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Monotonic shear behavior of unsaturated volcanic ash soil from Atsuma compared
with non-porous sand
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ABSTRACT: Volcanic ash soils have been attributed to long-distance landslides on gentle slopes caused by earthquakes (e.g. landslides
in Atsuma in Japan, 2018). It has been pointed out that such landslides on gentle slopes are due to the high crushability and the high-
water retention of volcanic ash soils, both of which are attributed to their high porosity. However, few studies have quantitatively
evaluated the reduction in shear strength of volcanic ash soils under unsaturated conditions. In this contribution, to clarify the unique
shear behavior of volcanic ash soils due to their high porosity and crushability, undrained monotonic triaxial tests on a volcanic ash
soil from Atsuma and a non-porous sand (Inagi sand) were conducted. Prior to the triaxial tests, internal structure of volcanic ash soil
particles was observed using an X-ray CT, by which the intra-void ratio of the particles, and thus the “apparent” void ratio and degree
of saturation (i.e. exclude the void space inside the particles) were obtained. Specimens of the volcanic ash soil and Inagi sand were
prepared with similar apparent void ratio and degree of saturation, and the shear tests were conducted using the state-of-the-art double
cell triaxial for unsaturated specimens, with which the volume change and pore pressures can be measured. Additionally, isotropic
consolidation tests were also conducted to obtain the bulk modulus of tested specimens. The experimental data showed the volcanic
ash soil had a catastrophic decrease in the effective stress compared with Inagi sand, which was quantitatively explained by (1) a much
higher B-value of the volcanic ash soil than that of Inagi sand because of much lower bulk modulus of the volcanic ash soil with high
porosity; and (2) a more contractive nature of the stress-dilatancy relationship of the volcanic ash soil compared to Inagi sand.
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1 INTRODUCTION few studies have compared volcanic ash soils and non-porous
soils under the equivalent conditions, even though such a
systematic study is necessary to characterize and quantify the
unique shear behavior of volcanic ash soils.

In this study, a series of unsaturated monotonic triaxial
tests were conducted under undrained condition both on a
volcanic ash soil from Atsuma and a non-porous sand (Inagi
sand). Prior to the triaxial tests, the intra-void ratio of the
volcanic ash soil particles was measured using an X-ray CT,
and thus the “apparent” void ratio and degree of saturation (i.e.
exclude the void space inside the particles) were obtained,
which makes it possible to conduct tests under the equivalent
conditions between two materials. The B-value and stress-
dilatancy relationship were observed during shearing to
quantitatively evaluate the effect of high porosity and
crushability of volcanic ash soils on the shear behavior under
unsaturated condition.

Long-distance landslides on gentle slopes have frequently
occurred in past earthquakes, causing casualties and significant
damage to livelihoods. In Japan, one such example is the
landslide in Atsuma, which was triggered by 2018 Hokkaido
Eastern Iburi Earthquake (Sato et al. 2023). It has been pointed
out that this slope failure was attributed to volcanic ash soils
which have high crushability, and high-water content of the slip
layer due to rainfall prior to the earthquake (Kiso-Jiban, 2018).

Volcanic ash soils have been the subject of extensive
research due to their distinct characteristics. One of the
characteristics is their high porosity, which allows them to
retain water in their intra-voids. As a result, they form a thicker
almost saturated layer compared to non-porous sands (Nakata
& Miura 2007; Unno et al. 2008). Another key feature of
volcanic ash soils is their particle breakage. The single-particle
strength of volcanic ash soils has been reported to be
approximately 1/100 of that of general sandy soils (Kasama et
al. 2018). Particle breakage occurs frequently during shear
deformation and becomes particularly dominant when the soil

2 FACTORS IN EFFECTIVE STRESS CHANGE UNDER
UNSATURATED UNDRAINED CONDITION

structure deteriorates, such as during rapid strain increases Skempton (1954) suggested that if suction is negligible, the

(Orense & Pender 2013; Tajima & Watanabe 2023). change in effective stress, Ap’, under undrained condition could
Research has also been conducted on the mechanisms of be expressed as:

slope failures associated with volcanic ash soils, including

studies on the s.l(?pe failures in Atsqma. Watanabe et al. (2022), Ap/ = (1-B)Ap+B (£ _ A) Aq (1)

for example, utilized the “stacked-ring shear test apparatus” and ) 3 o

examined the residual strength characteristics of volcanic ash where A=increment, p = the mean principal stress, q = the

soils from Atsuma in the large strain level (about 1000%). The deviator stress and A and B = the pore pressure coefficients.

results revealed that volcanic ash soils exhibit extremely low Thus, the factors that contribute to the change in the effective

residual strength especially in the large shear strain level stress under undrained conditions are as follows:

because of their particle breakage, and this behavior may 1. The change in the mean principal stress, Ap, whose effect

contribute to large-scale landslides on gentle slopes. Sato et al. on the effective stress change could be observed through

(2023) performed unsaturated triaxial tests on volcanic ash soils a B-value.

from Atsuma under undrained conditions. They revealed that 2. The change in the deviator stress, Aq, whose effect on the

volcanic ash soils show low shear strength under unsaturated effective stress change could be observed through the

undrained conditions due to high contraction induced by stress-dilatancy relationship.

particle breakage’ and the undrained shear Strength becomes Since a B-value is equal to unlty under saturated COnditiOn, the

lower as the degree of saturation increases. Although there are first element does not affect the change in the effective stress,

some studies that qualitatively explain the reduction in shear and only the second element does. However, since a B-value is

strength of volcanic ash soils under unsaturated conditions, less than unity under unsaturated condition, both elements can

limited studies have quantitatively evaluated it. Furthermore, change the effective stress, making it difficult to observe the
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effects of these two elements on the change in the effective
stress independently. In this study, the bulk modulus of soil
skeleton obtained by isotropic consolidation tests made it
possible to isolate these effects by the following procedures.

2.1  B-value

The effect of the mean principal stress on the effective stress
can be quantified through a B-value; the higher the B-value, the
lower the effective stress. Lade and Hernandez (1977)
suggested that if the volume change of the specimen is small, a
B-value under unsaturated condition can be calculated as
follows:

1
B=17 nK(1—S,)/uq 2)
where n = the porosity, K = the bulk modulus of the soil
skeleton, S, = the degree of saturation and u, = the pore air
pressure.

2.2 Stress-dilatancy relationship

The effect of deviator stress on effective stress can be observed
through the stress-dilatancy relationship; the greater the
negative dilatancy, the lower the effective stress. The volume
change of the soil skeleton is derived from the change in the
effective stress. In other words, the volume change of the soil
skeleton, Ag,, , can be divided into two parts: (1) a part due to
the change in the mean principal stress, Ae , and (2) a part due
to the change in the deviator stress, Asg .

Ag, = Ash + Agl 3)
For sandy soils, the volume change due to the change in the
mean principal stress, Asf,’ , can be regarded as elastic in a small
strain range. Hence, it can be expressed as:

Ae? = Ap'/K 4)
Therefore, in this study, the volume change due to the change
in the deviator stress, which is dilatancy, is calculated as
follows:

Ael = Ae, — Ap'/K (5)

3 MATERIALS

To better understand the distinctive shear characteristics of
volcanic ash soils, two types of sand were used in this study;
one is the volcanic ash soil called Ta-d, and the other is the non-
porous sand called Inagi sand (Figure 1). Material properties
and particle size distributions of both soils are shown in Table
1 and Figure 2 respectively. Ta-d is a pyroclastic flow deposit
derived from Mt. Tarumae, located in Atsuma, Hokkaido, and
deposited by the eruption about 9000 years ago. Disturbed
samples of Ta-d were collected from a landslide site in
Sakuraoka area, Atsuma, and in-situ dry density and natural
water content of Ta-d were measured using a cylinder-shape
mold. Also, the intra-void ratio of Ta-d particles was evaluated
using the method described in the next section. The physical
properties of the Inagi sand were measured by Chowdepalli
(2023).

4 INTRA-VOID RATIO OF VOLCANIC ASH SOILS

4.1  Methodology

One of the unique characteristics of volcanic ash soils is that
each particle has many pores, called intra-void. This intra-void
does not contribute to the particle rearrangement during
shearing. In addition, if the amount of water is small,
presumably the water is contained in the intra-void as the pore
diameter of the intra-void is much smaller than that of the inter-
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Table 1. Physical properties of Ta-d and Inagi sand.

In-situ Natural Specific Intra- Fines

Soil dei?; ty Cvgstt:; " gravity ;/:tlig content
@em) ) @™ o 0D

Ta-d 0.472 151.44 2.676 21.348’; 14.3

Maximum  Op tmum Specific Fines
. dry moisture .

Soil . gravity - content
density content 3 o
(g/cmS) (%) (g/cm ) ( A))

Inagi ) 689 185 2.645 - 475

sand

Figure 1. Photographs of the two types of soils used in this study. Ta-d
is shown on the left, and Inagi sand is shown on the right.
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Figure 2. Particle size distribution of Ta-d and Inagi sand.

void. In such a case, the pore water does not act as capillary
bridges, which aggregate particles. On the other hand, for non-
porous sand particles, all the water exists in the inter-void pore
space and would reinforce the soil skeleton.

This fundamental difference means that comparing
volcanic ash soils and non-porous sands using conventional
definitions of void ratio and degree of saturation is misleading.
Therefore, to compare them under equivalent conditions, the
non-contributing intra-void space must be treated as part of the
solid phase as shown in Figure 3. By calculating an "apparent
soil particle volume" from intra-void ratio, specimens of both
materials can be prepared with the same apparent void ratios
and degrees of saturation.

An intra-void ratio of a single particle, e;,trq, can be
defined as follows:

Cintra intra / Vs (6)
where Vj,irq 18 the intra-void volume of the single particle and
V; is the solid volume of the particle. This equation can be



transformed using the apparent volume of the particle, V., as
follows:

€intra = (Vapp - Vs) / Vs @)
In this study, V,,;, was obtained from 3D data of the particle
surface using an X-ray CT. Also, V; was calculated using the
following equation:

Vo =mg/ Ps (®)
where mg is the dry mass of the particle and p; is the density of
the particle. Accordingly, the intra-void ratio of a volcanic ash
soil particle can be obtained based on the Equation (7). The
schematic diagram of how to obtain the intra-void ratio is
shown in Figure 4.
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Figure 3. Equivalent conditions between volcanic ash soils and non-
porous sands.
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Figure 4. Schematic diagram of how to obtain intra-void ratio.

4.2 Results

The intra-void ratio was measured for 20 particles of Ta-d using
an X-ray CT, CTLAB HX130 by Rigaku. The voxel size was
30 um. The results were shown in Figure 5. The intra-void ratio
ranged from 2.44 to 10.89, which varied greatly depending on
the particles.
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Figure 5. Intra-void ratio of Ta-d particles.

4.3  Experiment conditions considering intra-void

To compare the experiment results of Ta-d and Inagi sand,
specimens of them were prepared with similar apparent void
ratio and degree of saturation, calculated from the apparent soil
particle volume. The method for calculating apparent void ratio
and degree of saturation is explained below.

As shown in the Figure 4, the volume of all voids in the
specimen can be divided into two parts: the inter-void volume,
Vinter> and the intra-void volume, Vj,:,. Based on this, the
void ratio can be calculated as follows:

e = (Vinter + Vinera) / Vs )
Thus, also considering the Equation (6), when the intra-void
space is considered to be a portion of the soil particles, apparent
void ratio, e*, is defined as follows:

x _ Vinter €= Cintra
= = (10)
Vs + Vintra 1+ €intra
Also, assuming the intra-void is always saturated in the tested
conditions, the degree of saturation for inter-void, Sr™* is
defined as follows:

psw _
pW intra

Srt = (11)

Z)—Z - (1 + eintra)

5 TRIAXIAL TEST

5.1  Test apparatus

To calculate the B-value and stress-dilatancy relationship
during shearing as described in Section 2, it is necessary to
accurately measure the pore air pressure, u,, the pore water
pressure, u,,, and the volumetric change, Ag,. Therefore, a
double cell triaxial apparatus (Wang et al., 2016) was employed
in this study, which is schematically shown in Figure 6. The
pore air pressure is measured using a pressure transducer
connected to the top cap. To avoid water penetration into the
measurement system, a hydrophobic filter is glued to the
surface of the top cap. The pore water pressure is measured via
a pressure transducer connected to the pedestal. A membrane
filter (AEV: 250 kPa) is placed on the pedestal to prevent air
bubbles seepage. The volumetric changes are determined by
measuring the water level difference between the inner cell and
the reference tube. In this way, water level fluctuations caused
by shaft intrusion does not affect the results. Further details can
be found in Wang et al. (2016).

—1
= 2
1. Monotonic loading system
2. VDT
[ 3. Pore air pressure transducer
4. Load cell
5. Top cap
6. Pedestal
7. Pore water pressure transducer
8. Inner cell
9. Reference tube
10. Linkage acrylic rod
11. Aluminum plate
12. DPT
13. Pressure cell
14. Stainless steel loading shaft
D, :Diameter of loading shaft
D, :Diameter of linkage rod
Dy : Inner diameter of reference tube
D; : Inner diameter of upper part of inner cell
D, =D, ; Dy =D,
WL;: Water level in the inner cell

Figure 6. Double cell triaxial apparatus (modified from Wang et al.,
2016).



5.2 Test procedures

Undrained monotonic loading tests were conducted on both Ta-
d and Inagi sand. The degree of saturation was varied between
tests, while dry density was kept constant. The test conditions
were shown in Table 2.

Test specimens with 100 mm in height and 50 mm in
diameter were prepared by wet tamping method for both Ta-d
and Inagi sand. The dry density and water content during
sample preparation were determined as described below. In-situ
dry density and water content were used for Ta-d specimens.
For the high degree of saturation case, water was added from
top of the specimen after sample preparation. The dry density
and water content of Inagi sand during sample preparation were
adjusted so that the apparent void ratio, e*, and the apparent
degree of saturation, S,.", correspond to those of Ta-d test cases.
For the calculation of the apparent void ratio and degree of
saturation, the minimum measured value (=2.44) was adopted
as the intra-void ratio, €jsq, as shown in Figure 5. This value
corresponds to the loosest condition of Inagi sand, which
exhibits the lowest shear strength. Using this value helps to
highlight the degradation in shear strength of Ta-d, which is
considered to have even lower shear strength than Inagi sand.
However, as shown in Table 2, the apparent void ratio of Inagi
sand was larger than that of Ta-d. This is because a lower void
ratio could not be achieved for Inagi sand with the wet tamping
compaction method. As a result, the apparent degree of
saturation was smaller than that of Ta-d. After sample
preparation, the suction values of the specimens were measured,
which are also shown in Table 2. The confining pressure was
increased to 40 kPa, which corresponds to the confining stress
on the slip layer of the landslide, and the specimen was
consolidated isotropically. When the volume change became
constant, monotonic loading was applied under undrained
conditions at a 1 %/min of the axial strain rate.

In addition to the monotonic loading tests, isotropic
consolidation tests were performed under drained conditions for
both materials in order to obtain the bulk moduli of the
specimens. Test conditions and sample preparation were the
same as in the T-insitu and I-high cases for Ta-d and Inagi sand
respectively. After sample preparation, the confining pressure
was increased to 40 kPa and then decreased to 10 kPa for Ta-d
and 30 kPa for Inagi sand. The bulk moduli were calculated
from the unloading process.

Table 2. Triaxial test conditions after consolidation. p; = dry
density, w = water content, e = apparent void ratio, Sr* = apparent
degree of saturation, s = suction measured.
samp Pa w e* Sr* s
e (gem’) (%) ()' (W' (kPa)
T-insitu Ta-d 0.478 148 0.628 705 023
T-high Ta-d 0.501 153 0.553 87.1 0
I-insitu Inagi 1.587 17.5 0.667 694 242

I-high Inagi 1.577 19.3 0.677 754 237

1)  2.44 was adopted as the intra-void ratio, €;,¢rq-

Test case

6 RESULTS AND DISCUSSIONS
6.1  Isotropic consolidation tests

The results of the isotropic consolidation tests are shown in
Figure 7. The bulk moduli of Ta-d and Inagi sand can be
expressed using effective stress, p’, as follows:

Kig—q =In10+p’/ 0.0178 ~ p’/ 0.0077 [kPa]  (12)
Kinagi = In10 * p'/ 0.0047 ~ p'/ 0.0020 [kPa] (13)

These indicate that the bulk modulus of Ta-d is lower than that
of Inagi sand. This difference may be attributed to the high
porosity of Ta-d, which could lead to the low rigidity of the
particles themselves and the low contact stiffness between the
particles.
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Figure 7. Bulk moduli of Ta-d and Inagi sand.

6.2 Monotonic loading tests

Figure 8 shows effective stress paths and Figure 9 shows stress-
strain curves during the monotonic loading tests. The following
Bishop’s equation was used to calculate the effective stress of
the unsaturated specimens.

p =@{@—uy)+xs (14)

S =Uyz — Uy (15)
where s is suction, which is defined by Equation (15). y is a
parameter of suction, and the degree of saturation S,. /100 was
adopted in this study, which was proposed by Bishop et al,
(1960). The monotonic loading tests revealed two key findings:
1. Ta-d exhibits substantially lower shear strength

compared to that of Inagi sand under the same apparent
degree of saturation Sr*.

2. The shear strength of Ta-d decreases more significantly
with increasing degree of saturation than that of Inagi
sand; at 15 % axial strain, the shear strength of Ta-d
decreased by 14 %, whereas that of Inagi sand decreased

by 4 %.
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Figure 8.  Effective stress paths of the monotonic loading tests.
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Figure 9. Stress-strain curves of the monotonic loading tests.

6.2.1  Extremely lower shear strength of Ta-d

The relationship between axial strain and stress ratio (q/p’) is
shown in Figure 10. The residual stress ratio of Ta-d is higher
than that of Inagi sand, which may be attributed to the greater
angularity of Ta-d particles via visual confirmation and
difference in the particle size distributions as shown in Figure
2. However, despite this higher residual stress ratio, the overall
shear strength of Ta-d is significantly lower than that of Inagi
sand as shown in Figure 9. Given that the stress ratio is defined
as the ratio of shear stress to effective stress, this indicates that
the effective stress in Ta-d is substantially lower than in Inagi
sand, which is also confirmed by the effective stress paths in
Figure 8.

As discussed in Section 2, the effective stress is influenced
by two key factors: the B-value and the dilatancy characteristics.
Figure 11 shows the B-value change and Figure 12 presents the
stress-dilatancy relationship during monotonic shearing. These
figures clearly demonstrate that the markedly lower effective
stress in Ta-d during the entire undrained shear is associated
with its higher B-value and more contractive stress-dilatancy
behavior.

The higher B-value in Ta-d is attributed to its lower bulk
modulus, which can result from its higher porosity. For example,
consider the initial B values for shearing: the pore air pressure,
Uy, is atmospheric for both Ta-d and Inagi sand. The calculated
values for the term n(1 — §,.) are 0.115 for Ta-d and 0.122 for
Inagi sand. This difference is negligible compared to the
difference in their bulk moduli, which confirms that the bulk
modulus is the governing factor. In addition, the pronounced
contractive behavior of Ta-d is likely due to frequent particle
breakage, as reported in previous studies (e.g., Sato et al., 2023).

6.2.2  Shear strength reduction with increasing saturation
As illustrated in Figure 9, the shear strength of Ta-d decreases
more greatly with increasing the degree of saturation compared
with Inagi sand. Since there is no difference in stress ratio for
the same material as shown in Figure 10 and the effect of
suction is negligible as shown in Table 2, the observed
reduction in the shear strength can be attributed to the decrease
in the effective stress.

The two main factors to the reduction in the effective stress
are the B-value and the stress-dilatancy behavior. Figure 12
shows that the stress-dilatancy relationship remains consistent
within the same material, regardless of the degree of saturation.
This consistency is reasonable because dilatancy is primarily
governed by the structure of the soil skeleton with negligible
suction, which is less than 2.42 kPa in this study as shown in
Table 2. This finding supports the validity of the experiment
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Figure 10. Evolution of stress ratios during the monotonic loading
tests.

0.30
0.25 1 -
Ta-d (high Sr)
020
w - -
1 Ta-d (insitu Sr)
3 0.15
s . ’ = eo-mi——]
M 0,10 s T-insitu
we=_T-high
0.05 1 Inagi (high Sr) : :Ihn,SI:,u
s Inagi (insitu Sr) g
0.00 I ] i ;
0 5 10 15 20

Axial strain (%)

Figure 11. B-values during the monotonic loading tests.
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Figure 12. Stress-dilatancy relationships during the monotonic shear
tests.

methods and the interpretation of the results of this study.
Therefore, dilatancy characteristics is not attributed to the
degradation in the effective stress with increasing the degree of
saturation.

On the other hand, Figure 11 indicates that the B-value
increases as the degree of saturation increases, particularly for
Ta-d. This suggests that the main cause of the reduction in
effective stress is the increase in the B-value. The greater
increase in B-value for Ta-d may be due to its lower bulk
modulus, which is again attributed to its high porosity.



6.2.3  Implications for landslide mechanisms

The findings suggest that Ta-d has significantly lower shear
strength due to its high B-value and contractive dilatancy
characteristics. These characteristics are considered key factors
contributing to the occurrence of landslides on gentle slopes in
Atsuma. In addition, Ta-d exhibits a greater reduction in the
shear strength with increasing the degree of saturation, because
of the increase in the B-value. This increase in B-value due to
the rainfall prior to the earthquake likely played an important
role in triggering the landslides observed in Atsuma.

7 CONCLUSION

In this study, the unique shear behavior of unsaturated volcanic
ash soils was investigated through a series of undrained
monotonic triaxial tests. To clarify their distinctive shear
characteristics, triaxial tests were conducted on a volcanic ash
soil from Atsuma (Ta-d) and a reference non-porous sand (Inagi
sand). To ensure meaningful comparison under equivalent
conditions, the intra-void ratio of Ta-d particles were measured
using an X-ray CT, enabling to calculate the apparent void ratio
and degree of saturation. In addition to the monotonic shear
tests, isotropic consolidation tests were conducted to evaluate

the bulk moduli of the specimens. Based on these tests, the B-

value and the stress-dilatancy relationship were obtained to

quantitatively evaluate the influence of high porosity and
crushability of volcanic ash soils on the shear behavior. The
conclusions are summarized as follows:

1. Ta-d exhibits substantially lower shear strength
compared with Inagi sand under the same apparent
degree of saturation. This reduction can be quantitatively
explained by a much higher B-value of Ta-d than that of
Inagi sand, which results from its lower bulk modulus
associated with its high porosity. In addition, Ta-d shows
a more contractive stress-dilatancy behavior than Inagi
sand, likely due to particle breakage.

2. Ta-d is more susceptible to reductions in shear strength
with an increasing degree of saturation compared with
Inagi sand. This vulnerability was quantitatively
explained by the greater increase in the B-value with
increasing the degree of saturation. The stress-dilatancy
relationship remained unchanged across the degree of
saturation and was therefore not a contributing factor to
this phenomenon.
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