
Kameda  Earth, Planets and Space           (2022) 74:70  
https://doi.org/10.1186/s40623-022-01623-4

FULL PAPER

Rheological properties of halloysite soil 
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Abstract 

The 6.7 Mw Eastern Iburi earthquake of 6 September 2018 triggered destructive landslides in southern Hokkaido, 
Japan, many of which were characterized by the flow-like downslope movement of volcanic soils formed from weath-
ered tephra containing halloysite. This study aims to elucidate the mechanism of landslide generation through rheo-
logical characterization of halloysite soil slurries. The examined slurries were prepared from either oven-dried or moist 
soil. Both slurries showed a power-law correlation between measured yield stress and moisture content. However, at 
a given water content, slurry made from dried soil showed stresses that are one-to-two orders of magnitude lower 
than those of slurry made from moist soil. Compared with the measurements for the slurry of dried soil, those for the 
slurry of moist soil are closer to prior numerical modeling of a specific landslide, indicating that the soils involved were 
moist. The yield stress also varied with slurry pH, generally increasing with decreasing pH, which is in part explained 
by the DLVO force model based on the electrical double layer and van der Waals forces between the colloidal par-
ticles. The pH dependence is more prominent in the slurry of moist soil, and thus the mechanical state of the slope 
appears to vary significantly with rainfall-induced changes in subsurface chemistry. Dynamic viscoelasticity measure-
ment indicated that both initially solid-like slurries can become fluid under an applied oscillatory strain of 0.5 to 10 Hz: 
the susceptibility to fluidization depends greatly on water content and frequency. The ground motion during the 
earthquake easily fluidized the slurry, indicating this was a factor contributing to the observed flow-like landslides.
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Introduction
Halloysite is a common weathering product of pyro-
clastic fall deposits and is often found on the failure 
surfaces of landslides in volcanic areas (Moon 2016). A 
recent example is the destructive landslides triggered by 
the Eastern Iburi earthquake  (Mw = 6.7) that occurred 
at 3:07 A.M. (local time) on 6 September 2018 in south-
ern Hokkaido, Japan (Fig. 1a). The strong ground motion 
(with a maximum intensity of 7 on the Japan Meteorol-
ogy Agency [JMA] intensity scale) caused the sudden 
collapse of hill slopes that are widely covered by vol-
canic soils near the epicenter (Yamagishi and Yamazaki 
2018; Osanai et al. 2019). These soils were formed by the 
weathering of pyroclastic deposits from Tarumae, Eniwa, 
and Shikotsu volcanoes. Most of the shallow landslides 
exhibited flow-like slope failures characterized by long 
travel distances along relatively gentle slopes (< 30°; Kasai 
and Yamada 2019; Osanai et al. 2019; Zhang et al. 2019). 
A field survey of one of the shallow landslides in Atsuma 
town (Fig. 1a, b) observed the slip surface at the base of 
a tephra erupted from Tarumae volcano (Ta-d) (Fig. 1c; 
Kameda et al. 2019). The survey found the basal part of 
Ta-d, including the slip surface, to be clayey and generally 
wet, and XRD analysis identified halloysite as a principal 
clay mineral (Kameda et  al. 2019; Kameda 2021). Hal-
loysite was also found in the equivalent horizon at other 
locations (Chigira et al. 2019; Ito et al. 2020). Quantita-
tive analyses revealed halloysite contents of up to 40% 
(Kameda 2021).

Halloysite is a 1:1 dioctahedral clay mineral with a 
structure and chemical composition very similar to 

kaolin, except that it commonly contains water molecules 
between its layers (Joussein et al. 2005). It exhibits various 
morphological features, such as spheroidal, platy, tubular, 
or irregular shapes, but short and/or long tubes are most 
common in nature. Microscopic observation in the study 
area found halloysite with an irregular to spherical mor-
phology (Kameda 2021). Other studies, however, have 
found halloysite with particles shaped like wood shavings 
(Wada and Mizota 1979) or thin plates (Earthquake and 
Volcano Hazards Observation and Research Program 
2019). This indicates that halloysite’s morphology pos-
sibly depends on location, even within a given stratum, 
but in general, tubular halloysite seems to be rare in the 
present study area. The mechanical and rheological prop-
erties of halloysite or halloysite soil depend on halloysite 
morphology (Moon 2016). Spherical halloysite generally 
has lower peak and remoulded strengths than the other 
morphologies (Kluger et  al. 2017). Tubular halloysite 
exhibits higher peak and residual friction angles, possibly 
due to its limited ability to develop a preferred orienta-
tion (Moon 2016). Rheological tests of slurries containing 
halloysite of different morphologies have demonstrated 
that spherical halloysite gives a lower yield stress and vis-
cosity than platy or tubular halloysite (Theng and Wells 
1995). Considering these results, the formation of non-
tubular halloysite in the study area may have contributed 
to the occurrence of flow-like slope failures. The above 
experiments revealed that, in addition to morphology, 
factors such as solid concentration and chemical condi-
tions greatly affect the rheological properties of slurry. 
The rheological properties of many other clay minerals 
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(e.g., bentonite, kaolin, and mica) are known to depend 
on various factors, including slurry pH (Au et  al. 2014; 
Au and Leong 2016), and studies have sought to under-
stand the behaviors in terms of the surface properties of 
particles comprising the slurry. Although some mechani-
cal tests in the field and laboratory have examined the 
relevant materials (Li et al. 2020; Wang et al. 2021), the 
dependence of rheological properties on moisture con-
tent and chemical conditions remains to be fully elu-
cidated. Kameda (2021) discussed the possibility of 
rainfall-induced changes in the chemical state of pore 
water, which could in turn affect the mechanical proper-
ties of soils when the landslides occurred.

This work reports the results of rheological experi-
ments on slurries of tephra sampled from the area of a 
landslide induced by the 2018 Hokkaido Eastern Iburi 
Earthquake, and attempts to ascertain the mechanical 
state of the slope when failure occurred. In addition to 
the effects of moisture content and chemical composition 
(slurry pH), dynamic viscoelasticity was tested to investi-
gate the effect of cyclic strain caused by seismic motion. 

A mechanism of landslide occurrence is discussed based 
on the results.

Samples and methods
Samples
Soil samples containing halloysite were collected from 
the scarp of the landslide in 2018 and 2019 (“clay layer” in 
Fig. 1c). Based on field observations as well as the results 
of laboratory measurements, this clay layer was in most 
cases found to act as a slip surface during the landslide 
(Kameda et al. 2019). They were stored in a bucket cov-
ered with plastic to prevent drying. The bulk sample was 
sieved by straining with a rubber spatula to prepare slur-
ries with particles < 425  μm, which is equivalent to the 
size fraction for soil mechanical testing. As the mate-
rial properties of soil vary with heating and drying (e.g., 
Terzaghi et  al. 1996; Sunil and Krishnappa 2012; Huvaj 
and Uyeturk 2018), two types of slurry were examined: 
one prepared from soil dried at 40 ℃ in an oven (water 
content of 5.2 wt%), and another made using moist soil 
that was not allowed to dry between sampling and slurry 

Fig. 1 a Locations of the epicenter of the Eastern Iburi earthquake (red cross) and the studied landslide in the Tomisato district (42.762°N, 
141.931°E; black arrow). b Aerial view of the landslide (Geospatial Information Authority of Japan, 2018). c Lateral scarp showing a stratigraphic 
sequence of volcanoclastic deposits from Tarumae volcano (modified after Kameda et al. 2019). Weathered tephra samples were collected from the 
clay layer in the Ta-d layer that is in contact with the underlying Neogene sedimentary rock. The clay layer contains 40% halloysite (Kameda 2021)
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preparation. The dried and moist soil samples were dis-
persed in pure water at different solid/water ratios, and 
were homogenized using a laboratory mixer. To account 
for moisture in both soil samples when determining the 
slurries’ solid/water ratios, part of each was further dried 
at 110 ℃ to measure the dry mass and (residual) mois-
ture content. The natural pH of the slurries was 6–7. 
When testing the effect of pH on mechanical properties, 
an appropriate amount of concentrated NaOH or  HNO3 
solution was added to prepare the desired pH and solid/
water ratio.

Rheological experiments
Yield stress measurement by the vane method
The yield stress of each slurry was measured using a 
viscometer (DV2T, Brookfield) with a four-blade vane 
spindle (Fig. 2). This technique measures the static yield 
stress at single point, and has been used for a variety of 
clay slurries, such as bentonite and kaolin (Nguyen and 
Boger 1983; Shankar et  al. 2010; Au et  al. 2014; Huang 
et al. 2016). The maximum torque reading Tm (N·m) was 
converted to yield stress τy (Pa) as follows (Nguyen and 
Boger 1983):

(1)Tm =
πD3

2

(

H

D
+

1

3

)

τy,

Fig. 2 Schematic image of vane measurement (left) and example measurement results for slurry made of dried soil (solid volumetric fraction 
φ = 0.201; right). The vane spindle was rotated at 0.4 rpm during measurement

Fig. 3 Schematic image of dynamic viscoelasticity measurement (left) and strain/stress relationship (right)
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where D and H are the vane diameter and height (m), 
respectively. The vane was rotated at 0.4 rpm, as the yield 
stress of flocculated suspensions has been shown to be 
independent of rotational speed in the range from 0.1 
to 8  rpm (Nguyen and Boger 1983). After rotating at a 
constant speed, the torque at that time is recorded every 
second (Fig.  2). Due to the torque limitation of the vis-
cometer, the range of stress that can be measured under 
the present conditions is <  ~ 500 Pa.

After resting (normally 12 h for slurry of dried soil, as 
described below), the slurry was again stirred prior to 
yield stress measurement by the laboratory mixer. This 
ensured that the measurements were performed on a 
completely broken-down slurry (Goh et al. 2011). Struc-
tural recovery from this state was not characterized in 
this study.

Dynamic viscoelasticity measurement
Dynamic viscoelasticity testing (strain sweep testing) was 
conducted using an HR-2 rheometer (TA Instruments) 
with a parallel-plate geometry (Fig.  3). The rheometer 
contained an aluminum rotational upper plate with a 
diameter of 60  mm and a stationary lower Peltier plate 
kept at 20 °C. To avoid the influence of wall slip (i.e., slip 
between the slurry and the adjacent metal plate, rather 
than within the slurry), which is a common problem 
during rheometric experiments, waterproof sandpaper 
(φ = 125 μm) was attached to the upper plate. Slurry sam-
ples were loaded into the 3.0-mm gap between the upper 
and lower plates.

Strain sweep tests were conducted by applying oscil-
latory shear strain ( γ (t) = γ0cos(ωt) ) with amplitude γ0 
increasing from 0.01% to 100% at a constant frequency 
(0.5, 1.0, 2.0, 5.0, and 10  Hz). Cyclic triaxial tests com-
monly employ a frequency of 1.0 Hz when measuring the 
resistance of soils to liquefaction (ASTM Standard D5311 
2011). The stress under the above oscillatory strain can 
be expressed as

where G′ ( = σ0
γ0
cosδ ) and G″ ( = σ0

γ0
sinδ ) are termed the 

frequency-dependent storage and loss-modulus, respec-
tively, and δ is the phase difference between the strain 
and stress (Barnes et al. 1989; Fig. 3). The solid-to-liquid 
phase transition was determined from the crossover 
point between G′ and G″, where δ was 45° (i.e., tan δ = 1). 
All strain sweep tests were performed immediately after 
sample loading without pre-shearing.

Zeta potential analysis
The zeta potential of the clay-size fraction (< 2  μm) of 
the same tephra sample has previously been determined 

(2)
σ(t) = σ0cos(ωt − δ) = γ0

[

G
′

(ω)cos(ωt)− G
′ ′

(ω)sin(ωt)
]

,

(Kameda 2021). As the present rheological experiment 
used a different size fraction (i.e., < 425  μm), the zeta 
potential was remeasured for each sample. In accordance 
with previous studies that measured various clay sam-
ples (e.g., Au et al. 2014; Au and Leong 2016), the solid 
concentration of the slurries was diluted to about 1 wt% 
in the present measurements (with a solid concentra-
tion of 1.56  wt% dried soil or 0.99  wt% moist soil). The 
slurries were first adjusted to pH ~ 13 by adding concen-
trated NaOH solution and were then gradually acidified 
(by approximately 0.5 pH unit) by adding nitric acid solu-
tions (0.6 N, 0.1 N, and 0.06 N). The zeta potential was 
measured at each condition.

The electrophoretic mobility µ of each sample was 
measured by electrophoretic light scattering with Zeta-
sizer Nano (Malvern), and the zeta potential ζ was 
obtained as follows based on the Smoluchowski relation-
ship (Smoluchowski 1921):

where ε0 is the vacuum permittivity, ε is the dielectric 
constant of water, and η is the viscosity of the solution.

Results
Figure  4 shows the change of yield stress over time for 
the slurry of dried soil (solid concentrations of 41.8 and 
40.6 wt%; Additional file 1: Table S1). Slurry with higher 
solid concentrations exhibited a higher yield stress, but 
the stress of the two slurries quickly dropped by about 
half (from 650 to 350 Pa over 400 min for the 41.8 wt% 
slurry and from 500 to 250  Pa over 200  min for the 
40.6  wt% slurry), before remaining relatively stable for 

(3)µ =
ε0εζ

η
,

Fig. 4 Temporal evolution of yield stress for slurry of dried soil (solid 
concentrations of 41.8 and 40.6 wt%). The yield stress decreased 
rapidly in the first few hours and then remained constant
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the remainder of the 24  h test. Owing to these finding, 
all subsequent tests of this type of slurry involved stand-
ing the slurry for 12  h after preparation before taking 
measurements.

Figure  5a shows the correlation between yield stress 
and solid volumetric concentration (φ) for the two 

types of slurry (φ is estimated from the grain density 
of the sample (2.719  g/cm3); Table  1). The properties 
of the slurry strongly depend on whether the soil sam-
ples were dried. The limitation of the apparatus’s torque 
prevented testing of these slurries with equivalent φ 
ranges. For a given φ, the yield stress of the slurry with 
moist soil was several orders of magnitude larger than 
that of the other slurry. For each series of samples, the 
correlation almost follows a power law function, which 
has also been observed for flocculated clay suspen-
sions (e.g., Au and Leong 2016; Kameda and Hamada 
2021) and debris materials involved in landslides (Malet 
et al. 2004; Scotto di Santolo et al. 2010). Figure 5a also 
shows the liquidity limit and natural moisture content 
ratio of each sample from a previous study (Kameda 
et al. 2019). Extrapolation of the two power law curves 
indicates that the yield stress of the slurry of dried 
soil was several pascal at the natural moisture state, 
whereas that of the slurry of moist soil was as high as 
2.2 kPa.

Figure  5b shows the yield stress with respect to the 
liquidity index (IL) of each slurry, which was calculated 
from the sample’s liquid limit and plastic limit (Table 1). 
The figure also shows empirical relations between the 
two parameters for a wide range of clay slurries, as rep-
resented by the following equations (for low- and high-
salinity (0 and 30  g/L) cases, respectively; Locat 1997; 
Jeong et al. 2010):

The slurry of dried soil showed stress values one-to-
two orders of magnitudes smaller than those from the 
empirical curves. For the slurry of moist soil, the plot 
of highest stress is close to the empirical curves (Eqs. 4 
and 5), but the stress gradually deviates downward with 
increasing IL.

Figure 6a shows the pH dependence of yield stress (for 
solid concentrations of 40.6 wt% dried soil and 34.8 wt% 
moist soil), with stress steadily increasing with decreas-
ing pH. The slurry of dried soil showed a relatively mod-
erate increase in stress from less than 100 Pa at pH 8.5 to 
450 Pa at pH 5; the slurry of moist soil showed an initial 
gradual increase in stress from 5 Pa at pH 7.5 to 50 Pa at 
pH  6.4, and then a rapid increase to more than 500  Pa 
(the upper torque limit of the apparatus) at pH 5.7.

Figure  6b shows electrophoresis results for slurries 
with solid concentrations of 1.56  wt% dried soil and 

(4)τy =

(

5.81

IL

)4.55

,

(5)τy =

(

12.05

IL

)3.13

.

Fig. 5 a Yield stress versus solid volume content for slurries of moist 
(blue) and dried (red) soil with power-law fittings. b Yield stress versus 
liquidity index of each slurry. Empirical relations for several types of 
clay slurry are also shown (Locat 1997)

Table 1 Mechanical properties of the analyzed soil sample 
(Kameda et al., 2019)

Natural moisture content ratio w (%) 172

Liquid limit wL (%) 143.3

Plastic limit wP (%) 86.1

Plasticity Index IP 57.2

Liquidity Index IL (at natural moisture state) 1.51

Grain density ρS (g/cm3) 2.719
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0.99 wt% moist soil. Similar to the yield stress variation 
(Fig.  5a), the zeta potential generally increased with 
decreasing pH. For the slurry of dried soil, the poten-
tial increased from − 45  mV at pH ~ 12 to − 13  mV at 
pH ~ 3. The measured zeta potential was roughly con-
sistent with values previously obtained for a smaller size 
fraction (< 2 μm): − 40 to − 35 mV at pH 10, increasing 
to − 10 mV at pH 2 (Kameda 2021). The potential of the 
slurry of moist soil tended to increase more steeply as 
pH changed from neutral to acidic than did that of the 
other slurry.

Figure  6c shows the correlation between the yield 
stress and the square of zeta potential at each pH con-
dition, which was derived from a polynomial fit of the 
zeta potential data (Fig. 6b). Both slurries show gener-
ally decreasing yield stress with increasing square of the 
zeta potential: the data for the slurry of dried soil show 
an almost linear correlation, while those for the slurry 
of moist soil do not clearly fit a linear trend.

Figure  7a–c shows the results of oscillatory strain 
sweep testing at a frequency of 1.0  Hz for slurries of 
39.3, 38.6, and 37.7  wt% solid concentration of dried 
soil, respectively (Table  S2). With increasing strain 
amplitude, both G′ and G″ decreased steadily, while 
tan  δ rapidly increased after initially remaining con-
stant. The solid-to-fluid phase transition, where G′ 
and G″ crossover (or equivalently, where tan  δ = 1), 
shifted to smaller amplitudes (in order 15%, 13%, 6%) 
with decreasing solid concentration. Figure  7d sum-
marizes the results and shows the correlation between 
the strain of the fluidizing point (crossover strain) and 
the water content at different frequencies. The strain 
decreased steadily with increasing water content at a 
given frequency. Higher frequency resulted in a smaller 
amplitude for the solid-to-fluid transition. Under the 
natural moisture state (w = 172%; Table 1), the slurry is 
expected to be easily fluidized by a small amplitude of 
shear strain oscillating at 1.0 Hz or more.

Figure  8a–c shows the results of oscillatory strain 
sweep testing at a fixed solid concentration (34.8  wt% 
for the slurry of moist soil), but under variable fre-
quency (0.5, 1.0, and 10  Hz). The solid-to-fluid tran-
sition point steadily shifted to smaller amplitude 
(from ~ 100% to ~ 1%) with increasing oscillation fre-
quency. Figure  8d summarizes the results and shows 
the correlation between the strain of the fluidizing 
point and the water content ratio at different frequen-
cies. Similarly to the results for the slurry of dried soil, 
the strain generally decreased steadily with increasing 

Fig. 6 a Yield stress versus pH for slurry with a fixed solid 
concentration of 34.8 wt% moist soil (blue) or 40.6 wt% dried soil 
(red). b Zeta potential with respect to pH: slurry with 0.99 wt% 
moist soil (blue) or 1.56 wt% dried soil (red). c Yield stress versus zeta 
potential squared. The zeta potential at each pH is derived from a 
polynomial fit of the zeta potential data in b 
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water content at a given frequency. However, the range 
of water contents tested was higher than for the slurry 
of dried soil by w =  ~ 40 wt%. Higher frequency led to 
a smaller amplitude for the solid-to-fluid transition. 
When the applied frequency was 5.0 Hz or higher, the 
strain remained relatively small (10% or less within the 
test range); however, strain greatly increased to at least 
100% when the frequency was less than 2.0 Hz. Under 
natural moisture conditions, the sample’s resistance to 
fluidization depends on whether the frequency of oscil-
latory strain is more than 2–5 Hz.

Discussion
Difference in yielding behaviors of slurries formed 
from dried and moist soil
The present experiments revealed that the yielding and 
fluidization behavior of slurries of weathered tephra 
depend greatly on several factors. As mentioned above, 
the yield stress is greatly affected by the slurry’s water 
content; despite this, comparison with the liquidity index 
shows that the yield stresses of both types of slurry are 
generally lower than those expected from empirical rela-
tions (Fig. 5b). One reason for this is that the yield stress 

Fig. 7 (a–c) G′, G″, and tan δ of slurry of dried soil with respect to shear strain at a fixed frequency of 1.0 Hz with solid concentrations of a 39.3, b 
38.6, and c 37.7 wt%. Modulus crossover (where the magnitudes of G′ and G″ are reversed) represents the solid-to-liquid transition. The crossover 
strain decreased with decreasing solid concentration (i.e., increasing water content). d Summary of the crossover strain for each frequency with 
respect to water content. Natural moisture content is also shown
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for constructing the empirical curves was determined 
by a dynamic method, i.e., interpolation of a stress–
strain rate curve to obtain a shear stress in the limit of 
zero shear rate, which is commonly higher than the 
yield stress determined by the static and direct method 
adopted here.

Creep tests by Carrière et al. (2018) on several clay soils 
at different IL states determined the critical shear stress 
at which the slurry viscosity bifurcates with increase of 
strain. Despite the clay slurries being prepared with dried 
samples, the stress values agreed well with the empirical 
relationship described above. Therefore, the low stress 
values obtained in this study may reflect the characteris-
tics of the present sample, not the experimental method 
or sample preparation procedure.

An important finding of the present experiment is that 
the rheological properties of the slurry differ signifi-
cantly between two different preparation methods (i.e., 
using dried or moist soil). Several studies have shown 
that the material properties of soils are altered by heat-
ing and drying (Casagrande 1932; Terzaghi et  al. 1996; 
Huvaj and Uyeturk 2018). In general, after oven drying, 
the Atterberg limits such as liquid limit and plastic limit 
decrease by several tens of percent. Huvaj and Uyeturk 
(2018) studied the effect of drying on the Atterberg limit 
of pyroclastic soils containing halloysite, finding that 
the limits of samples dried at 60  °C or 110  °C were 1% 
to 30% lower than those of moist samples; they consid-
ered this likely owing to aggregation of the soil fabric or 
irreversible changes in the properties of halloysite after 

Fig. 8 (a–c) G′, G″, and tan δ of slurry of moist soil with respect to shear strain at a solid concentration of 34.8 wt% with oscillatory frequency of a 
0.5, b 1.0, and c 10 Hz. The crossover strain decreases with increasing frequency. d Summary of the crossover strain for each frequency with respect 
to water content. Natural moisture content is also shown
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drying. Figure  5a shows a difference of approximately 
0.03 to 0.04 in the scale of φ for similar yield stress values 
between the two slurries, corresponding to a difference 
of ~ 40% of the water content ratio. This is equivalent to 
a ~ 20% decrease in water content (as a proportion of 
the total moisture content), which is roughly consistent 
with the findings of Huvaj and Uyeturk (2018). Such dif-
ferences led the estimated yield stress of the two slurries 
at the natural moisture state to vary by several orders of 
magnitude, from 2.2 kPa to several pascals. Kameda and 
Okamoto (2021) assumed Bingham flow in a numeri-
cal model of a landslide triggered by the Eastern Iburi 
earthquake. The modeling constrained the yield stress 
of the collapsed soils in a saturated state to be ~ 1.5 kPa, 
which is of the same order as that of the slurry contain-
ing moist soil (i.e., 2.2  kPa), suggesting that such slurry 
is more likely to represent the soil state when the land-
slide occurred. In fact, in  situ monitoring of the tephra 
after the earthquake indicated sustained high saturation 
(> 90%) even during a period of no precipitation (Wang 
et al. 2021). Similar tephra containing halloysite is likely 
to be widely distributed in volcanic regions worldwide. If 
it is sufficiently dried to the extent of the dried soil used 
in this study and then saturated by rainfall, its yield stress 
may be reduced significantly, as demonstrated in Fig.  4. 
It is also expected that the soil strength in such a state 
will decrease with time rather than immediately after 
hydration; therefore, these cases will show a time differ-
ence between precipitation and the onset of coseismic 
ground motion due to an earthquake, which will be an 
important factor in determining slope stability during the 
earthquake.

Dependence of slurry properties on pH
Our results demonstrate a dependence of yield stress 
on slurry pH at a given water content. Although the two 
types of slurry showed differing sensitivity to pH, the 
yield stress generally decreased under alkaline condi-
tions and increased under acidic conditions (Fig.  6a), 
as predicted previously from measurements of zeta 
potential for samples with a finer size fraction (Kameda 
2021). Comparison of the two types of slurry showed 
slurry made of dried soil had a more moderate depend-
ence on pH than that made of moist soil. Zeta poten-
tial measurements in the present study used samples 
of the same size fraction as those used for the rheologi-
cal tests; the potential showed a near-steady increase 
from a large negative value (− 40 mV) to near-zero with 
decreasing pH (Fig.  6b). A large negative zeta poten-
tial can enhance colloidal stability, and thus reduce the 
shear strength of slurry (Plaza et  al. 2018). More quan-
titatively, the following model of yield stress–DLVO 

(Derjaguin–Landau–Verwey–Overbeeck) force and 
interaction energy have often been applied to clay slur-
ries based on a constant surface potential for interactions 
between spherical particles (Scales et al. 1998):

where a is the particle radius, A is the Hamaker constant, 
D0 is the surface separation distance between interact-
ing particles, and κ is the reciprocal of the Debye length 
(double-layer thickness). This model predicts a linear cor-
relation between the yield stress and the square of zeta 
potential, and some clay slurries have been found to fol-
low this correlation over a wide pH range (e.g., Au et al. 
2014; Au and Leong 2016). As mentioned above, data 
for the slurry of dried soil show an almost linear corre-
lation between yield stress and the square of zeta poten-
tial (Fig. 6c), indicating that the above yield stress–DLVO 
force model is likely applicable to the pH range tested 
here. In contrast, the results for the slurry of moist soil 
did not easily fit a single straight line. This may indicate 
either a change in the configuration of individual clay 
particles at different pH conditions (Shankar et al. 2010) 
or the addition of another attractive force, especially 
under acidic conditions, where the yield stress increased 
dramatically (Fig. 6a).

Although the microstructural mechanism for such 
behavior remains uncertain, the observed pH depend-
ence of yield stress confirmed the prediction of Kameda 
(2021). Based on a simple mixing experiment of rainwa-
ter and tephra sample, Kameda (2021) raised the possi-
bility of a change in pH of pore fluid in the tephra layer 
during rainfall, with pH likely increasing as the solid/liq-
uid ratio decreases. If so, the chemical environment may 
have changed due to the rainfall before the earthquake in 
the present case, reducing the yield stress and thus the 
stability of the slope, which may have been a factor con-
tributing to slope failure during the earthquake.

Fluidization of slurry under oscillatory strain
At the time of the Eastern Iburi earthquake, the slope 
was subjected to strong shaking with a maximum seismic 
intensity of 7 (JMA intensity scale) near the epicenter, 
which is thought to have directly triggered the slope 
collapse. To examine the effect of such periodic strain 
acting on the slope’s weathered tephra, dynamic viscoe-
lasticity tests were conducted at frequencies of 0.5 to 
10 Hz (Figs. 7 and 8). The results indicate that both types 
of initially solid-like slurry can liquify within the tested 
frequency range. However, the slurry of moist soil had 
a higher resistance to oscillatory strain than the other 
slurry, as expected from the vane test, and its fluidizing 

(6)τy ≈
φ2

a

(

A

12D0
2
− 2πζ 2

κe−κD0

1+ e−κD0

)

,
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point occurred at a higher moisture content than in 
the case of the slurry of dried soil (Figs.  7d and 8d). In 
all cases, the strain amplitude of the solid–liquid transi-
tion (i.e., crossover strain) increased as the water con-
tent decreased or the frequency decreased. The slurry 
of moist soil, which is probably closer to the state of the 
soil at the time of the earthquake, had its crossover strain 
greatly increase when the applied frequency was less than 
2  Hz, which may have been caused by the increase of 
storage modulus G′ above a shear strain of ~ 10% (Fig. 8a, 
b). In this study, experiments at even lower ratios of water 
content, such as the natural moisture state, could not be 
performed, because the samples cracked during shearing. 
However, extrapolation of the experimental data indi-
cates that the phase transition is expected under condi-
tions of natural water content at small strain conditions 
when the frequency exceeds 5 Hz (Fig. 8d).

Previous geotechnical experiments using the same 
tephra materials indicated that halloysite-bearing tephra 
is more susceptible to liquefaction than other horizons 
under cyclic loading at a frequency of 1.5  Hz (Li et  al. 
2020). On the other hand, ground motion with strain 
occurring in several pulses at higher frequency (~ 3  Hz 
or more) during the earthquake was recorded at several 
seismological stations near the epicenter (Wang et  al. 
2019). Recent continuous seismic observation after the 
Eastern Iburi earthquake revealed that the characteristic 
frequency of the slope oscillation associated with seismic 
activity ranged between 5 and 7  Hz (Wang et  al. 2020). 
The experimental results indicate that such oscillatory 
strain could easily fluidize the tephra layer, while at lower 
frequencies it may exhibit some resistance to fluidiza-
tion. Although this study tested sieved soil whose original 
texture was completely broken, the obtained rheologi-
cal properties may be a key to understanding the factors 
contributing to the stability of the slope during the long 
period after tephra deposition and the mechanism of 
eventual collapse due to seismic shaking.

Conclusions
This study investigated the rheological properties of 
weathered tephra slurry containing halloysite to under-
stand the mechanical state of volcaniclastic soils dur-
ing slope failure induced by the 2018 Hokkaido Eastern 
Iburi earthquake. The present experiments showed that 
the yielding and fluidizing behaviors of slurries depended 
on several factors, such as the water content, slurry pH, 
and frequency or amplitude of oscillatory strain. Fur-
thermore, the method of preparing the tephra sam-
ple (i.e., complete drying versus retaining moisture) 

significantly influenced the rheological properties of the 
resulting slurry, with the slurry of moist soil apparently 
more closely reflecting the actual state of the soil when 
failure occurred. The slurry is expected to exhibit a yield 
stress of 2.2  kPa at its natural moisture content, in line 
with previous numerical modeling. The slurry’s proper-
ties strongly depended on pH, suggesting that the actual 
mechanical state of the soil may change significantly in 
response to changes in the subsurface chemical environ-
ment. Dynamic viscoelasticity tests indicated that the 
slurry’s resistance to fluidization under oscillatory shear 
strain could be greatly influenced by the frequency of the 
applied strain, with fluidization occurring at a relatively 
small strain amplitude, particularly when the applied 
cyclic strain is 5 Hz or higher. These results suggest the 
importance of evaluating the vibration characteristics of 
slopes during earthquakes and continuous observation of 
subsurface moisture state during and after rainfall, which 
is already being done by several research institutes. Addi-
tional monitoring of the subsurface chemical condition 
is also shown to be important. Such observational stud-
ies would be important in conducting risk assessments in 
areas with similar soils to those of the present study.
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