.81 1.03 

Pumice-A 1.95 2.58 1.76 

Huntly  2.45 1.56 0.95 

Toyoura sand 2.64 0.97 0.61 
 

Figure 4 - Grain size distribution of samples used in 

the tests (some data after Orense et al. 2012). 

 

According to Pender et al. (2009), it is necessary that the ends of specimens be perfectly flat and 

parallel in order to obtain accurate results especially in small strain range. For this purpose, a three-

part split mould and a thin layer of quick-setting plaster were used to make sure the specimens are 

parallel with flat ends. Next, the undisturbed soil samples were set up in the triaxial cell. The 

specimens were saturated by subjecting them to back pressure of 600 kPa. B-values greater than 0.95 

ensured that all the specimens were fully saturated. Then, the specimens were isotropically 

consolidated at the target effective confining pressure in the range of 50 to 600 kPa.  
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The triaxial apparatus used was equipped with bender elements to measure the maximum shear 

modulus of the pumiceous materials. Monotonic undrained triaxial tests were performed on specimens 

with three LVDTs positioned around the periphery of the specimens to measure axial strain ranging 

from about 0.001% to 0.1%. The strain-dependent modulus degradation of the materials was obtained 

during the monotonic loading tests. The liquefaction resistance of the materials were obtained by 

performing cyclic undrained triaxial tests on the undisturbed pumiceous materials.  

2.3 Bender element test  

The bender element test is a non-destructive dynamic method developed by Shirley and Hampton 

(1978). This test enables the measurement of shear wave velocity, Vs, of soil in laboratory by the 

following equation: 

 Vs =  L/t                                        (1) 

where L is distance between tip-to-tip of bender elements and t is the travel time of wave propagation. 

Then, based on theory of wave propagation in elastic media, the maximum shear modulus of soil is 

measured by Equation 2 (Kramer 1996; Shirley & Hampton 1978). 

 Gmax = ρVs
2
            (2) 

where ρ is the bulk density of soil. 

Bender element test has long been used to measure the maximum shear modulus at low strain level, 

despite some difficulties in signal interpretation. In this study, the suggestions of Marjanovic and 

Germaine (2013) were employed to design proper bender elements in order to minimize the distortions 

that mask the accurate arrival time. The bender element geometry ratio (height/width) and wavelength 

ratio (rw=L/λ, in which λ is wavelength) are the two significant parameters that must be controlled 

during the test set up (Marjanovic & Germaine 2013); the proper choice of the former leads to 

propagating true S-wave and the latter reduces the near-field effect in the soil sample.  

The bender element system employed consists of FG110 synthesized function generator and TDS 

2024C digital oscilloscope for generating waves and recording the generator and receiver signals for 

post data analysis, respectively. In bender element data analysis, the peak-to-peak arrival time was 

chosen to determine travel time (see Figure 4), owing to the consistency, clarity and simplicity of this 

method as compared to other approaches. 

 2.4 Small strain triaxial test 

The non-linear characteristics of soils and the importance of using stress-strain behaviour of soils at 

low strain in engineering projects encourage geotechnical engineers to develop instrumentations for 

small deformation measurement. Soil deformation measurement at strain range of 0.001% with the 

conventional triaxial test is possible only by attaching sensitive displacement transducers directly on 

the periphery of the soil specimen. As a result, the source of measurement errors using external 

LVDTs, such as bedding error, seating error and alignment errors, are eliminated (Jardine et al. 1984; 

Pender et al. 2009; Scholey et al. 1995). 

As illustrated in Figure 5, three sensitive LVDTs (Schaevitz 025 MHR type) with a linear range of 

about ±0.64 to ±2.54 mm were attached on the periphery of the specimen. A rubber band was used to 

hold the LVDT blocks with emery paper against the rubber membrane. The top and bottom blocks are 

positioned using an alignment pin and the gage length set to 100mm. The triaxial cell was filled with 

silicon oil rather than water. A 16 bit A/D converter recorded all the data on the computer for analysis.   

 



 

 

Figure 4 - Typical bender element test result Figure 5 - LVDTs attached to the specimen 

2.5 Cyclic triaxial tests 

After consolidating the specimens with the effective confining pressure of 100 kPa, A hydraulic-

powered loading frame applied the cyclic loading for the tests. All the cyclic tests were subjected to a 

sinusoidal cyclic axial load at the frequency of 0.1 Hz under undrained condition, during which the 

axial load and displacement were recorded. Furthermore, the values of cell pressure, back pressure and 

volume change were electronically measured through a data acquisition system onto a computer for 

analysis.  

3. TEST RESULTS AND DISCUSSION 

3.1 Effect of confining pressure on shear modulus of pumiceous soils 

It has long been established that the maximum shear modulus of sandy soils is influenced by confining 

pressure (Kokusho 1980). To investigate the effect of confining pressure on the maximum shear 

modulus of natural pumiceous materials from Rangiriri, a series of bender element tests at different σc 

ranging from 50 to 600 kPa was conducted on a single specimen. 

Figure 6 presents the relationship of Gmax ∝ σc
m
 for Rangiriri pumiceous material, with the m value of 

0.88, representing the slope of the best-fit line through the data points of bender element test results. 

The rate of shear modulus increment with respect to increase in σc for natural pumiceous deposits was 

compered to commercially-available pumice A and Touhoro soil (a Japanese crushable volcanic soil) 

in Figure 6a (Orense et al. 2013; Sahaphol & Miura 2005). It is noted that the trends of maximum 

shear modulus with respect to confining pressure were approximately the same for the above-

mentioned soils.  

Furthermore, as revealed in Figure 6b, the m value of natural pumiceous materials is much higher than 

that of the non-crushable soils, such as silica sand and Auckland residual clay with PI of 20. These 

differences could be due to the occurrence of particle crushing under isotropic consolidation pressure, 

especially at the high level of pressure. More tests are planned to confirm this. 

3.2 Strain-dependent shear modulus degradation of the pumiceous soils 

A hyperbolic model was developed to complete the strain-dependent shear modulus degradation curve 

by fitting the best curve from Gmax measured by bender element test to splice the data points from 

small strain triaxial test. To establish the soil stiffness reduction curve with respect to increase in axial 

strain, the secant shear modulus was defined as Gsec=Esec/3 (which Esec is the Young’s modulus). 

Figure 7a depicts the shear modulus dependency of undisturbed pumiceous soil on confining pressure 

at the range of 100 and 200 kPa, showing that as σc increases, the shear modulus increases. As 

indicated by Ishihara (1996), this phenomenon can be expressed as the dependency of maximum shear 

modulus on confining pressure. 

t = 688µs 



  

Figure 6 - Effect of σc on Gmax  for Rangiriri pumiceous material by comparing with: (a) other volcanic 

soils; and (b) non-crushable soils (some results after Miura et al. 2003; Orense et al. 2013) 

 

  

Figure 7 - Effect of confining pressure on strain-dependent shear modulus 

Test results from small strain triaxial tests are normalized by the initial shear modulus obtained by 

bender element tests, and these are illustrated in Figure 7b. The comparison in normalised strain-

dependent shear modulus of undisturbed Rangiriri material at the different level of confining pressure, 

100 kPa and 200 kPa are depicted in this plot. The graph illustrated the decrease on the rate of 

reduction in shear modulus for Rangiriri deposits as a result of 100 kPa increment in confining 

pressure. It is consistent with the observation of Kokusho (1980) on Toyoura sand that as the 

confining pressure increase the reduction curve consistently move to right along strain axis, although 

particle crushing under higher confining pressure may have contributed to the trend.  

3.3 Undrained cyclic triaxial tests results  

The effect of cyclic stress ratio (CSR = σd/2σc´, in which σd is deviator stress and σc´ is effective 

confining pressure) on the undrained cyclic behaviour of pumiceous deposits from Rangiriri were 

investigated. Figure 8 illustrates the plots of double amplitude axial strain, εDA, and excess pore water 

pressure ratio, ru=u/σc´, (in which u is excess pore water pressure) against normalized number of 

cycles N/N(at εDA=5%) under 4 different levels of applied CSR. As seen in Figure 8a, the trends of 

strain with the number of cycles are highly reliant on the level of applied CSR; this behaviour is 

consistent with the observation made on undisturbed pumiceous material from Huntly (Asadi et al. 

2015). It is noted that an initial deformation occurred on the specimen as a consequence of the first 

cycle of loading when CSR<0.35. Furthermore, the higher value of CSR induced larger initial 

deformation to specimens possibly the results of more particle crushing. Under the same confining 

pressure (100 kPa), higher CSR means the materials were subjected to a higher level of shearing and 
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consequently more crushing occurred. Subsequent investigation through sieve analysis indicated that, 

indeed, particle crushing occurring. 

In addition, the development of εDA of pumiceous materials started from the beginning of the cyclic 

loading; this is in contrast with the response of hard-grained materials to the cyclic loading which is 

characterized by negligible straining followed by sudden strain development after a significant number 

of cyclic loading. The corresponding ru depicted in Figure 8b shows practically similar behaviour. An 

immediate increase of ru up to 0.8 in the first quarter of cyclic loading occurred, followed by a gradual 

change of ru to 1.0. It is noteworthy that under high excess pore water pressure ratios, the pumiceous 

materials were capable of carrying a significant number of cyclic loading without any substantial 

deformation. This behaviour may be attributed to the angularity of pumiceous materials and the 

interlocking of particles, although more tests are necessary to clarify this. 

 

  

Figure 8 - (a) Double amplitude axial strain εDA and (b) excess pore water pressure ratio plots against 

normalized number of cycles N/NεDA=5% from cyclic undrained tests. 

 

  

Figure 9 - Comparison of cyclic resistance curve of undisturbed pumiceous material with (a) 

commercially-available pumice; and (b) Toyoura sands (some data after Orense et al. 2012). 

3.4 Cyclic shear resistance  

Figure 9a compared the cyclic resistance of natural pumiceous deposits from Rangiriri (Dr=50%) with 

commercially-available pumice sands. Also shown in the figure are the results for undisturbed samples 

obtained at Huntly (Dr=25%), which was investigated by Asadi et al. (2015). It is noted that the 

undisturbed pumiceous deposits are more resistant to liquefaction compared to commercially-available 

pumice. This can be explained partially by the contribution of soil fabric and stress history on the  
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liquefaction resistance of the soil, although the effect of other factors (such as difference in fines 

content and composition) may also be significant. 

From Figure 9b, it can be seen that the pumiceous materials are less susceptible to liquefaction 

compared to Toyoura sand. For example, if the cyclic resistance is defined in terms of the cyclic stress 

ratio (CSR) corresponding to 15 cycles, then dense Toyoura sand (Dr=90%) has liquefaction resistance 

almost half of that of undisturbed pumiceous materials from Rangiriri (Dr=50%).  

4. CONCLUSIONS  

The dynamic properties and cyclic behaviour of natural pumiceous soils from Rangiriri region were 

investigated by performing a series of laboratory tests such as bender element, small strain monotonic 

triaxial tests and cyclic triaxial tests. The major conclusions from this paper are as follows: 

 The effect of confining pressure on the maximum shear modulus of Rangiriri pumiceous soil is 

more significant compared to non-crushable soil. 

 The normalise strain-dependent shear modulus degradation curve of Rangiriri material  moved to 

right with the increase in confining pressure  

 The liquefaction resistance of Rangiriri materials (Dr=50%) were found to be 1.6 times higher 

than that of medium dense pumice sand (Dr=70%) and almost twice that of dense Toyoura sand 

(Dr=90%). 
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