Hindawi Publishing Corporation
Advances in Civil Engineering
Volume 2011, Article ID 867909, 14 pages
doi:10.1155/2011/867909

Research Article
Stability Evaluation of Volcanic Slope Subjected to Rainfall and
Freeze-Thaw Action Based on Field Monitoring
Shima Kawamura1 and Seiichi Miura2
1 Graduate
2 Graduate

School of Engineering, Muroran Institute of Technology, 27-1 Mizumoto-cho, Muroran 050-8585, Japan
School of Engineering, Hokkaido University, Kita 13 Nishi 8, Kita-ku, Sapporo 060-8264, Japan

Correspondence should be addressed to Shima Kawamura, skawamur@mmm.muroran-it.ac.jp
Received 28 May 2011; Accepted 15 July 2011
Academic Editor: Devendra Narain Singh
Copyright © 2011 S. Kawamura and S. Miura. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
Rainfall-induced failures of natural and artificial slopes such as cut slopes, which are subjected to freezing and thawing, have been
frequently reported in Hokkaido, Japan. In particular, many failures occur intensively from spring to summer seasons. Despite
numerous field studies, explanation of their mechanical behavior based on in situ data has not yet been completely achieved due to
the diﬃculty in grasping failure conditions. This study aims at clarifying the aspects of in-situ volcanic slopes subjected to rainfall
and freeze-thaw action. The changes in soil moisture, pore pressure, deformations, and temperatures in the slope were investigated
using soil moisture meters, tensiometers, thermocouple sensors, clinometers, settlement gauges, an anemovane, a snow gauge, and
a rainfall gauge. The data generated from these measures indicated deformation in the slope examined mainly proceeded during
the drainage process according to changes in soil moisture. Based on this data, a prediction method for failures is discussed in
detail.

1. Introduction
In Hokkaido, Japan, there are over 40 Quaternary volcanoes,
and pyroclastic materials cover over 40% of its area. Significant volcanic activities occurred in the Neogene’s Quaternary
period, and various pyroclastic materials such as volcanic
ash, pumice, and scoria were formed during those eruptions.
Such volcanic soils have been used as a useful construction material, especially on foundations or man-made
geotechnical structures (embankments and cut slopes, etc.).
However, research on volcanic coarse-grained soils from an
engineering standpoint is extremely limited in comparison
with cohesionless soils (Miura et al. [1]).
Recent earthquakes and heavy rainfalls in Hokkaido
generated the most serious damage in the ground, natural
slopes, cut slopes, and embankments, which are composed
of volcanic soils (e.g., JSSMFE [2], JSCE [3]), as seen in the
slope failure of a residential embankment due to the 1991
Kushiro-oki earthquake (JSSMFE [2]). Furthermore, cut
slope failures attributed to freezing and thawing have also
been observed in the Hokkaido expressway in spring and
summer seasons.

Figure 1 shows the mechanism of frost heaving in cut
slope and failure modes in cold regions. In cold regions such
as Hokkaido, Japan, slopes freeze from their surface with
the formation of ice lenses during the winter season (see
Figure 1(a)). Thereafter, the frozen soils thaw gradually from
the ground surface until summer season. In the freezing and
thawing sequence, the surface layer of a slope may exhibit
high moisture content over the liquid limit of its soil owing to
the melting of snow and thawing of the ice lenses. As a result,
surface failure occurs at the boundary between loose thawing
soil and the frozen layer by water infiltration due to both
rainfall and snow-melting, because the frozen layer works as
an impermeable layer (see Figure 1(b)). On the other hand,
another failure due to the piping phenomenon of ground
water may also be observed in spring season when pore
water pressure increases over the strength of the frozen layer
(see Figure 1(c)). Additionally, hollows of ice lenses created
by thawing may generate loose structures in the frozen
layer compared with before the freeze-thaw process (see
Figure 1(d)). Because of this phenomenon, a deeper slope
failure may be induced from summer to autumn seasons.
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Figure 1: Mechanism of frost heaving in cut slope observed for cold regions and failure modes. (a) Mechanism of frost heaving in slope, (b)
surface failure of thawing soil with high moisture content over liquid limit, (c) slope failure due to piping by increase of pore water pressure,
and (d) slope failure of loose layer composed thawing soil due to rainfall.
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Figure 2: Location of monitoring site in Date, Japan.

For the above reasons, natural disasters such as slope
failure in cold regions is frequently induced in snow-melting
season and is deemed to be caused by both the increase in
degree of saturation arising from thawing water and the
change in deformation strength characteristics of soil resulting from freeze-thaw action.

A significant amount of research on the mechanisms of
slope failures induced by rainfall has been conducted primarily in warm regions. Recently, research on the failure mechanisms in unsaturated conditions as well as those under saturation conditions have been investigated and have been
reported (e.g., Olivares et al. [4], Yagi et al. [5], Orense et al.
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Table 1: Specifications of monitoring instruments.

Monitoring instruments
(1) Soil moisture meter
(2) Tensiometer
(3) Thermometer
(4) Clinometer
(5) Settlement gauge
(6) Anemovane
(7) Snow gauge
(8) Rainfall gauge

Specifications
Precision: ±0.003% vol, Reading Range: Oven dry to saturation
Precision: 0.5% FS, temperature/humidity: −10 to 80◦ C (ice-free)/35 to 85% RH
Class A, ±(0.15 + 0.002 t)◦ C
Precision: ±10 deg, (multiple inclination transducer: 7-layers)
Reading range: 0 to 100 mm, temperature: −10 to 70◦ C
Precision: 0.3 m/s ± 3 deg, reading range: 0 to 100 m/s
Precision: ±10 mm or 0.4% FS, reading range: 0.5 to 10 m
Precision: ±0.5 mm, reading range: 20 mm

Symbols (unit)
θ (%)
P (kPa)
TA , TG (◦ C)
(mm)
S (mm)
(m/s)
(mm)
(mm/min)

θ: water content by volume, P: pore pressure, TA and TG : temperatures in the air and in the slope, S: settlement.

Natural water
content WN (%)
Soil moisture meter 1 (0 ∼ 20 cm)
Settlement gauge (0 ∼ 20 cm)
Soil moisture meter 3 (0 ∼ 20 cm)
Soil moisture meter 4 (0 ∼ 20 cm)
Soil moisture meter 1
−20 ∼ −40 cm

Soil moisture meter 1

Depth

Soil dressing

Volcanic soil with
silt (strong
weathering soil)

Plastic limit
WP (%)

76.46
69.62
75.26
78.44

Liquid limit
WL (%)
60.25
65.27
56.80
58.73

40.43

51.94

25.76

43.02
46.90
41.36
33.03

Depth
(cm)

WN
(%)

ρs
(g/cm3 )

ρdmax
(g/cm3 )

ρdmin
(g/cm3 )

D50
(mm)

Uc

0–20

76.46

2.59

1.09

0.827

0.30

5.25

20–40

40.43

2.73

1.13

0.861

0.62

8.09

40–60

45.77

2.78

1.04

0.810

0.70

7.58

60–80

47.47

2.75

1.06

0.822

0.51

7.00

80–100

47.96

2.78

1.02

0.793

0.89

8.46

100–120

52.69

2.79

0.960

0.752

0.72

8.17

ρd in situ = 0.915 g/cm3 WN : natural water content, D50 : mean grain size, Uc : coefcient of uniformity.

Figure 5: Index properties of soil samples.

[6], and Kitamura et al. [7]). In particular, Yagi et al. [5]
indicated the importance of the amount of limited rainfall
and proposed a prediction method of failure based on field
and experimental data for volcanic slopes. On the other
hand, prediction methods of slope failure based on the monitoring techniques, for instance prediction using satellite systems and so on, have also been proposed (e.g., Kitamura [8]).
Geotechnical problems on both freeze-thaw and frost
heaving actions have been reported by many researchers
(e.g., Aoyama et al. [9], Nishimura et al. [10], and Ishikawa
et al. [11]). Mechanical behavior of frozen and thawed soils
has been clarified through their eﬀorts, and the importance

of estimation on geotechnical problems has been pointed
out.
Additionally, Harris and Davies [12], Harris and Lewkowicz [13] have investigated the deformation behavior of
slopes subjected to freezing and thawing for slope stability.
However, field, experimental, and analytical studies on slope
stability due to freezing and thawing sequence have been
rather limited.
The authors have similarly investigated rainfall-induced
failure of volcanic slopes subjected to freezing-thawing and
its mechanisms (Kawamura et al. [14–17]). In previous studies, a series of model tests was performed on volcanic slopes
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Figure 6: Change in amount of surface water at the maximum point during monitoring; (a) the maximum point at plane section and (b)
relationship between the amount of surface water and rainfall.

having several slope shapes and water contents. Rainfall
intensities were 60 mm/hr, 80 mm/hr and 100 mm/hr, and
were accurately simulated through use of spray nozzle. During rainfall tests, pore water pressure behavior, deformation
behavior, and variation in saturation degree were monitored,
and the deformation of model slopes was estimated by the
particle image velocimetry (PIV) method. The eﬀects of
the geometric condition of a slope, rainfall condition, geomechanical condition, and freeze-thaw action on the mechanism were clarified in detail. Of particular significance was
the finding that the slip line is induced around the depth of
the frozen area and can be evaluated by the dilatancy behavior of soil attributed to freeze-thaw action.
The purposes of this paper are to elucidate the aspects
of soil behaviour in volcanic slopes by various monitoring

instruments and to propose a prediction method for a rapid
assessment of failure development in slopes. Field monitoring has continued to date from December 1, 2008. Presented
herein are reliable data collected over this period, although
there were intervals in which monitoring was not carried out.

2. Location of Monitoring Site and
Monitoring Instruments
The monitoring site is located at a cut slope along the Route
37 in Date, Japan, where the slope height and the angle are
around 28 m and around 40 degrees, respectively. According
to preliminary investigations, the top 20 cm of the surface
was comprised of silty soil. The layer below 20 cm consists
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mainly of volcanic soil with silty soil. The monitoring site is
shown in Figure 2.
In the present study, the following instruments were
adopted in order to monitor soil behavior and temperature
in the air and in the slope: (1) soil moisture meters (time
domain reflectrometry type: TDR), (2) tensiometers, (3)
thermocouple sensors, (4) clinometer (multiple inclination
transducers), (5) settlement gauges, (6) anemovane, (7) snow
gauge, and (8) Rainfall gauge, as shown in Figures 3(a) and
3(b). These instruments were basically set up at each depth
of 20 cm. The specifications of instruments are shown in
Table 1. The subscripts in the figures indicate the depths of
position of the instruments. The symbols used in this study
are also indicated in Table 1. Each data was collected within

the sampling period of 10 minutes and was recorded into
a data logger. The data for every 1 hour is depicted herein.
The instruments in this study have been used for another
cold region site in order to discuss slope stability subjected to
freeze-thaw action and their validity has also been confirmed.
The index properties and the grain size distributions of
soil samples taken from the slope are shown in Figures 4
and 5, respectively. As shown in Figure 5, the natural water
content wN of the slope surface is almost the same as, or more
than, the liquid limit wL of its soil. Owing to this, a part of the
slope surface (the thickness of 20 cm) progressively eroded
and flowed downward. The deeper parts in the slope were
not destabilized because natural water content is lower than
the liquid limit.
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Photo 1: Aspect of slope surface in winter season (2010).
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It has been also confirmed that there were no diﬀerences
in index properties due to freeze-thaw actions for 2 years.
Figure 6 also illustrates the changes in the amount of surface
water (including water from underground) at the maximum
point from April 1, 2009 to November 27, 2010 as compared
with variation of rainfall. These figures demonstrate that
the amount of surface water varies through seasons and
indicates the maximum value in the snow-melting season
although the peak time diﬀers for each year. Figure 7 shows
the topography of the slope crown, which is depicted in 3D
based on surveying. It is obvious from this figure that rainfall
and snowmelt runoﬀ easily gather around this monitoring
area. As a result, the reason for the high water content
in the slope may be derived from the topography and the
characteristics of seepage in the slope.
Figure 8 depicts the changes in temperatures (TA : in
the air, TG : in the slope) during monitoring. In the figure,
the number of freeze-thaw cycles of the slope surface (TG :
0 cm) was 44 times from December 1, 2008 to April 1, 2009
and 48 times from December 1, 2009 to April 1, 2010. As
shown in Photo 1, which was taken in the winter 2010, a
part of the surface was covered with snow and an ice layer,
therefore, it can be said that this slope is located in a severe
environment. On the other hand, Yamaki et al. [18] reported
that the number of freeze-thaw cycles was 6 times during the
winter season (from December 8, 2007 to April 1, 2008) in
Sapporo, Japan, which is near the data collection site for this
study. In comparison with other places in cold regions, it is
also pointed out that this area is severe from a geotechnical
perspective. For this reason, field monitoring was carried out

on a volcanic slope under severe environmental conditions
to clarify the features of soil behavior and to propose an evaluation method for slope stability.

3. Monitoring Results and Discussions
3.1. Aspects of In Situ Volcanic Slope Subjected to Freeze-Thaw
Action and Rainfall. Figure 9 shows the relationship between
pore pressure and temperature (TG : in the slope). In the
figure, pore pressure, P, indicates a positive value at the depth
of 20 cm and is around 0 kPa at 60 cm although these values
vary through seasons. Therefore, the monitoring point in
this slope can be evaluated and can be mainly discussed as
saturated soil behavior.
Figures 10(a) to 10(d) depict the changes in the consistency index, IC = (wL − w)/(wL − wP ) at each depth, based
on the index properties shown in Figure 5. The volumetric
water content θ gained by using soil moisture meters can be
converted to water content w by the following relation w =
(ρw /ρd )θ, where ρw and ρd are densities of water and dry soil,
respectively. In this study, ρdin situ was 0.915 g/cm3 according
to the sampling data. In the figures, the values in the depth of
30 cm indicate around 0.5 or less. This fact implies that the
slope may be destabilized by either the amount of rainfall or
the increase of water from underground. It is also interesting
that slope stability can be easily assessed using soil moisture
and a simple index.
Figure 11 illustrates the behavior of settlement gained
by using settlement gauges. In the figure, a positive value
means settlement toward the inside of the slope. As this figure
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Figure 10: Changes in consistency index, IC , for each depth; (a) soil moisture meter 1, (b) soil moisture meter 2, (c) soil moisture meter 3
and (d) soil moisture meter 4.

indicates, significant changes were not recognized for each
position during monitoring, except at the depth of 100 cm.
Although the reason for variation at the depth of 100 cm
was not made clear, the surface seems to deform toward the
upper side due to frost heaving. On the other hand, changes
in displacement using the multiple inclination transducers
were observed over the 2 years (see Figure 12). In particular,
it is noted that the displacement gradually increased year by
year and its value induced in the winter season increases 7
times more that in the summer.
The surveying results for the monitoring site are depicted
in Figures 13(a) and 13(b). Surveying was performed on
9 points in the slope, as shown in the figures. The figures
are illustrated as cross and plane sections. As shown in the
figures, the slope deforms perpendicularly and in an upward
direction on its surface in the winter season, and its direction
changes to a gravitational course in the snow-melting season.
Harris and Davies [12] explained that surface displacements during freezing and thawing sequences are composed

of “frost creep” and “gelifluction”, as shown in Figure 14.
In the figure, the frost creep denotes mass movement when
frozen soil thaws and subsides with gravity-induced closure
of voids in ice lenses. On the other hand, the gelifluction
indicates mass movement with thawing soils slipping down
the slope. A similar tendency has also been obtained from the
results of a series of model tests (Kawamura et al. [14, 15]).
For the above reason, it is important for the evaluation of
slope stability to monitor the deformation of the slope from
winter seasons to summer seasons.
Figures 15(a) and 15(b) show the changes in water content by volume θ for summer and winter seasons, respectively. It should be noted from the figures that volumetric
water content increases with an increase of rainfall and then
decreases with elapsed time over the summer season. In contrast, the water content increases with a decrease of temperature (less than 0◦ C) in the slope for winter season and
decreases conversely with an increase of temperature (more
than 0◦ C). This indicates that the changes in volumetric
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water content are induced during the seepage-drainage process. In the case of surface failure, it is said that one of the
causes of surface failure for cohesionless soils is an increase of
self-weight due to the expansion of an area with high water
retention ability. In a previous study in which a series of
rainfall model tests was performed on volcanic slopes (Kawamura et al. [14, 15]), the model slopes suddenly failed at
the peak of saturation degree after the degree of saturation
gradually increased. After the failure, the saturation degree
decreased, similar to the data revealed in field monitoring
(see Figures 15(a) and 15(b)).
Additionally, it is noteworthy that the value is constant
when deformation proceeds, for instance it is around 38%

in the slope although the magnitude of deformation is very
small. If it is assumed that the slope fails progressively by
integration of small displacements, this finding is significant
for the assessment of slope stability on local areas. Hence, the
failure may be predicted if water content at failure is defined.
Figures 16(a) and 16(b) depict the typical changes in
water content by volume θ for drainage process based on
the zone in dotted line in Figure 15. In the figures, a fitting
curve on the drainage process is also depicted as a solid line.
As shown in Figure 16(b), variation in the data is observed.
The reason for variation was due to the eﬀect of rainfall
in the winter season although the data was omitted here.
It is conspicuous from the figures that the behavior of soil
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moisture is explained by a simple expression according to the
fitting curves based on the least-squares method. Namely the
following expression can be obtained:
(1)

although it is diﬃcult to define its peak value in field data.
As a consequence, it may be useful for disaster mitigation if
such a relation may be simply defined for each slope. Further
considerations will be required because the quantity of data
is limited.

where t  and T  are elapsed time from the peak of θ and one
period from the peak of θ to the end of drainage process,
κ and α denote the peak value and the reduction ratio of
volumetric water content obtained from fitting curves and
are 45.6 and 0.01 in the summer season, 45.3 and 0.006 in the
winter season, respectively. It should be pointed out that both
values in summer and winter seasons are almost the same

3.2. A Prediction Method for Surface Failure of In Situ
Volcanic Slopes Subjected to Rainfall and Freeze-thaw Action.
As mentioned above, except for the cases of failure due to
the increase of ground water level, it is significant for the
evaluation of slope stability to grasp variation in saturation
degree (the diﬀerence in the water holding ability of volcanic
slopes) for the seepage-drainage process.





θ = κ · e−α(t /T ) ,
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(Year/month/day)

(Year/month/day)
(a)

(b)

Figure 15: Changes in water content by volume, θ; (a) in summer season, and (b) in winter season.
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Figure 16: Relationship between water content by volume, θ, and normalized time, t /T , for drainage process and fitting curve proposed in
this study; (a) in summer season, and (b) in winter season.
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Figure 17: Relationship between water contents at initial w0 and at failure w f for typical volcanic soils (Kawamura et al. [17]).
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Figure 18: Relationship between water contents at initial w0 and at failure w f for monitoring site in Date, Hokkaido (using soil moisture
meter 1).

The authors have proposed a prediction method for
surface failure of volcanic slope by considering the characteristics of the ability of water retention (e.g., water content)
and have revealed that a slip line is induced around the depth
of a frozen area. A summary of these findings is provided in
(Kawamura et al. [14, 17]).
Figure 17 shows the relationship between water contents
at the initial w0 and at failure w f based on a series of
model test results. The details of volcanic soils used in a
previous study were reported by Miura et al. [1]. Those
typical volcanic soils in Hokkaido, Japan have been referred
to as Kashiwabara and Touhoro volcanic soils. As shown in
the figure, there are unique relationships between both water
contents for both types of volcanic soil. The increment of
water content at failure w f from the initial line becomes a
steady state for each material although the relation varies

according to freeze-thaw action. For instance, the following
expression can be also obtained:
γ

w f = β · w0 ,

(2)

where β and γ are coeﬃcients, these values are shown in
Table 2. From Table 2, it should be noted that these parameters of volcanic soils subjected to freeze-thaw process become
almost the same. Consequently, it is also possible to evaluate
slope failure due to rainfall and freeze-thaw process if such a
relation can be obtained for the in situ slope.
Similarly, monitoring data is shown in Figure 18. The
maximum value for each layer (20 cm, 30 cm, 40 cm, 60 cm,
80 cm, and 100 cm) gained by soil moisture meter 1 was depicted based on Figure 17. In the present study, it is diﬃcult
to actually define slope failure for this site. Therefore, water
content at failure was tentatively defined as the liquid limit
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Table 2: Coeﬃcients of β and γ.
Kashiwabara
Without freeze-thaw action
With freeze-thaw action

β
2.4
2.8

γ
0.9
0.8

Touhoro
β
4.3
2.4

γ
0.7
0.8

to indicate slope instability, because the monitoring slope
deformed gradually around the liquid limit. The failure line
was predicted based on the liquid limit and γ = 0.8 in (2)
of which the consistent value was indicated for both volcanic
soils. It is evident from the figure that the maximum value
is within the range of both limits for each depth and is
slightly near to a prediction line based on the liquid limit.
In particular, it was noted that the value at 30 cm was on the
failure line. According to Figure 10(a), this data was collected
on February 1, 2009. The reason for high water content is that
the depth of 30 cm is strongly aﬀected not only by surface
water due to thawing and melting snow but also water from
underground. From the results, (2) may explain well the field
data in volcanic slopes and may evaluate slope stability.
Considering the results of this study, surface failure may
be predicted if the depth of frozen area and the water holding capacity at failure in a slope are simply estimated by
monitoring an index property such as water content. However, it is diﬃcult to accurately define slope failure. In addition, the above results may change with variations in soil
materials and because of this, changes in the slip line are predicted. At any rate, further considerations will be required.

4. Conclusions
In consideration of the limited results of field monitoring,
the following conclusions were derived.
(1) A slope subjected to freezing and thawing deforms
perpendicularly and in an upward direction on its
surface in the winter season, and its direction changes
to a gravitational course in the snow-melting season.
(2) According to the data collected using soil moisture
meters, water content increased regularly with an
increase of rainfall and then decreased with an increase of elapsed times in the summer season. On the
other hand, it increased with a decrease in ground
temperature due to freezing and thawing and then
decreased with an increase of temperature. As a result, evaluation of soil moisture may be done for
seepage and drainage processes despite variations in
all seasons.
(3) Water content by volume became a constant value
when deformation in the slope was induced, for instance it was around 38% in this case. Surface failure
may be predicted if the depth of frozen area and the
water holding capacity at failure in a slope is simply
estimated by monitoring an index property such as
water content.
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