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ABSTRACT: Natural pumiceous (NP) sands are a common volcanic soil found in the central
part of the North Island, New Zealand. These NP sands have pumice components which are
crushable and lightweight making them problematic in terms of engineering assessment of their
geotechnical properties. Previous investigations on crushable volcanic soils indicate that pene-
tration methods would not provide reliable estimates of their geotechnical properties. Thus,
shear wave velocity (V) may be a promising alternative especially for estimating the cyclic resist-
ance ratio (CRR) of crushable NP sands. In this paper, a number of cyclic triaxial and bender
element tests are performed on three types of reconstituted NP sands to estimate their CRR and
Vi, respectively. The results are then compared with those obtained from normal sands. The
comparison indicates that using available CRR-V charts for normal sands would underestimate
the CRR of NP sands since these materials have lower ¥ and higher CRR.

1 INTRODUCTION

Ever since the phenomenon of liquefaction has been introduced to the geotechnical commu-
nity, a significant number of liquefaction assessment studies using laboratory- and field-based
approaches have been conducted on saturated sands (Youd et al., 2001). For example, Seed
and Lee (1966) proposed a method for liquefaction assessment using the triaxial apparatus,
while a simplified procedure introduced by Seed and Idriss (1971) utilized the standard pene-
tration test (SPT) results for estimating the liquefaction resistance of soils. Later, additional
field parameters, such as cone penetration test (CPT) tip resistance and shear wave velocity
(Vy), were used to evaluate the cyclic resistance ratio (CRR) of soils (Youd et al., 2001).

While substantial investigations using field testing methodologies have been performed on
granular soils which are considered to be hard-grained under normal loads, less is known about
the applicability of such approaches in estimating the CRR of crushable volcanic soils, including
natural pumiceous (NP) sands. These NP sands are a prominent soil type found in the central
part of the North Island (NZ) and they are distributed over a large area due to the power of
volcanic eruptions and, with subsequent airborne transport and later erosion and river trans-
ports, the pumice sands were mixed with other materials in the region. Pumice sands are charac-
terized by distinctive features, such as compressibility, crushability, lightweight and vesicular
nature (Orense et al., 2012). Figure 1 shows the complex surface texture of pumice particles with
high angularity, enabling them to have a high angle of internal friction (Kikkawa et al., 2013).

In the last few decades, some studies have been performed to understand the applicability
of penetration testing techniques for crushable volcanic soils. For example, CPT calibration
chamber test results on pure pumice sands indicate that the cone penetration resistance is inde-
pendent of the soil’s relative density (D,); however, the D, of hard-grained soils significantly
affects the cone resistance value (Wesley, 2006). In addition, Miura et al. (2003) reported that
the manifestation of particle crushing during intrusion of SPT rod into some Japanese vol-
canic soil deposits considerably underestimated the stiffness of volcanic soils. Therefore, shear
wave velocity (V) profiling, a non-destructive testing method, may be a promising alternative
for assessing the liquefaction resistance of crushable NP sands in the field. Note however that
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Figure 1. Scanning electron microscope (SEM) image of: (a) pumice particle; and (b) NP sands.

while some researches have been conducted on pure pumice sand and Japanese volcanic soils,
there are very few information available for NP sands in terms of their liquefaction behavior
(Asadi et al., 2019a; Orense et al., 2012).

To investigate the applicability of V-based approach in estimating the liquefaction resistance
of NP sands, laboratory testing was employed due to better control of soil condition in terms of
D, and effective confining pressure (o). Cyclic triaxial tests and bender element tests were per-
formed on reconstituted NP sands, and an attempt was made to find a correlation between V
and CRR of these crushable soils. The results were then compared to that of Toyoura sand.

2 EXPERIMENTAL PROGRAMME

2.1  Materials used

The NP sands used for reconstituted testing were sourced from three sites in the Waikato
basin in the central part of North Island (Figure 2). Bulk specimens of natural pumice 1
(NP1), natural pumice 2 (NP2) and natural pumice 3 (NP3) sands were obtained from road
construction sites at target depths of 4.5 to 5 m, 5.95 to 6.85 m and 1.5 to 2 m, respectively.
The index properties and particle size distribution (PSD) curves of the materials are shown in
Table 1 and Figure 3, respectively. In addition, a series of laboratory tests was also performed
on Toyoura sand, which is frequently used in laboratory studies and is known to be sub-angu-
lar and hard-grained. The Japanese standard method (JGS, 2000) was adopted to measure the
maximum (pg,.,) and minimum (pg,,;,) dry densities of the materials while the New Zealand
standard NZS4402 (Standards New Zealand, 1986) was followed to determine the specific
gravity (Gy). Note that the Japanese standard was used to eliminate particle crushing during
maximum dry density test.
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Figure 2.  Sites where NP sands were collected from the central part of North Island.
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Table 1. Index properties of tested materials.

Maximum dry Minimum dry
Specific Coefficient of density density
Material gravity uniformity (gr/em?) (gr/em?®)
NP1 (Rangiriri) 2.54 4.90 1.24 0.93
NP2 (Huntly)  2.48 5.34 1.27 0.97
NP3 2.53 3.98 1.54 1.27
(Hamilton)
Toyoura sand  2.66 1.17 1.64 1.40
100 g
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Figure 3. Particle size distribution curves of the tested materials.

2.2 Sample preparation

The reconstituted specimens were prepared by moist tamping method, with the target size of
63 mm diameter and 126 mm high. Before setting up the specimens, the soil materials were
mixed with water (at approximately 20% water content) to form uniformly moist samples.
Then, a pre-weighed quantity of the materials was poured in five layers into the split mold
with a membrane held in place by external vacuum, with each layer compacted carefully to
reach a specified initial relative density. Once a soil specimen reached the final target height, a
special cap with the slot for the bender element was placed on the top of the specimen, with
the slot oriented similarly to the bender element on the pedestal. Then, a groove was gently
made on the specimen through the slot and the top cap was placed on top of the specimen to
fit the bender element into the specimen, and the split mold was removed. Finally, the triaxial
cell was assembled, the cell filled with water and the specimen was saturated by applying a
back pressure of 600 kPa until a B-value greater than 0.96 was achieved.

2.3 Bender element test

Bender element test, a non-destructive dynamic test, was utilized to measure the shear wave
velocity (V) of the specimens through the equation: V, = L/t, where L is the tip-to-tip dis-
tance between the bender elements installed on top and bottom of the specimen, while # is the
travel time of shear wave propagation through the specimen. Peak-to-peak arrival time
method was chosen to measure 7z, owing to the consistency, clarity and simplicity of this
method as compared to other approaches. The bender element system employed consisted of
FG110 synthesized function generator and TDS 2024C digital oscilloscope for generating
waves and recording the generated and received signals for post data analysis, respectively.
The bender element test with pulse sinusoidal waves at frequencies of 3, 5, 7 and 9 kHz was
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conducted on specimens of NP1, NP3 and Toyoura sands at various levels of post-
consolidation void ratio (e¢) and a wide range of ¢'.=20 to 300 kPa, while that of NP2 was
under ¢'.=20 to 100 kPa. The approach proposed by Verdugo & Ishihara (1996) was followed
to measure the void ratio, e, at all levels of applied G,

2.4  Undrained cyclic triaxial test

A number of specimens were also isotropically consolidated under ¢'.=100 kPa, and then a servo
hydraulic loading frame applied sinusoidal cyclic loading on the specimens with a frequency of
0.1 Hz under undrained condition. The specimens were subjected to different levels of cyclic
stress ratio (CSR) which is defined as CSR = ¢/207,, where ¢ is the deviator stress and meas-
ured as the difference between axial effective stress (¢'1) and lateral effective stress (¢73), i.e. ¢ =
o’1- 0’5. During the cyclic triaxial test, once the double amplitude axial strain (¢p,4) reached 5%,
the specimen was considered to have liquefied. Then, the liquefaction resistance curves of the spe-
cimens at various levels of e (corresponding to D,=30, 50 and 80%) were developed by plotting
CSR, against the number of cycles (N,.) required to liquefy the specimen. The liquefaction resist-
ance (CRR.15) was defined as the CSR, at which the specimen liquefied in N.=15 cycles.

3 TEST RESULTS AND DISCUSSION

3.1 Bender element test

Figure 4a illustrates the developed best-fit lines of Vs~ e ™™ relations of the tested sands under
similar ¢'.=100 kPa, where m is the power coefficient of e. As evident from the figure, the V
of NP1 and NP2 sands have a significantly lower dependency on e (i.e. mpnp;=0.31,
mnp2=0.20); however, NP3 and Toyoura sand show higher influence of ¢ on the value of V;
(i.e. myp3=0.78, MToyoura=0.66). Furthermore, F igure 4b shows the V; ~ ¢'. " relation (where
n is power coefficient of ¢ .) of the materials with the best-fit lines under similar e (correspond-
ing to D,=55%) over the applied levels of ¢'.. The results presented indicate that the NP sands
have higher V ~ ¢'. dependency (i.e. nxp1=0.36, nnp2=0.37, nnp3=0.30), when compared to
Toyoura sand (%royoura=0.25).

It can be seen from the figures that NP sands have generally lower V; over a wide range of e
and o', when compared to Toyoura sand. Among NP sands, NP1 and NP2 have significantly
lower V; compared to NP3; as shown in Table 1, NP1 and NP2 have higher e;ax, €min, and
void ratio range (emax — €min) and these lead to a certain e for a specified D,. Thus, for the
plots shown in the figures, NP1 and NP2 specimens have higher ¢ and therefore have more
voids than NP3 and Toyoura sand specimens. Furthermore, Figure la and X-ray CT scanning
performed by Kikkawa et al. (2013) show that pumice particle is porous; the shear wave
propagation in soft and porous soils would be lower than that in stiff and solid sand. Thus, it
is expected that the V; of NP1 and NP2 sands would be lower and less dependent on e
(i.e. degree of packing) than that of NP3 and Toyoura sand. Moreover, the higher angularity
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Figure 4. Relation of Vj to: (a) ¢; and (b) o', of the tested materials.
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and compressibility/crushability features of pumice particles make the NP sand assemblies to
have better particle contacts at higher levels of ¢’., which prevent segregation of particles lead-
ing to a continuum solid behavior, allowing for higher V at higher levels of ¢'. (i.e. higher n-
value) when compared to Toyoura sand (Asadi et al., 2018a)

3.2 Liguefaction resistance

Figure 5 illustrates the liquefaction resistance curves of the materials over a wide range of rela-
tive densities (i.e. D,=30, 50 and 80%) and under similar o.=100 kPa. From the figures, the
liquefaction resistance of NP sands is considerably higher than that of Toyoura sand. For
instance, under similar D,=80%, NP1, NP2 and NP3 have liquefaction resistance (CRR.s)
of 0.34, 0.29 and 0.46, respectively, while Toyoura sand has CRR.15=0.24. Asadi et al.
(2018b), who performed a number of undrained cyclic triaxial tests on NP sands as well as
particle shape morphology and particle crushing investigations, reported that the higher
CRR.15 of NP sands may be attributed to the irregular surface texture and manifestation of
pumice particle during cyclic loading, which helped in the formation of a more stable soil
structure compared to Toyoura sand.

The plots of CRRy.15s ~ ¢~ # (where f is the power coefficient of e) of the tested specimens
and the best-fit lines are illustrated in Figure 6. It can be seen that NP1 and NP2 have lower
CRR.15 ~ e dependency (i.e. fnp1=2.17, fnp2=1.75), while the effect of e is more pronounced
on NP3 and Toyoura sand (i.e. fnp3=3.38, froyoura=3.82). The observed behavior in terms of
CRR 15 ~ e relation can be attributed again to the higher e as well as higher manifestation of
particle crushing for NP1 and NP2 when compared to NP3 and Toyoura sands.

3.3 CRRpjo1q— Vi chart for NP sands

The laboratory results illustrated in Figure 4a (i.e. Vs ~ e¢) and Figure 6 (i.e. CRRx.15 ~ €)
were then utilized to develop the CRR.15 ~ V correlations, following the laboratory-based
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Figure 5. Liquefaction resistance curves of: (a) NP1; (b) NP2; (c) NP3 and (d) Toyoura sand.
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Figure 6. Effect of void ratio on the liquefaction resistance of tested materials.

approaches established by several researchers (e.g. Tokimatsu & Uchida, 1990; Zhou & Chen,
2007). To establish such correlations, initially the values of CRR 5 and V obtained in the
laboratory were converted into field condition (denoted as CRRF;q and Vi, respectively), fol-
lowing empirical correlations available in the literature. Seed (1979) conversion method was
followed to convert CRR,.;5 into field condition as follows:

1+ 2K,

CRRField = ( )rc CRRtx—lS (1)

where Kj is coefficient of lateral earth pressure in field condition, while r. is a constant value
to consider the effect of multidirectional shaking in the field. Moreover, the values of V; were
converted into field condition using the following equation:

14+ 2Ky\"
Vs.Fiea = Vs (f) 2)

where n is the power coefficient of ¢'. obtained from Figure 4b. Next, the V gieq Was cor-
rected for overburden pressure using the equation (Andrus & Stokoe, 2000):

P\ 0%
Vs = V&Field( ) (3)

o'y

where ¢, is the effective overburden pressure and P,=100 kPa is the reference stress. Thus, the
CRREie1q — Vs relations were established and plotted in Figure 7, where they are compared
with those plots available for normal sands (e.g. Andrus & Stokoe, 2000; Zhou & Chen, 2007,
Kayen at al., 2013). As seen in the figure, the curve for Toyoura sand plots in similar region as
those for other normal sands. On the other hand, the plots for NP1 and NP2 are significantly
far to the left of these curves, indicating that the CRRFje1q — V51 curves for normal sands sig-
nificantly underestimate the liquefaction resistance of these materials. Furthermore, the curve
for NP3 is plotted between those of NP1 and NP2 and those for normal sands.

Comparing the 3 NP sands, the observed differences can also be attributed to the higher
void ratios and possibly higher compressibility/crushability features of NP1 and NP2 speci-
mens, which lead to their lower 7y when compared to NP3. The higher fines content (F,) and
higher coefficient of uniformity (C,) for NP1 and NP2 may also have played a significant role
on their low V;, consistent with the observations of many researchers (e.g. Sahaphol &
Miura., 2005; Cho et al., 2006). Finally, the amount of crushable pumice particles present,
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Figure 7. Comparison of CRRF;eq — V51 charts developed for NP sands with those of hard-grained sands.

expressed in terms of pumice content (PC) may have important effect on the observed behav-
ior. A study conducted by Asadi et al. (2019b) indicated that NP1 and NP2 sands have PC of
~44% and =54%, respectively, while NP3 has PC=18%. The lower PC of NP3 is a possible
reason why its CRRF;.q — V1 curve plots nearer to those of normal sands; further tests are
planned to confirm this observation.

4 CONCLUSIONS

The applicability of Vbased approach for liquefaction assessment of crushable natural
pumiceous (NP) sands was investigated by performing bender element and cyclic triaxial
tests on 3 different reconstituted NP sands (i.e. NP1, NP2 and NP3). For comparison, simi-
lar tests were also conducted on Toyoura sand. The following are the major conclusions
from this study:

* NP sands showed lower V; when compared to Toyoura sand under similar D, and o',
owing to the presence of crushable and porous pumice particles with irregular surface tex-
ture within their soil matrix. Comparing the 3 NP sands, they showed significant difference
in terms of V;, with NP1 and NP2 having considerably lower Vi compared to NP3; this can
be explained through the different index properties and pumice contents of the NP sands.

* Under similar D, and ¢',, NP sands have significantly higher liquefaction resistance (CRR-
Fiela) compared to Toyoura sand. Their higher CRRF;.,¢ may be due to the presence of angu-
lar pumice particles which provided better particles interlocking, accompanied by particle
crushing, and resulted in more stable soil structure during application of cyclic loading.

* The CRREgeq — Vi1 curve for Toyoura sand plotted in similar zone as the normal sands
available in the literature; however, NP1 and NP2 sands plotted far to the left side of the
correlations for normal hard-grained sands. The plot for NP3 sand deviated from the other
NP sands and was nearer to the normal sand plots, possibly due to lower pumice content.

* The observed behavior of NP sands indicated that the ¥V - based approach developed for
normal sands was not appropriate for estimating the liquefaction resistance of NP sands.
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