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ABSTRACT 
 
New Zealand’s active geologic past has resulted in widespread deposits of volcanic soils throughout the 
country. Pumice deposits normally originated from volcanic eruptions and they are found in several areas of 
the North Island in New Zealand such as the “Taupo Volcanic Zone”. Pumice sands are often referred to as 
problematic materials and they present difficult subsurface conditions for geotechnical engineering due to 
their highly compressible and crushable nature. Consequently, most empirical liquefaction potential 
evaluation correlations and procedures derived primarily from hard-grained (quartz) sands, to some extent, 
may be not applicable to pumice sands. To understand better the liquefaction characteristics of pumice 
sands, several series of drained and undrained monotonic triaxial tests were conducted on commercially-
available pumice sands in both loose and dense states, with measurements of particle sizing to track the 
degree of crushing during the shear stress application and to observe the effect of particle crushing on 
stress-strain relation. The results indicated that specimens reconstituted under loose and dense states 
practically showed similar response in terms of stress-strain characteristics, confirming the earlier findings 
that relative density did not have significant effect on the liquefaction behaviour of pumice. Under the same 
confining pressure, the crushability of dense specimens is higher than loose specimens and that particle 
crushing occurs as a continuous process during monotonic shear application. However, the more irregular 
particles which resulted from the continuous breakage of original particles do not seem to stiffen the 
specimens. 
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1 INTRODUCTION 
 
The active geological past of New Zealand has led to widespread deposits of volcanic soils throughout the 
country. Pumice deposits are found in several areas of the North Island and they exist mainly as deep sand 
layers in river valleys and flood plains, but are also found as coarse gravel deposits in hilly areas. Although, 
in general, they do not cover wide areas, their concentration in river valleys and flood plains means they tend 
to coincide with areas of considerable human activity and development. Thus, they are frequently 
encountered in engineering projects and their evaluation is a matter of considerable geotechnical interest.  
 
Pumice sand is characterized by a number of distinctive properties, such as it is generally lightweight, highly 
frictional and the coarser particles are also highly crushable and compressible due to their vesicular nature. 
Because the internal and surface voids of particles, pumice sands can be readily crushed against a hard 
surface by finger-nail pressure; consequently, pumice sands are problematic from engineering and 
construction viewpoint. Moreover, very few information is available about whether empirical correlations and 
procedures derived for hard-grained (quartz) soils are applicable to pumice deposits because there has been 
very little research done to examine the liquefaction characteristics of pumice. Basic geotechnical 
engineering concepts indicate that since pumice is crushable, then it is contractive; and when a material is 
contractive, it is liquefiable.  
 
In order to understand better the liquefaction characteristics of pumice sand, several series of monotonic 
triaxial tests were conducted on reconstituted specimens consisting of commercially-available pumice sands 
in both loose and dense state, with measurements of particle sizing to track the degree of crushing during 
the monotonic shear and to observe the effect of particle crushing on stress-strain relation. This paper 
presents an interpretation of the undrained and drained monotonic behaviour of reconstituted specimens of 
pumice sand, using data from laboratory tests and images from scanning electron microscope, as well as 



some laboratory and field data from the literature. It also presents an interpretation of the degree of particle 
crushing during the application of monotonic shear and its effect on stress-strain relation. 
 
 
2 METHODOLOGY 
 
2.1 Sand specimens 
 
The tests were performed on commercially-available pumice sand. This is not a natural deposit but was 
derived by processing sand from the Waikato River. The particles were centrifugally separated from the other 
river sand particles so that the samples consist essentially of pumice grains. The grain size distribution of the 
pumice sand (0.075-2.36 mm) used in this research is shown in Figure 1, together with the index properties 
obtained using methods specified in NZ Standards 4402:1986. Unlike hard-grained sands, the pumice sands 
are well-known for its vesicular nature (presence of internal and surface voids), as shown in Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                            
2.2 Sample preparation and testing methodology 
 
Because of the presence of voids on the surface and on the particle interior, it was not easy to completely 
saturate the pumice sand for the undrained tests. For this purpose, saturated specimens were made using 
de-aired pumice, i.e., sands were first boiled in water to remove the entrapped air. Next, the specimens were 
saturated with appropriate back pressure and then isotropically consolidated at the target effective confining 

pressure, ′  = 200 kPa. B-values > 0.95 were ensured for all specimens before shearing. The test 
specimens were 50 mm in diameter and 100 mm high. The target shear strain was above 30% to observe 
the specimen under the steady state of deformation, with shearing rate set at 5 mm/min. 
 
In order to investigate the mechanism which accounts for the observed stable condition, a series of 
monotonic loading-unloading tests were also conducted. After consolidation, the pumice specimen was 
strained to a certain level (loading phase), and then the deviator load was removed (unloading phase), after 
which it was re-strained further to a slightly higher level of strain. For each specimen, 6 loading-unloading 
cycles were conducted to observe the change, if any, in the response, i.e. if the crushed particles (which 
have more irregular shape and angular surface) would contribute to a more resistant soil structure. 
 
To investigate whether particle breakage occurred during shearing, sieve analyses were conducted after 
most of the tests. The average pre-test particle size distribution curve is shown in Figure 1. From previous 
studies (e.g. Kikkawa et al. 2009), it is clear that under low consolidation pressure (say 200 kPa), the particle 
size almost remains constant with insignificant crushing. Thus, any reduction in particle size is mainly the 
consequence of shearing. Moreover, in order to track the amount of crushing during shear, the particle size 
was also checked after reaching different axial strains. All the post-shear sieving tests were conducted 
immediately after the triaxial tests, so that the effect of the relaxation of stress under constant load can be 
ignored. It is also worth to note that specimens were made using new set of sand for each test. 
 
 

 Figure 1. Pumice sand grain size distribution curve      Figure 2. SEM images for pumice particles 



3 RESULTS AND DISCUSSIONS 
     

3.1 Monotonic triaxial tests 
 

Firstly, a series of consolidated drained (CD) triaxial test on dry sandy pumice was conducted. The pumice 
samples were reconstituted as triaxial specimen at two different states: dense (e ≈ 1.60) and loose (e ≈ 2.20). 
For each state, three tests were conducted under the same condition to confirm repeatability; this practice is 
consistent with that used in general geotechnical engineering practice. The results of CD test on dry sandy 
pumice are presented in Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                              
 
As can be seen from Figure 3(a), the pumice specimen under loose state showed very similar stress-strain 
response to that under dense state. All six specimens display similar peak deviator stress of approximately 
750 kPa. This indicates that relative density is not a good parameter to differentiate the response of pumice 
sand, consistent with the study conducted by Wesley et al. (1999). It also can be seen that even at strain 
level as large as 35%, no matter if loose or dense state, almost all the stress-strain curves did not seem to 
converge to a critical or steady state. This is quite distinctive as compared to natural sands where the stress-
strain curves merge at large strain range. The mechanism behind this is possibly the continuous crushing or 
breakage of particles during shearing, which resulted in more resistant soil structure that did not allow 
deformation at constant shear stress (and constant volume) to occur (Orense 2013). 
 
Figure 3(b) illustrates the volumetric strain versus axial strain relations. A negative value of volumetric strain 
corresponds to a decrease in specimen volume. Firstly, it can be seen that the loose specimens not 
surprisingly experienced more volume decrease than dense specimens during drained monotonic shear. 
This is mainly due to the higher initial void ratio of loose specimens. These voids being compressed during 
drained shear greatly contribute to the decrease in volume, consequently resulting in higher volumetric 
strains. Moreover, all the specimens (under similar  = 200 kPa) show fully contractive response regardless 
of initial relative density. Again, the mechanism behind this is possibly the continuous crushing or breakage 
of particles during shear which resulted in continuous decrease in volume (fully contractive). This is 
significantly distinctive as compared to natural sands in fairly dense state where a dilative response is 
generally observed after a small initial compression (i.e. from contraction to dilation). The magnitude of the 
dilation depends very strongly on the density of the sands, with denser samples expanding more rapidly. It 
also depends on the magnitude of the effective confining pressure. Dense quartz sands at sufficiently large 
confining pressure will exhibit similar shear characteristics to a loose specimen; in other words the effect of 
increasing confining pressure is to suppress the dilatant tendency. However, the effective confining pressure 
of 200 kPa used in this study is not sufficiently large to suppress the dilative response. Therefore, the 
possible mechanism discussed above is still applicable. 
 
The undrained behaviour of sandy soils under monotonic shearing is conventionally used to investigate 
liquefaction mechanism. Monotonic shearing means the specimen in the triaxial cell, which is isotropically 
consolidated, is subjected to an increasing axial load until failure occurs. During shearing, the drainage valve 
is closed; this results in generation of excess pore water pressure. Generally, the undrained behaviour under 
monotonic shearing is characterized by three types of response, as illustrated in Figure 4. From conventional 
soil mechanics, contractive and dilative responses in CD tests correspond to the potential to increase and 
decrease in excess pore water pressure in CU tests. Therefore, if pumice sands display the behaviour as 

 Figure 3. (a) CD, deviator stress vs. axial strain           Figure 3. (b) CD, volumetric strain vs. axial strain 



shown in Figure 3(b), it is reasonable to expect that the pumice specimens under undrained monotonic shear 
(CU) will display a continuous increase in excess pore water pressure and consequently initiating liquefaction, 
such as losing the entire stiffness (flow-type behaviour in Figure 4).  
 
 
 
 
 
 
 
 
 
 
 
 
     
 
 
 
            
  
 
 
 
 
 
 
 
            
 
A series of consolidated-undrained (CU) tests on fully saturated pumice sand in dense and loose states was 
conducted next and the results are presented in Figure 5. From the stress – strain relations shown in Figure 
5(a), all the tests show similar tendency of quite stiff response at small strain level (typically below 2%), 
followed by strain softening phase. Looking at the plots, a difference in the variation of axial strain with the 
applied deviator stress is observed among the dense specimens after the phase transformation. Meanwhile, 
the loose specimens display a fairly similar response. Thus, it can be said that the test results are repeatable 
for practical purposes. From previous study (Orense et al. 2013), it was concluded that for pumice sand the 
effect of grain size on monotonic behaviour is much more dominant than relative density and therefore the 
variation among dense specimens could be explained by the possible variability in the grain size distribution 
when preparing the samples. Overall, if the variation among dense specimens is excluded, the distinction 
between dense and loose states is also not as significant as compared to that observed on hard grained 
sands. Once again, this confirms that relative density is not a good parameter to differentiate the response of 
pumice sand. Additionally, it clearly shows that all the specimens did not tend to reach a steady state 
condition, even for the strains as high as 35%. This observation, together with the earlier study (Orense 
2013), indicates that the steady state framework (which applies to cohessionless soil) may not be applicable 
to crushable sands, such as pumice. 
 
Figure 5(b) presents the development of excess pore water pressure during undrained shear. It seems that 
the initial relative density or void ratio does not have significant effect on the development of excess pore 
water pressure. All the tests display similar tendency of contractive response at small strain level (typically 
3%), followed by dilative response at strain level above 3%. Also noticeable is the large failure strain 
(typically 15-18%) and the slight increase in excess pore water pressure after failure. It seems to suggest 
that the specimens become more compressible after failure as the excess pore pressure starts to increase 
again. The fully contractive behaviour from CD tests is not observed this time and it can be expected that the 
flow-type undrained behaviour will not be displayed as well.  
 

 Figure 4. Monotonic undrained behaviour of sand          Figure 5. (a) CU, deviator stress vs. axial strain 

       Figure 5. (b) CU, excess u vs. axial strain                Figure 5. (c) CU, deviator stress vs. effective p′ 



Figure 5(c) presents the effective stress paths, taking deviator stress σ σ  and effective mean principal 

stress p′ σ′ 2σ′ /3. The pumice specimens were reconstituted at two different states: dense (e ≈ 1.60) 
and loose (e ≈ 2.20) states. All the tests show similar overall tendency of a strain softening followed by strain 
hardening after the phase transformation state in which the specimen recovers its strength and restores 
stability, the so-called “limited-flow undrained behavior”. It is well known that changes in density and 
confining pressure affect the undrained response of natural sand. However, under the same confining 
pressure, there is no clear distinction in the stress paths of dense and loose specimens. Moreover, the strain 
hardening regions tend to overlap on the same failure line indicating that the all the pumice specimens, 
regardless of initial relative density, have approximately the same inter-particle friction angle, which also 
excludes the effect of relative density on strength characteristics.  It is also noticeable that there are “return 
loops” which do not overlap with the original failure paths after the peak deviator stresses for all the six tests, 
as shown in Figure 5(c). This is significantly distinctive from what is normally obtained for the natural hard 
grained sands. It seems to suggest that the material becomes more compressible as the pore pressure starts 
to increase again. However, this “loop” was not observed in the previous study based on triaxial tests 
(Orense et al. 2013). It is not clear if this is due to the continuous breakage of particles after failure or other 
possible mechanisms; further study is recommended. 
 

3.2 Monotonic loading-unloading triaxial tests 
 

In order to investigate the mechanism which accounts for the resulting stable condition, a series of 
monotonic loading-unloading triaxial tests were also conducted. After consolidation, the pumice specimen 
was strained to a certain level (loading phase) at rate of 5 mm/min, and then the axial load was removed 
(unloading phase) gradually at rate of 50 kPa/min, after which it is re-strained further. For each test, 7 
loading-unloading cycles were conducted. Figures 6 and 7 present the results of loading – unloading triaxial 
tests on drained dry and undrained fully saturated pumice specimens, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
   
    
During the un-loading phase, the interlocking between particles resulting from shearing was gradually 
released while the much more irregular and angular crushed particles produced during shearing were still 
there. So if the crushed particles are contributing to the more resistant soil structure, a different stress-strain 
relation is expected when re-straining the specimen. However, as shown in Figures 6(a) and 7(a), all the re-
straining paths clearly tend to be parallel to each other and overlap the original un-loading paths, indicating 

       Figure 6. (a) L-U CD, deviator stress vs. axial strain           (b) L-U CD, volumetric strain vs. axial strain 

       Figure 7. (a) L-U CU, deviator stress vs. axial strain                           (b) L-U CU, excess u vs. axial strain               



that the continuous accumulation of crushed particles itself nearly has no effect on the formation of a 
resistant soil structure. A straightforward quantitative comparison can be obtained from Table 1, which 
summarises the slopes of the loading-unloading paths, in the unit of MPa. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 6(b) and 7(b), respectively, present the volumetric strain-axial strain plots under drained shear and 
excess pore water pressure-axial strain plots under undrained shear. From conventional soil mechanics 
framework, the two figures are highly comparable. It is not difficult to imagine how the specimen will change 
in shape when the axial load is removed gradually. As shown in Figure 8, the specimen tends to recover its 
original height and, as a consequence of the elongation, its diameter tends to decrease. Therefore, the 
specimen starts to display more contractive behaviour when the axial load is removed. This “more 
contractive behaviour” reflected in Figures 6(b) and 7(b) corresponds to the increase in volumetric strain and 
excess pore water pressure at each cycle. Also noticeable is that the loose specimens overall experienced 
more volume decrease than dense specimens during drained monotonic shear, as shown in Figure 6(b), 
which may indicate the crushability of dense pumice is higher that loose pumice. 
 
 

3.3 Particle crushing investigation 
 

 

                                                                                                         
 

 

 

 

                                                                                                                

 

 

 

 
 
Particle crushing is an important aspect of the behaviour of the pumice sands tested. For all the tests 
presented herein, the particle size distribution (PSD) curves were obtained before and after the tests. Overall, 
substantial particle crushing was induced during CD and CU testing. Figure 9 has typical post–shearing PSD 
curves for dense and loose pumice specimens. The effect of relative density on the magnitude of particle 
crushing is examined. Among the CD and CU tests, the dense specimens (with e ≈ 1.60) generally tend to 
experience more crushing than the loose ones (with e ≈ 2.20). This is reflected in Figure 9, as the overall 
post-shearing particle sizes of dense specimen tend to be finer. However, in order to quantify the magnitude 
of particle crushing, it is necessary to track the changes in the PSD. Then a dimensionless “coefficient of 
crushability” S, is defined in a numerical way by calculating the area enclosed by the original and post-
shearing PSD (Equation 1), where x , x  

are the sieve sizes, and y , y  
 are the corresponding percentages 

finer by weight for original and post shearing PSD. The “boundaries” of sieve sizes for taking the area are 
0.075 mm and 2.36 mm.  
 S y 	 y x 	 x y y x x 				(1) 

Path1 Path2 Path3 Path4 Path5 Path6

L‐U CD 1 Dense  155 154 155 155 155 154

L‐U CD 2 Dense  155 155 154 155 154 154

L‐U CD 3 Loose  155 155 155 155 155 155

L‐U CD 4 Loose  155 155 154 154 155 155

L‐U CU 1 Dense  86 86 87 86 88 86

L‐U CU 2 Dense  86 87 87 88 86 87

L‐U CU 3 Loose  87 86 86 87 87 87

L‐U CU 4 Loose  86 87 87 87 87 86

CD1 Dense CD2 Dense CD3 Dense L‐U CD1 Dense L‐U CD2 Dense
8.2 12.1 13.0 9.1 10.2

CD4 Loose CD5 Loose CD6 Loose L‐U CD3 Loose L‐U CD4 Loose
4.6 3.8 2.9 2.6 3.6

CU1 Dense CU2 Dense CU3 Dense L‐U CU1 Dense L‐U CU2 Dense
10.5 9.6 11.2 9.7 12.5

CU4 Loose CU5 Loose CU6 Loose L‐U CU4 Loose L‐U CD5 Loose
3.6 4.2 2.2 2.4 3.3   Figure 9. Post-test particle size distribution curves 

  Table 1:  Slopes of unloading-loading paths, in MPa 

       Figure 8. Unloading phase specimen 

Table 2: Summary of coefficients of crushability,  
 
 

 



Therefore the coefficients of crushability for all the tests are calculated and summarised in Table 2. Simply, 
the larger the value of S, the finer the overall post-test particle size will be. As can be seen from the table, the 
dense pumice experienced more reduction in particle size than the loose one. 
 
The mechanics of particle crushing, or particle breakage, is of particular interest in the field of 
micromechanics. It is therefore evident to link the crushing of particles and the mechanical response of the 
soil through behavioural constitutive models. The method of evaluating the magnitude of particle crushing 
was originally proposed by Miura and Yamanouchi (1971) who used the surface area increment ∆S as an 
indicator of particle breakage. Auvinet and Marsal (1975) developed an index for particle breakage	B  where 

the difference between the percentage retained by weight of each grain size fraction before the test and after 
the test was plotted against the aperture of the lower sieve corresponding to that fraction. Hardin (1985) also 
underpinned the necessity for an adequate measure of the crushing in establishing continuum stress–strain 
models. He proposed the total breakage parameter B  as an alternative to quantify the magnitude of particle 
crushing. This index works in the similar way to Equation 1. Einav (2007) adjusted the definition of Hardin’s 
breakage index and proposed the relative breakage parameter	B  which measures the relative distance of 
the current grain size distribution from the initial and ultimate distributions, by taking into consideration the 
ultimate grain size distribution as a function of the initial grading. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In order to track the amount of crushing during shear, the particle size distributions at different axial strains 
were also checked immediately after the target strain was reached. For this purpose, all the CD tests and 
loading-unloading CD tests were conducted on dense specimens with same configuration as indicated in 
Figure 3. Figures 10(a) and 11(a) present the corresponding stress-strain relations for CD tests terminated at 
different strain levels and loading-unloading CD tests terminated at different number of shearing cycles. As 
can be seen, good repeatability was obtained for both series of tests, and this would guarantee the 
uniformity of the specimen. Also the strength characteristics are similar to what was obtained as shown in 
Figure 6. However, as the responses at small strain level for all specimens are significantly similar, some 

Figure 10. (a) CD on dense specimens, 
stress-strain relations at different strains  

Figure 10. (b) CD on dense specimens, 
corresponding post-test PSD curves 

Figure 11. (a) Loading-Unloading CD on dense 
specimens, stress-strain relations at different 
strains  

Figure 11. (b) Loading-Unloading CD on dense 
specimens, corresponding post-test PSD curves 



curves are overlapped and consequently can’t be easily seen, e.g. curves of 5% and 10% strain on Figure 
10 (a), curves of 1 cycle, 2 cycles and 3 cycles on Figure 11 (a). 
 
Figure 10(b) presents the corresponding PSD curves at different strain levels while Figure 11(b) illustrates 
the PSD curves corresponding to increased order of loading-unloading cycles. For comparison purpose, the 
original PSD curve is also presented. As can be seen from both figures, remarkable particle crushing had 
already been induced during the initial 5% strain, and the specimens experienced more reduction in particle 
size as they were sheared further. Not surprisingly, the specimen subjected to the largest deformation 
experienced the largest reduction in PSD. For practical purposes, it could be concluded that the particle 
breakage is a continuous process and there is remarkable amount of breakage even after the failure 
occurred. 
 
 
4 CONCLUSIONS 
 

Geotechnical properties of crushable pumice sands are significantly different from those of most hard 
grained sands. To investigate the geotechnical engineering characteristics of pumice sand, several series of 
monotonic triaxial tests were conducted on commercially-available pumice sand specimens in both loose and 
dense state, with measurements of particle sizing to track the degree of crushing during the monotonic shear 
and to observe the effect of particle crushing on stress-strain relation. Based on the data and interpretation 
presented in this study, the major conclusions are as follows: 
 

 The dry pumice specimens displayed fully contractive response when subjected to drained shear.  

 The fully saturated pumice specimens showed limited-flow behaviour when subjected to undrained shear. 

 Relative density did not seem to have significant effect on the undrained behaviour of pumice. 

 Under the same confining pressure, the crushability of dense specimens was higher than loose 
specimens and the particle crushing was a continuous process during monotonic shear. 

 The more irregular particles which resulted due to the continuous breakage of the original particles did not 
seem to stiffen the specimens. 

 The interlocking of particles during shear could be the most likely mechanism which governs the resistant 
soil structure. 
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