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ABSTRACT: Pumice-rich soils originating from volcanic eruptions are deposited in various
parts of the world, such as in the central part of North Island, NZ. Since they are often
encountered in engineering projects, their geotechnical characterisation is very important.
Due to the highly crushable nature of pumice sands, there are concerns on the applicability of
current empirical correlations, derived primarily from hard-grained sands, to pumice-rich
soils. To understand their liquefaction characteristics, undisturbed soil samples were obtained
from various pumice-rich sites in North Island using diverse sampling techniques. The samples
were tested in the laboratory using cyclic triaxial apparatus and bender elements. At the same
time, various field tests, such as CPT and V profiling, were conducted at the same sampling
sites. The results clearly showed that crushable volcanic soils do not fit existing frameworks
for liquefaction assessment and alternate methods are necessary to characterise them.

1 INTRODUCTION

Soil liquefaction, as a consequence of earthquake shaking, has been one of the main geoha-
zards associated with damages to infrastructure worldwide. For example, the 2010-2011 Can-
terbury earthquake sequence has demonstrated the impact of soil liquefaction to the built
environment (e.g., Cubrinovski and Orense, 2010; Orense et al. 2011; Cubrinovski et al. 2012;
Orense et al. 2012a). Consequently, understanding the geotechnical characteristics and seismic
behaviour of various local soils is important when designing earthquake-resistant structures.

Pumice sand is a type of volcanic soil that originates within pyroclastic deposits of explosive
volcanic events and can be found in numerous locations around the world. For example,
pumice-rich deposits are present in the central part of the North Island of New Zealand, in
particular, within the Bay of Plenty and Waikato Regions. Currently, they exist mainly as
sand layers in river valleys and flood plains as well as coarse gravel deposits in hilly areas. As
a consequence of infrastructure development in these regions, these deposits are frequently
encountered in engineering projects; hence, the evaluation of their engineering properties is a
matter of considerable geotechnical interest.

Pumice sand is characterised by the vesicular make-up of its particles, i.e. the matrix of air-
filled chambers some of which are interconnected and open to the surface (called surface
voids) while others appear to be isolated inside the particles (called interior voids). As a result,
the particles are light weight, highly crushable and compressible, with very rough and angular
surfaces. They are very fragile, especially when compared to more “normal” hard-grained
sands, such as quartz sand. Because of these special features, soils containing pumice sands
are problematic in terms of their geotechnical characterisation. Practising engineers are often
faced with questions as to whether current empirical methods for sands, derived primarily
from hard-grained (quartz) sands, are also applicable to pumice-rich sands.
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This paper presents preliminary results of an on-going extensive investigation being conducted
by the authors to characterise the dynamic and liquefaction characteristics of pumice-rich
deposits in the central part of North Island. Target sites were first identified and high-quality
undisturbed soil samples were obtained using Gel-push and Dames & Moore samplers, as well as
conventional push tubes. The samples, both in their undisturbed and reconstituted states, were
subjected to undrained cyclic triaxial tests in the laboratory to determine their liquefaction behav-
iour. At the same time, various in-situ tests, such as cone penetration tests, shear wave velocity
profiling and screw driving sounding, were performed at the sites where the samples were
obtained. Correlations were then established between the liquefaction resistances obtained from
the laboratory-based cyclic tests and those empirically derived from the field data. The results
obtained can assist practising engineers on how to deal with pumice-rich soils in the region.

2 CHARACTERISTICS OF PUMICE PARTICLES IN THE REGION

In order to understand the characteristics of the pumice-rich soils investigated in this research,
the geology of the Waikato Basin, from which most of the the samples were obtained, is dis-
cussed. Next, the properties of the particles are presented, together with their mineralogy and
particle characteristics.

2.1 Geology of Waikato Basin

Pumice sands were deposited in the Waikato Basin as a consequence of volcanic eruptions
within the Taupo Volcanic Zone (TVZ), a north-northeast trending belt of Quaternary vol-
canism extending for > 300 km across the central North Island (Ewart et al. 1968; Leonard
et al. 2010), as indicated in Figure 1. It includes a number of active volcanic vents and has
history of major eruptions over the past 1.6 Ma. The air-borne waves of red-hot volcanic
debris from these eruptions, which included pumice particles, were lifted into the atmosphere
and reached beyond Hamilton City. In addition, the pumice-rich pyroclastic flows generated
enormous dust clouds that covered a large area with fine pumice particles (McCraw 2011).
After the eruptions, a thick layer of pumice, together with other sediments, formed natural
dams, which blocked the outlet of Lake Taupo and parts of the valley of the Waikato River.
Subsequently, the dams were overtopped and gave way, washing away all the debris on the
choked beds and eroded the riverbanks (Manville et al. 2007). The floodwaters covered large
areas with a few meters of mudflow (i.e. the debris of the eruption which included pumice par-
ticles). After the flood subsided, the pumice-rich debris were left in the river valley and when
the river cut new channels through the muddy, pumice-rich debris, layers of pumice-rich
deposits were left on the low terrace of the Waikato River (McCraw 2011). These events
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Figure 1. Regional map showing the geographic location of the Taupo Volcanic Zone (TVZ) (after
www.sciencelearn.org.nz).
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blanketed the region with air-fall and water-rafted pumice deposits that now characterise the
geology of the Waikato and Bay of Plenty regions.

2.2 Locations of samplingltesting sites

The target sites where both field testing and soil sampling were conducted in this research are
shown in Figure 2. Within the Waikato Basin, four sites were in Hamilton, and one each near
the towns of Huntly and Rangiriri; while in Bay of Plenty region, one site was in Whakatane
and another in Edgecumbe. At these sites, undisturbed samples were obtained, either by Gel-
push sampler (GP-S and GP-Tr; refer to Mori and Sakai (2016) for details), Dames and
Moore (DM) sampler, conventional push tubes (PT) or block sampling (see Figure 3). Depths
of sampling were chosen based on layer descriptions in the borehole logs. Some of the mater-
ials (HAM-1, HAM-2, HUN-1 and RAN-1 sites) were taken from road construction sites
where excavations were on-going at the time of sampling. Various field tests were conducted
in Whakatane (WHA-1 site), Edgecumbe (EDG-1 site), and in Hamilton (HAM-3 and HAM-
4 sites).

In addition, for the purpose of comparison, two other materials were used in the research.
One was the commercially-available pure pumice sand. Pumice-rich deposits were quarried at
sites in Mercer (about 18 km north of Rangiriri town, along the Waikato River) and the
pumice particles were centrifugally separated from other constituents so that the samples con-
sisted of essentially pumice particles. The other material was Toyoura sand, which is known
as a hard-grained, sub-angular material and commonly used in Japan.
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Figure 3. Undisturbed sampling at WHA-1 site: (a) using Gel-push sampler; (b) using Dames & Moore
sampler; (c) using push tube; (d) condition of one of the samples.

444



(a) Pure pumice sand (b) Toyoura sand
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Figure 4. ESEM image and EDS analysis of: (a) pure pumice sand; (b) Toyoura sand; (c) hard-grained
component of HAM-1 sand; and (d) pumice component of RAN-1 sand (from Asadi MS et al. 2019).

The index properties and particle size distribution curves of the materials are reported else-
where (e.g. Asadi MB et al. 2018, 2019; Asadi MS et al. 2017, 2018, 2019; Stringer et al. 2018;
2019).

2.3 Mineralogy of pumice sands

To understand the mineralogy of the various components of the pumice-rich sands from differ-
ent locations and to compare them with those 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. Figures 4(a) and 4(b)
illustrate the ESEM images and the EDS analysis results for pure pumice sand and Toyoura
sand, respectively. As indicated in the figures, the dominant elements in pure pumice sand are
silicon, aluminum and oxygen while in Toyoura sand, the dominant elements are only silicon
and oxygen. As a representative of the pumice-rich sands, the same set of images for RAN-1
samples are shown in Figures 4(c) and 4(d), corresponding to the hard-grained components and
pumice particle components, respectively. As clearly seen in these figures, the hard-grained par-
ticles of pumice-rich sand have similar mineralogical composition to Toyoura sand while its
pumice particles have similar composition to pure pumice sand. Similar observations were
reported by Asadi MS et al. (2019) for the other sites in the Waikato Basin. These images con-
firmed that the pumice particles present in the pumice-rich sands of the basin are quite similar;
i.e. they have similar mineralogy to the pure pumice sand, also sourced from nearby locality.

2.4 Particle shape and crushability

Figures 4(a) and 4(d) indicate that pumice sands have a very unique appearance and are easily
distinguishable from the more familiar normal sand particles, as shown in Figures 4(b) and 4(c),
specifically with their very irregular surface texture with a lot of surface voids. Asadi MS et al.
(2018) investigated the particle shapes of some of the pumice-rich sands obtained and the
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Table 1. Particle shape indices of the sands investigated (from Asadi MB et al. 2018).

Source/Material Roundness coefficient, R, Aspect Ratio, 4, Angular coefficient, 4,
HAM-1 1.75 1.83 0.52
HAM-2 1.71 1.91 0.50
RAN-1 1.85 1.99 0.56
Toyoura sand 1.26 1.48 0.18
Pure pumice sand* 1.58 1.60 0.45

* as reported by Kikkawa et al. (2013).

particle shape indices are summarised in Table 1. The particle shape indices indicated in the
table are the roundness coefficient, R., aspect ratio, A4,, and angular coefficient, 4. These
parameters, initially used by Kikkawa et al. (2013) to describe the 2D particle morphology of
pure pumice sands, indicate important features of soil particles; for example, R. = 1 shows that
the soil particle is circular, and when it exceeds unity the shape changes to ellipsoidal. Further-
more, as the value of 4, > 1, the soil particles tend to be more elongated, while higher value of
A. indicates that the soil particle is more angular in shape. The values indicated for each source
are the average of > 50 sand particle images analysed. As indicated in the table, the pumice-rich
sands are very angular and they tend to be more elongated compared to Toyoura sand.

Also, single particle crushing tests on pure pumice particles showed that their mode of crush-
ing is characterised by gradual breakage followed by a large drop in load when the particle core
is crushed; this was different from the observation on hard-grained sand which involved splitting
of the particle into 2-3 blocks at the maximum load (Orense et al. 2013a). Moreover, plotting
the relation between single particle crushing strength and the initial height of the particle, it was
noted that there was a general trend of decreasing strength with increase in particle size, similar
to those reported in the literature for silica sand; however, the particle crushing strength of
pumice was one order of magnitude less, showing their highly crushable nature.

3 UNDRAINED CYCLIC BEHAVIOUR OF PUMICE-RICH SANDS

Several series of undrained cyclic triaxial tests were performed on both reconstituted and
undisturbed pumice-rich specimens obtained at the target sites, as well as on pure pumice
sand and Toyoura sand. Some of the results obtained have been reported elsewhere (Orense
et al. 2012b, ¢, d; Orense & Pender 2013, 2015; Asadi MS et al. 2018; Stringer et al. 2019). The
following sections highlight the difference in the undrained response between pumice-rich
sands and hard-grained (quartz) sands as well as between undisturbed and reconstituted
pumice-rich sands.

3.1 Reconstituted pumice-rich sand and Toyoura sand

In order to highlight the difference in the undrained cyclic response of sand containing crush-
able pumice components with that of hard-grained sand, undrained cyclic triaxial tests were
performed on reconstituted specimens to investigate the effect of particle characteristics and
crushability on the undrained cyclic behaviour of pumiceous sandy materials. Typical results
for medium dense (D,=50%) pumice-rich sands, in terms of the development of double ampli-
tude axial strain, ¢p 4, and excess pore water pressure ratio, r,, with the number of cycles, N,
normalised by the number of cycles required to obtain ep,=5%, for different cyclic stress
ratios (CSR= 0'4/20'(.) are shown in Figure 5. Here, o 4 is the deviator stress and o .. is the initial
effective confining pressure..

From the figure, Toyoura sand shows gradual build-up of excess pore water pressure
during the early stage of cyclic loading accompanied by negligible strain development; how-
ever, the rate of strain development increases dramatically as soon as the specimen reaches r,
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Figure 5. Comparison of undrained cyclic behaviour of medium-dense (D,~50%) pumice-rich sands and
Toyoura sand under different levels of CSR in terms of: (a) double amplitude axial strain; and (b) excess
pore water pressure ratio (after Asadi MS et al. 2018).
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Figure 6. Comparison of liquefaction resistance curves of reconstituted pumice-rich sands and Toyoura
sand (Asadi MS et al. 2018).

= 0.5-0.6. However, the response observed for pumice-rich sand is different; pumice-rich sand
specimens undergo significant deformation from the start of cyclic loading accompanied by
high r, development. In the subsequent loading cycles, the axial strain continues to increase at
almost linear trend to reach &¢p,=5%, while the rate in change of r, decreases. Essentially simi-
lar trend was observed for dense (D,=80%) specimens. As Asadi MS et al. (2018) pointed out,
pumice-rich specimens showed very contractive behaviour during the initial cycle of loading
because of the occurrence of particle crushing. However, under high r,, the behaviour turned
very dilative, conceivably because the initial particle crushing and subsequent particle
rearrangement, which accompanies the application of the succeeding cycles of loading, lead to
a gradual formation of more stable soil skeleton inside the specimen.

The liquefaction resistance curves for some of the materials tested are shown in Figure 6,
relating the number of cycles required to attain ¢ ,4=5% for the specified CSR. As depicted in
the figure, the liquefaction resistance of reconstituted pumice-rich sands increases with increas-
ing relative density. It is noteworthy that pumice-rich sands are more resistant to liquefaction
compared to Toyoura sand, partly due to the high angularity of the pumice sand components.
Since pumice particles have very irregular and angular surface texture, particle crushing causes
the contact surface of the particles to increase. While the soil particles crushed and rearranged
under the application of initial cyclic loading, the fine crushed materials developed bonds
between the particles which provide a higher interlocking effect on the soil samples.
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Figure 7. Comparison of undrained cyclic response of undisturbed and reconstituted RAN-1 sand
under different levels of CSR: (a) double-amplitude axial strain; (b) excess pore water pressure ratio plot-
ted against normalised number of cycles.

3.2 Undisturbed vs reconstituted pumice-rich samples

Similarly, several series of undrained cyclic triaxial tests were performed on undisturbed
pumice-rich sands. To illustrate the influence of soil fabric and structure, the test results on
undisturbed pumice-rich sand were compared with those of similar materials reconstituted to
the same relative density. Note that due to the different liquefaction resistances of the undis-
turbed and reconstituted samples, the range of CSR applied to the specimens was different;
thus, it was not possible to compare their behaviour under the same CSR. The results shown
in Figure 7 are from RAN-1 specimens that underwent liquefaction (reached ep4 = 5%) after
a similar number of cycles.

Based on Figure 7, it is observed that as a result of increase in the CSR, both sets of speci-
mens underwent greater initial deformation. The r, responses of undisturbed and reconstituted
specimens were significantly different. For instance, during the first quarter to the first third of
cyclic loading (N/N.p 4=5v, = 0.25-0.35), the r, of undisturbed specimens increased significantly,
reaching up to 0.8; this was followed by a gradual increase during subsequent cycles to an r, >
0.95. In contrast, for reconstituted specimens r,, = 0.1-0.15 was generated inside the specimens
as a result of the first cycle of loading, followed by a gradual increase in r,. The specimens
reached r,=0.80 when the normalised number of cycles was almost 0.8, and initial liquefaction
(r, =1) occurred just before ¢p 4 reached 5%. For undisturbed specimens, the rate of increase in
strain was almost unaffected by changes in r, and under r,, > 0.8, the specimens were capable of
being subjected to significant cyclic loading without undergoing large deformation. In contrast,
the reconstituted specimens started to deform faster when r,, = 0.8 was reached.

An important feature of the undrained cyclic behaviour of the undisturbed soil samples is
that, despite the higher initial compressibility, the specimens show more stable behaviour
under high excess pore water pressure. That is, at low mean effective stress (near liquefaction
state), a very steady deformation occurred with cyclic loading. This behaviour means that con-
tact is maintained in the particle network, evidence of a stable granular structure.

Figure 8 compares the liquefaction resistance of undisturbed and reconstituted pumice-rich
sand specimens from HUN-1 site (D,=30-35%). It can be seen that the undisturbed specimen is
more resistant to liquefaction than the reconstituted one; e.g., the liquefaction resistance of
undisturbed sand is about 1.6 times higher than those of reconstituted sand. Moreover, the
undisturbed specimens exhibit steeper liquefaction resistance curve. These differences highlight
the contribution of the soil fabric, structure and stress history on the liquefaction resistance as
the effects of these parameters were erased during the preparation of reconstituted specimens.
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Figure 8. Comparison between liquefaction resistance curves of undisturbed and reconstituted pumice-
rich HUN-1 sands.

3.3 Comparison with pumiceous soils found in other parts of the world

Due to the M,,=7.7 El Salvador earthquake in 2001, an estimated 200,000 m? of soil slid along
the steep northern flank of the Balsamo Ridge, which traveled an abnormally long distance of
about 700 m into the Las Colinas neighborhood of SantaTecla and covered many houses,
burying more than 500 people (Orense et al. 2002); The slide materials involved pyroclastic
deposits, i.e., pumiceous sand layers. Subsequent soil sampling and laboratory tests (JSCE
2001) showed that the saturated reconstituted pumice samples (D,=50%) had CRR; (cyclic
shear stress ratio required to reach ep,=5% in 20 cycles) as low as 0.22.

Gratchev and Towhata (2010) investigated the Aratozawa landslide, which extended about
1200 m long and 800 m wide, triggered by the M,,=6.9 2008 Iwate-Miyagi Nairiku earthquake
(Japan). Based on their field investigation, the material exposed at the scarp of the slides was
identified mostly as heavily weathered pumice. The results of undrained cyclic triaxial tests
showed CRR»,=0.20 for reconstituted specimens and 0.25 for undisturbed specimens.

Similarly, following the M,,=6-7 earthquake sequence which rocked Kumamoto Prefecture
(Japan) in April 2016, many geo-disasters were reported in the Mount Aso Caldera, such as
the large-scale flow-type slope failure referred to as the Takanodai landslide (Chiaro et al.
2017). Early field observations suggested that the key soil layer which caused the slope failure
was the orange-coloured pumice soil deposit. Based on undrained cyclic triaxial tests on the
Aso pumice soil, Sumartini et al. (2018) reported a CRR,, of 0.29 for reconstituted specimens
and 0.48 for undisturbed specimens. Similarly, Chiaro et al. (2018) reported a CRR»;=0.21 for
reconstituted samples (p,=0.58-0.63 g/cm?) from undrained cyclic torsional shear tests.

Thus, the NZ pumice soils investigated herein appear to have more or less similar liquefac-
tion resistance, in both reconstituted and undisturbed states, as those reported for pumice
sands found in Japan and El Salvador. However, it would be best to compare these pumiceous
soils also in terms of particle shape characteristics, mineralogy and development of pore water
pressure and strain with number of cycles, as well as in terms of degree of packing, degree of
weathering and pumice contents.

4 FIELD TESTING AT PUMICE-RICH SITES

Previous research at the University of Auckland showed that the penetration resistance (g.)
values obtained from cone penetration tests (CPT) on pure pumice sand were only marginally
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(a)

Figure 9. Field testing conducted in Whakatane (WHA-1 site): (a) CPT and sCPT; and (b) SDS test.

influenced by the density of the material. The reason for this behaviour is possibly because the
stresses imposed by the penetrometer are so severe that particle breakage forms a new material
and that its properties are nearly independent of the initial state of the sand (Wesley et al.
1999). Thus, conventional relationships between the ¢. value and relative density, which in
turn is correlated with liquefaction resistance, appear to be not valid for these soils.

A previous research by the authors showed that penetration-based approaches, such as
cone penetration tests and seismic dilatometer tests, underestimated the value of liquefaction
resistance of the pumice deposits, confirming that any procedure where the liquefaction resist-
ance is correlated with density will not work on pumice-rich deposits (Orense et al. 2012b;
Orense and Pender 2013, 2015). The same research showed that empirical method based on
shear wave velocity seemed to produce good correlation with liquefaction resistance of pumi-
ceous soils. Admittedly, the above conclusions were obtained from limited number of test
data and such conclusions have not been well validated. With many consultants and practi-
tioners constantly asking for advice on how to evaluate the liquefaction susceptibility of
pumice deposits, there is a need to clarify and address this issue.

Case histories of occurrence/non-occurrence of liquefaction during earthquakes have pro-
vided the basis for many of the currently available empirical methods for evaluating liquefaction
potential (Youd et al., 2001; Idriss & Boulanger 2008). Field test results, such as CPT and shear
wave velocity profiling, have been used by many researchers to explain the observed perform-
ance at many sites in Christchurch following the 2010-2011 Canterbury Earthquake Sequence
(e.g., Orense et al. 2014; Wotherspoon et al. 2015; Lees et al. 2015). By estimating the liquefac-
tion resistance of the soil (through field-based parameters) and comparing it with the shear
stress induced by the earthquake (which is related to the peak ground acceleration), the Factor
of Safety against Liquefaction (FoS) can be obtained; hence, if the liquefaction resistance is less
than the induced cyclic shear stress (i.e. FoS < 1), the deposit is deemed to have liquefied.

Within the current research programme, various field tests have been conducted at sites
where the high-quality samples were obtained. Field tests including CPT, shear wave velocity
profiling, and screw driving sounding have been conducted in the Bay of Plenty Region
(WHA-1 and EDG-1 sites in Figure 2), as well as in Hamilton (HAM-3 and HAM-4 sites in
Figure 2). Photos showing some of the tests are shown in Figure 9.

In the following sections, the results of recent investigation to evaluate the liquefaction
occurrence in pumice-rich deposits due to the 1987 Edgecumbe earthquake are presented.

4.1 Field testing at known liquefaction sites

Two sites where liquefaction had been observed during the 1987 Edgecumbe Earthquake were
considered in this research. Test site WHA-1 was located adjacent to the Whakatane Sewage
Pump station, while Test EDG-1 was opposite the Edgecumbe substation (refer to Figure 2).
Manifestations of soil liquefaction, such as sand boils and ejected materials, have been
reported at both sites (Pender & Robertson 1987).

450



At both sites, borehole sampling, cone penetration test (CPT), seismic cone penetration test
(sCPT), and screw driving sounding (SDS) were performed. SDS is a new in-situ method that
has recently been developed in Japan, where a rod is drilled into the ground at several loading
steps at the same time as the rod is being continuously rotated. Details of this test are reported
elsewhere (e.g., Orense et al. 2013b, 2019) The SDS test is fast, the machine is small in size and
the implementation is relatively cheap, compared to other in-situ testing methods.

Boreholes from the two tests sites indicate the presence of fine to coarse sand layers intermit-
tently mixed with pumice. At the Whakatane (WHA-1) site, the presence of pumice sands were
visible between 0.5-7 m, while at the Edgecumbe (EDG-1) site, pumice was mixed with fine to
medium sand from 0.5-6.2 m. The ground water table was located at about 2 m from the surface
at both sites. Details are provided by Orense et al. (2017). The results of the field tests showed
that at WHA-1 site, the cone tip resistance was about g.=4 MPa up to a depth of 5 m and it
increased to about ¢.=8 MPa up to a depth of 10 m. The soil behaviour type (SBT), derived from
CPT data, indicated alternating layers of sand and silt mixtures up to a depth of 5 m, and pre-
dominantly sand up to a depth of 12 m. The shear wave velocity profile showed V ranging from
90-120 m/s up to a depth of 5 m, after which V increased with depth, reaching 170 m/s at depth
of 11 m. During the SDS test, several parameters were measured every 25 cm; these include
torque, load, speed of penetration, depth of penetration and friction on the rod. An important
parameter derived was the specific energy of penetration, Ej, representing the sum of the contribu-
tion of the torque and applied load for every load step normalised by the volume of penetration
(Mirjafari et al. 2016). At WHA-1 site, E, < 25 N.mm/mm® up to a depth of 10 m, below which
stiff layer with E, < 50 N.mm/mm® existed. At EDG-1 site, ¢. was generally < 8 MPa, except at
depths of 3.0-3.5 m and > 6.5 m; V generally varied between 110-170 m/s. SDS indicated E < 30
N.mm/mm?, except at depths of 3.0-3.5 m and > 6.5 m. From all tests, a hard layer was apparent
at depth of approximately 7 m, where ¢, > 20 MPa, V; > 160 m/s, and E; > 70 N.mm/mm?; all
tests were terminated at this depth. Again, further details are reported by Orense et al. (2017).

4.2 Evaluation of liquefaction triggering

For the purpose of evaluating the liquefaction triggering at both sites during the Edgecumbe
earthquake, six simplified empirical methods were employed: three CPT-based methods — i.e.
those proposed by Boulanger and Idriss (2014), Robertson and Cabal (2012) and Moss et al.
(2006); two Vs-based methods — i.e. those proposed by Andrus and Stokoe (2000) and Kayen
et al. (2013); and the SDS-based method proposed by Mirjafari et al. (2016). Per the analyses
of Mellsop (personal communication), the Edgecumbe earthquake, with moment magnitude
My=6.5, induced the following peak ground accelerations (PGA): 0.29g in WHA-1 site and
0.53g in EDG-2 site. More details about PGA distribution in the Bay of Plenty region due to
the Edgecumbe earthquake are discussed by Mellsop (2017).

In terms of ground water table (GWT), Pender and Robertson (1987) reported the following:
“the earthquake occurred at the end of the summer and after a long period of dry weather.
Most of the deposits underlying the Rangitaiki Plains are saturated, with the water table ranging
from near surface in the coastal margin, to about 3 m below ground level in the Te Teko area.
(In Edgecumbe), the top of the soil profile is a layer of about 3 m thickness which is very loose,
(and) at the time of the earthquake, the water table was probably towards the bottom of this
layer over much of the plains.” Thus, in the analyses, the GWT location was assumed at: 1 m, 2
m and 3 m from the ground surface for WHA-1 site, and 2 m, 3 m and 4 m for EDG-1 site.

Considering the input parameters mentioned above, liquefaction assessment was conducted
using the 6 simplified methods. Results for WHA-1 site (with GWT=2 m) and for EDG-1site
(with GWT=3 m) are shown in Figures 10 and 11, respectively. In the figures, the depth profile
of the cyclic stress ratio (CSR) and cyclic resistance ratio (CRR) are plotted, and the shaded
regions represent the pumice-rich zones which are deemed to have liquefied (i.e. CRR < CSR).

Based on the results, it is clear that at WHA-1 site, where field testing has been done up to a
depth of 11.5 m, all the methods considered would predict liquefaction of pumiceous deposits
(between the depth ranging from the location of the water table up to 7 m depth). Similarly, at
EDG-1 site, all methods would predict pumice liquefaction between GWT up to 7 m depth.
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Figure 10. Liquefaction triggering results for WHA-1 site, with GWT=2.0 m.

Robertson &
Cabal (2012) (2006)
CRR & CSR CRR & CSR
o 02 04 05 0 02 04 08 0 02 04 05 0 02 04 06 O
B ——CSR ° —CSR & ——CSR ° °
—esr
e —crr —crr s

Moss et al. Andrus &

Stokoe (2000)
CRR& CSR

Kayen et al.
(2013)
CRR & CSR
02 o4

Boulanger &

Idriss (2014)
CRR & CSR

Mirjafari et al.
(2016)
CRR & CSR
w2 ot

06 0 s
o

—csr
-

—osR
—cRR

Figure 11. Liquefaction triggering results for EDG-1 site, with GWT=3.0 m.

Similar results were obtained for the other GWT locations. Thus, it would appear that for the
sites selected, all empirical methods were able to predict the occurrence of liquefaction of the
pumice layers, consistent with the observed manifestation of liquefaction at the sites as reported
in the literature. However, based on the results of the analyses, it is observed that for both sites,
the calculated FoS=0.5; this may be due to things: (1) the CSR induced by the earthquake, mani-
fested by the PGA used, is generally high such that the sites would have liquefied anyway,
whether or not pumice sand components are present; and (2) the CRR, estimated using field--
based parameters, significantly underestimated the actual liquefaction resistance of the pumice-
rich soils. A value of FoS=0.5 over a significant depth (> 4 m) indicates severe liquefaction,
which is not consistent with the few sand boils reported to have occurred at the sites (i.e., the
reported liquefaction would correlate, at best, to FoS just below 1.0); thus, assuming the esti-
mated PGAs are correct, it would appear that the CRR used is substantially underestimated.

Having obtained high-quality samples at sites where the field tests have been performed, the
next phase of the research was to attempt to correlate the liquefaction resistance obtained in
the laboratory using cyclic triaxial tests and those estimated using field-based parameters.

5 LABORATORY-DERIVED AND FIELD-ESTIMATED LIQUEFACTION
RESISTANCE
5.1

Before doing the correlation, the quality of the samples obtained using various sampling tech-
niques was examined using two methods: (a) visual inspection; and (b) comparison of shear

Examination of sample quality
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wave velocity in the field and in the laboratory. For this purpose, the quality of the samples
obtained at WHA-1 site is discussed below.

5.1.1 Visual observation of samples

Ocular examination of the quality of the samples obtained was first conducted immediately
after the sampling, since the overall quality of the samples obtained was, at that state, not
affected by the succeeding processes, such as handling, transport and laboratory preparation.
In the case of the samples obtained by the Gel-push (GP-S) sampler at depths shallower than
3.5 m (¢. = 2 MPa), they appear to be in very good condition, with the ends of the samples
appearing to be firm, and not showing any visual signs of distress when the core liner was
removed from the tool. Once free of the tool, the sample was found to be sliding very easily in
the tube, and an attempt to cut the sample into smaller sub samples on site provided further
evidence that the sample was visually in very good condition. However, samples taken at
deeper depths (¢. = 5 MPa) were compromised, with the sample deformed in the core liner
(Figure 3a). The recovery with the Dames & Moore sampler was good (Figure 3b), though in
some cases, the cutting edge at the front of the tubes was dented as a result of hitting gravel-
sized pumice particles. Samples obtained by conventional push tube all had very good recov-
ery (Figure 3c); however, when the tubes were removed from the tool, it was apparent that the
top of the samples were slurry-like and therefore were considered to have been disturbed.
Overall, it appeared that any of the sampling techniques adopted in WHA-1 site resulted in,
more or less, good quality specimens. Further details are discussed by Stringer et al. (2018).

5.1.2 Comparison of Vi from field and laboratory

Attempting to assess the true quality of undisturbed specimens remains very difficult, espe-
cially in sandy materials, where approaches developed for clayey materials (e.g. Aeley, as pro-
posed by Andresen & Kolstad 1979) are not appropriate. In sandy materials, a number of
researchers have used shear wave velocity (linked to shear stiffness) to compare the small
strain behaviour of undisturbed specimens in the laboratory.

Thus, the soil specimens obtained from WHA-1 site were frozen on-site and transported to
the laboratories at University of Auckland (UoA) and University of Canterbury (UC). Fol-
lowing the above approach, the shear wave velocity was determined for a number of speci-
mens using bender elements at different effective confining stress levels. Details of bender
element testing on pumice-rich samples are discussed by Asadi MB et al. (2018, 2019) and
Stringer et al. (2018).

Figure 12 illustrates the quality of the samples obtained by various sampling techniques prior
to testing. Again, ocular inspection seems to indicate that most of the samples are of high qual-
ity, unaffected by the handling, transport and trimming they were subjected to. Also, it is clear
from the figure the difficulties faced in characterising these soils in the field as revealed by the
soil structure preserved in the samples. That is, in addition to the layering observed in hard-

Figure 12. Examples of undisturbed specimens prior to laboratory testing, obtained by: (a) GP-S sam-
pler; (b) DM sampler; and (c) conventional push tube.
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Figure 13. Comparison of field-obtained V profile from sCPT and V; measured from bender elements
in the laboratory.

grained materials, the pumice content can vary significantly, from one end of the sample to the
other. Within any particular soil unit, the pumice components can also be distributed in either
relatively homogeneous manner, or exist in many thin bands. These issues pose additional chal-
lenges that need to be considered in understanding their response, and highlight the possible
effect of different depositional modes on the behaviour of pumice-rich sandy deposits.

Figure 13 compares the field-obtained shear wave velocity profile from sCPT measurements,
and those obtained in the laboratory using bender elements. In the figure, the lab-based ¥ data
obtained from the two laboratories are indicated, where the open markers indicate the effect of
sample disturbance in the laboratory (Stringer et al. 2018). In general, the open markers lie fur-
ther from the field-measured ¥V as compared to tests where there were no known testing prob-
lems. The samples that were judged to be “good” lie within £15% of the field measurements.
Obviously, there are many uncertainties associated with the plot, such as: the sensitivity of ¥V to
the applied effective stress level, the assumed Kj-value and unit weights of the soil, the accuracy
of determining the arrival time in BE testing, and factors associated with field measurement of
Vi, among others. While these aspects require further investigation in order to make a definitive
conclusion on the quality of specimens based on small strain measurements, the general trend
seems to indicate acceptable level of quality of the samples obtained.

5.2 Correlation between laboratory-obtained and field-based CRR

The results of undrained cyclic triaxial tests are typically summarised in the form of liquefaction
resistance curve, as discussed earlier. In view of the typical number of significant cycles present
in many time histories of accelerations recorded during past earthquakes, it is customary to con-
sider 15 cycles of loading, representing M,,=7.5 earthquake, to estimate the liquefaction resist-
ance (or cyclic strength) of the soil; herein, this is referred to as (CRR),iaxiar = (0 420 ).

However, the conditions the laboratory specimens were subjected to are different from
those in-situ. Hence, in order to estimate the in-situ liquefaction resistance, (CRR)ficid=Tcyclic!
o',), corrections need to be applied to the laboratory-obtained values, as follows:

Tmax
( ol ) = C1.C3.C3.C4.C5.(CRR) i (1)
v / field
Teyelic Tmax
(CRR)ﬁeld = ( }/ ) = O65< / > (2)
5y J field 9y 7/ field

where, according to Ishihara (1985) and Towhata (2008):
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C; — correction due to difference in consolidation stress. C;=(1+2K,)/3 where Ky=0.5 for

normally consolidated soils;

C, — correction due to difference in loading condition, where earthquake loading is irregular
while laboratory specimens are subjected to sinusoidal waves. C,=1/0.65 or (=1/
0.55-0.70);

C; — correction due to sample disturbance. C; > 1, but not clearly understood yet;

C,4 — correction due to densification during handling. C4 < 1, but not clearly understood yet;

Cs — correction due to loading direction, where earthquake loading is at least two compo-
nents, E-W and N-S. C5=0.80-0.90.

For normally consolidated soils, Ky=0.5, therefore, C;=(1+2%0.5)/3=0.67; moreover, C5.C,

~ | is assumed, since the quality of the samples is unpredictable. By further assuming C5=0.90,
it follows that

(CRR) g = 0.67 0.9.(CRR) 0zt = 0.60.(CRR) i 3)

triaxial

Thus, in liquefaction potential evaluation, the in-situ cyclic resistance ratio can be taken as
60% of the laboratory-derived cyclic resistance.

Using the above procedure, the CRRi4xiar corresponding to 15 cycles from all the undrained
cyclic triaxial tests conducted to date (with effective confining pressure o =100 kPa) are collated
and correlated to the field parameter (CPT, V; or E, of SDS) measured at the specified depth
where the samples were obtained. These are then plotted in the empirical charts, as shown in
Figure 14. In the figure, the CPT-based chart is that proposed by Boulanger and Idriss (2014),
while the V-based chart and SDS-based chart are from the procedure proposed by Kayen et al.
(2013) and Mirjafari et al. (2016). Note that all the charts are for clean sands (fines content FC
< 5%) and correspond to M,,=7.5 earthquake and ¢ ,=1 atm (=100 kPa). Also incorporated in
the figure are the data points reported by Orense & Pender (2013) based on their previous
study; since SDS tests were not conducted then, the penetration energy in SDS (E; ;) was esti-
mated from correlation with CPT data, as reported by Orense et al. (2019).

It can be observed from the figure that all the three field-based methods generally underesti-
mate the liquefaction resistance of the pumice-rich deposits. Although the solid lines indicated
are for clean sands and the actual samples have some amount of fines (up to FC=20% max-
imum), the appropriate curves may shift a bit to the right; however, the change would not be
that significant. While penetration-based methods, such as CPT (Figure 14a) and SDS
(Figure 14c), are expected to provide underestimation due to particle crushing when the rods
penetrate into the pumice-rich layer, even the V-based approach (Figure 14b) also underesti-
mated the CRR. This is contrary to the initial finding reported by Orense & Pender (2013),
where their observation showed good correlation between lab-derived and V-based CRR
(derived using the chart proposed by Andrus and Stokoe, 2000). Their contention then was
that although the V¥ they used was obtained from seismic dilatometer test (sSDMT) where the
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Figure 14. Comparison between lab-obtained and field-based CRR: (a) using CPT; (b) using V; (c)
using SDS.
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penetrating rod may have induced particle breakage in the pumice zone adjacent to the rod,
the shear waves travelled through the intact grains and not on the crushed ones, and therefore
the V, measured reflected the actual state of the ground. However, with more data obtained in
recent testing and sampling at WHA-1, EDG-1, HAM-3 and HAM-4 sites, the present trend
seems to indicate otherwise.

To investigate this, a number of cyclic triaxial and bender element tests were performed on
two types of reconstituted pumice-rich sands (from HUN-1 and RAN-1 sites), as well as on
Toyoura sand, to estimate their CRR and V, respectively; details are reported by Asadi MB
et al. (2018). The obtained correlations for pumice-rich sands were compared with those
derived for Toyoura sand, as well as to other hard-grained sands reported in the literature,
and the comparison is shown in Figure 15.

Asadi MB et al. (2018) noted that under similar D, and ¢'., pumice-rich sands have consid-
erably lower V, when compared to that of Toyoura sand due to the presence of crushable,
porous and lightweight pumice particles with irregular surface texture. Moreover, under simi-
lar D, and o'., the liquefaction resistance of pumice-rich sands was higher than that of
Toyoura sand due to the complex surface texture and the occurrence of particle crushing
during cyclic loading, which resulted in more stable soil structure during cyclic shear applica-
tion. As a result, the CRRy;.iq - V1 relations for reconstituted pumice-rich sands plotted con-
siderably to the left side of data for hard-grained sands. Of course, since the tests were
performed on reconstituted sands, the effect of soil fabric, structure and stress history on the
behaviour of the specimens are not accounted for. However, if these parameters are taken into
account, it is expected that both CRR and ¥V, of pumice-rich sands would increase, and may
result in a trend similar to that of reconstituted specimen; in fact, it may not be too different
to the data trend shown in Figure 14(b).
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Finally, two significant parameters have not been taken into consideration in the above
analyses: (1) the amount of pumice particles mixed within the soil matrix of the deposit (i.e.,
soil samples with significant pumice content would have more crushable particles present,
while those with small or negligible pumice content would behave in the same way as hard-
grained sands); and (2) the mode of deposition of the pumice components (i.e. whether the
pumice components were deposited as ash fall or via fluvial deposition would affect the soil
structure, which in turn would affect the liquefaction resistance of the sand. Further investiga-
tions are currently being conducted to comprehend these issues.

5.3 Current state of practice

Currently, many large engineering projects are being constructed in volcanic areas, especially
in the Waikato — Bay of Plenty region, and the “normal” practice is to implement ground
improvement measures every time pumice-rich deposits are encountered. However, as the
above discussions indicate, the existing empirical correlations being preferred by the local pro-
fession, which are based on natural hard-grained sands, would not work for the characterisa-
tion of pumice deposits and could mislead engineering assessment.

At this stage of the research, performing laboratory undrained cyclic tests on high-quality
undisturbed samples of pumice-rich soils is the best way of characterising these deposits.
Thus, in lieu of field testing, laboratory testing is recommended as this would significantly
reduce the costs spent in mitigating potentially non-existent liquefaction hazards.

6 CONCLUDING REMARKS

In order to investigate the liquefaction characteristics of pumice-rich deposits in the central
part of North Island, NZ, an extensive research programme has been conducted consisting of
image analyses, field testing, high-quality sampling and laboratory testing. Target sites for
testing and sampling, identified through borehole logs, included sites in the Waikato Basin
(Hamilton, Huntly, Rangiriri) and in Bay of Plenty region (Whakatane and Edgecumbe).
Some of the findings of the research are as follows:

* Environmental scanning electron microscope (ESEM) imaging and energy dispersive spec-
troscopy (EDS) analysis showed that the pumice sand particles present in pumice-rich soils
from the identified target sites are quite similar, indicating they came from identical source
(s). These pumice sand components are very crushable (particle strength is one order of
magnitude less than normal sands) and have very irregular surface shape and texture due
to their vesicularity.

* Such peculiar features of the pumice sand components make pumiceous samples behave
differently when subjected to undrained cyclic shear leading, when compared to normal
sands. Due to particle crushing and subsequent interlocking, the patterns of development
of axial strain and excess pore water pressure during cyclic loading are different, leading to
their higher liquefaction resistance.

* High quality undisturbed sampling of pumice-rich sands is possible with techniques cur-
rently available in NZ. In particular, based on the experience of the authors, Gel-push sam-
pler seems to provide the best samples from the target sites.

» Comparison of the liquefaction resistances obtained from undisturbed samples using cyclic
triaxial tests with those estimated using field parameters (CPT, V; and SDS) indicate that
the latter provides underestimation. Hence, current field-based methods of estimating lique-
faction potential derived for normal sands would not work for pumice-rich sands.

« At this stage, performing laboratory undrained cyclic tests on high-quality undisturbed
samples of pumice-rich soils is the best way of characterising these deposits.

* Future work should focus on the role of pumice content and deposition mode to better
understand their behaviour.
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