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Introduction 
 
Under the context of global climate change, the threats of 
natural disasters in cold regions are ever increasing. Since 
Japan is a high latitude country and Hokkaido is the northern 
most Island, snow and rain-induced natural disasters i.e. 
landslides, debris flows, sediment disasters and slope failures 
occur frequently. An enormous number of studies have been 
done to identify the factors that affect the soil slope stability in 
cold regions. Unlike permafrost regions, seasonal cold regions 
like Hokkaido experience abrupt weather changes throughout 
the year, which in turn fluctuates the ground temperature and 
water content of the soil. The excess water content originating 
from the snowmelt water and rainfall may induce a slope 
failure. Ishikawa et al. (2015) comprehensively summarised 
the distinction between slope failures in seasonal cold regions 
and warm temperate regions and pointed out the important 
factors that need to be considered in the stability assessment of 
unsaturated soil slopes in seasonal cold regions.  
 These disasters were also influenced by freeze-thaw 
action and snowmelt water infiltration. Japan being 
geologically not very old, the terrain and surface soil are not 
well stabilised and will quickly react to mass movements by 
rainfall, snowfall, snowmelt and earthquake etc. Furthermore, 
considerable areas of Japan are covered by volcanic soils, 
which have been produced since the quaternary period. 
Likewise, in Hokkaido, volcanic soils are broadly spread over 
40 % of the total area. With a decrease in the air temperature 
during the winter season, a surface layer of soil slope freezes 
vertically from the ground surface, and with an increase in air 
temperature during the spring season the frozen soils 
contrariwise thaw from the ground surface. This freeze-thaw 
action correspondingly affects the seepage flow inside the soil 
slope since the frozen soil layer will become 
partially/completely impermeable under negative 
temperatures. Accordingly, the stability assessment and 
prediction of slope failure during snow melting season are 
indispensable for the disaster prevention measures in 
Hokkaido. 
 
 
Objectives 
 
The objectives of this study are,  
1. Identifying the effects of seasonal variations of weather 

on the stability of soil slopes in Hokkaido.  

2. Proposal of a stability assessment approach and an early 
warning criterion for soil slopes in seasonal cold regions. 

Case examples of soil slope failures in 
Hokkaido 
 
Between 1978 to 1997 more than 15 large scale snowmelt 
induced slope disasters were recorded causing small to large 
scale damages to the road transport in northern regions of 
Japan possessing extreme threat to human life. More than 15 
small to large scale slope disasters were reported between 
1999 – 2015 in and around Hokkaido. These disasters were 
triggered by freeze-thaw action and snowmelt water 
infiltration. This doctoral study analysed 3 case examples of 
slope failures/sediment disasters occurred in Hokkaido.  
 The first case example of soil slope failure discussed in 
this thesis is an embankment slope constructed using a 
volcanic soil at an angle of 45° with 5 m elevation and 7.7 m 
length at the base. Many kinds of volcanic soils are widely 
deposited in Hokkaido, and thus those have been often used 
as useful embankment materials. The site of the embankment 
slope is located at Latitude 42°57´13  ̋ North and Longitude 
141°21´46  ̋ East in Hokkaido, Japan. The place is at the 
typical area inside the Shikotsu pumice flow deposit, denoted 
as “Spfl” near Shikotsu Volcanic caldera.  
 Thermometers, tensiometers, moisture content sensors, 
rainfall gauges and a snow gauge were installed in the slope 
to monitor the ground temperature, pore water pressure, soil 
water content, rainfall and snowfall respectively. To avoid 
disturbance to the surface soil of the slope, the monitoring 
instruments were installed in three different cross sections 
namely Left (L), Centre (C) and Right (R) as viewed from the 
bottom of the slope. A photograph is shown in Figure 1 
detailing the shape of the slope failure.  
 

 
 

Figure 1 Slope failure on volcanic soil embankment 
 



On April 7, 2013, at 11:20 A.M., a slope failure happened 
along the national highway route No.230 near 42° 54' 52" 
North Latitude and 141° 07' 22" East Longitude in Hokkaido, 
Japan. The national highway connects Sapporo city with 
Setana, a town in the Hiyama sub prefecture of Hokkaido. 
Hereafter, the slope failure will be referred as highway slope 
failure. The slope failure occurred in the embankment filling 
along the roadway. The size of the slope failure was around 
40 m wide along the road and 19 m in vertical depth along the 
failure plane. Approximately 11000 m3 of sediment, 
containing embankment filling material and accumulated 
snow above the soil ground together flowed out downward to 
the slope foot up to 40 to 50 m length, as shown in Figure 2.  
 

 
 

Figure 2 Slope failure on embankment portion of a highway 
in National Highway Route 230, Hokkaido 
 
In addition to the snowmelt induced soil slope failures 
mentioned above, many occurrences of rainfall induced slope 
failures were also reported in Hokkaido. It is indispensable to 
discuss the applicability of early warning criteria for the 
prediction of rainfall induced soil slope failures as well as 
snowmelt induced soil slope failures. Therefore, a series of 
rainfall induced sediments disasters happened along many of 
the expressways and national highways of Hokkaido during 
August 2016, by Typhoon 10 were studied. Figure 2.22 show 
some of the large-scale sediment disasters captured along 
Doto expressway and National Highway route 274. The 
maximum amount of cumulative rainfall occurred in some 
stations exceeded 700 mm within just 3 days of typhoon.  
 

 
 
Figure 3 Typhoon affected disasters in National Highway 
route 274, Hokkaido during the month of August 2016 
 
 
Slope stability assessment approach 
 
In geotechnical design practice, for the long-term stability 
assessment of soil slopes i.e. embankment slopes and cut 

slopes along highways, the factors such as freeze-thaw action 
and snowmelt water infiltration are not considered. As found 
by previous research, for the design of soil slopes in seasonal 
cold regions the above-mentioned factors are significant 
(Ishikawa et al., 2015 and Siva Subramanian et al., 2017). 
Unlike geotechnical problems like frost heave, the 
instabilities of soil slopes in Hokkaido are driven by the 
abrupt changes in soil water content distribution. Thermo-
hydro-mechanical (THM) models consider the phase 
mechanics of ice, soil solid and pore water relationships in a 
sophisticated manner. For slope instability problems in 
seasonal cold regions, the effects of ground-atmosphere 
interactions i.e. freeze-thaw action and snowmelt water 
infiltration are more significant because of the direct impacts 
of these factors on soil water content distribution.  
 Computational difficulties may arise if the ground-
atmosphere interactions are modelled using a THM model. 
Simultaneous numerical solutions of coupled unsaturated 
seepage, thermal and stress relationships including the 
ground-atmosphere interactions are very hard to achieve and 
computational methods for this purpose are not common in 
geotechnical engineering practice. Performing a stress based 
numerical simulation for a duration of one year including the 
time-dependent changes in soil water content, changes in 
temperature and including the atmospheric effects are 
extremely cumbersome. In addition, the dominant factor that 
influences the unsaturated soil slope stability in seasonal cold 
regions is the change in soil water content due to freeze-thaw 
action and snowmelt water infiltration (Ishikawa et al., 2015) 
Since the soil water content distribution inside the slope is the 
major factor determining the stability, it should be properly 
estimated for a precise stability assessment. For this purpose, 
a coupled thermo-hydro (TH) analysis would be appropriate, 
followed by a pseudo coupled mechanical analysis.   
 In view of these contexts, an approach to simulate the soil 
water content distribution subjected to freeze-thaw action and 
snowmelt water infiltration is recommended in this study. The 
approach is based on two-dimensional plane strain numerical 
modelling considering non-isothermal seepage simulation 
followed by a slope stability assessment as explained in the 
flow chart shown in Figure 4. 
 

 
 
Figure 4 Recommended stability assessment approach for 
soil slopes in seasonal cold regions 
  
There are three parts i.e. initial analysis, soil water content 
simulation and slope stability analysis. The first part is the 



initial analysis to configure the initial equilibrium of the soil 
slope in terms of soil water content distribution and 
temperature. The second part is the method used to estimate 
the water content distribution of the soil slope subjected to 
freeze-thaw action and snowmelt water infiltration. Non-
isothermal seepage flow has been used to simulate the soil 
water flow in frozen and unfrozen soil. The interactions 
between the atmosphere and ground surface are modelled 
using a sophisticated numerical method which considers the 
climatic effects i.e. precipitation (rainfall and snowfall), 
evaporation effects and ground temperature estimations, using 
various governing equations as briefly explained in the 
following sections. The outcome of the soil water content 
simulation is the water content distribution inside the soil 
slope on a day to day basis. In the slope stability analysis, a 
traditional limit equilibrium technique based on the 
Morgenstern and Price (1965) method is used to calculate the 
factor of safety (FOS). The unsaturated shear strength of soil 
is also considered, as discussed below. The application of the 
recommended numerical approach is expected to contribute to 
the pre-design studies of soil slopes.  
 The governing equation for two-dimensional seepage flow 
is as given by Richards, (1931), 
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where, ρw = density of water (kg/m3), P = pressure (kPa), Pv = 
vapor pressure of soil moisture (kPa), kx = hydraulic 
conductivity in the x direction (m/s), ky = hydraulic 
conductivity in the y direction (m/s), Q = seepage boundary 
flux applied over a unit length (m/s), Dv = diffusion 
coefficient of water vapor through soil ((kg∙m)/(kN∙s)), y = 
elevation head (m), g = acceleration due to gravity (9.81 
m/s2), mw = slope of the soil water characteristic curve SWCC 
(1/kPa), γw = unit weight of water (kN/m3) and t = time (unit 
according to the numerical time step). 
 The governing equation for two-dimensional thermal flow 
is given by the concept based on Harlan and Nixon (1978). 
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where, T = temperature (°C),  = volumetric heat capacity of 
soil (kJ/m³-°C), ktx = thermal conductivity in the x-direction 
(kJ/(s∙m∙°C)), kty = thermal conductivity in the y-direction 
(kJ/(s∙m∙°C)), Vx = the Darcy water velocity in x-direction 
(m/s), Vy = Darcy water velocity in y-direction (m/s), Qt = 
thermal boundary flux applied over a unit length (kJ/(sec∙m3)) 
and Lw = latent heat of water during phase change either 
liquid to gas (vaporisation) or liquid to solid (fusion as ice) 

(kJ/kg) and θuw = unfrozen volumetric water content 
determined by the slope of soil freezing characteristic curve 
(SFCC) (m3/m3).  
 The shear strength of an unsaturated is expressed based on 
Bishop’s effective stress principle through extended Mohr-
coulomb failure envelope by, 
 

    tan tanc' u ' u u 'n a a w               (3) 

 
 The Morgenstern and Price method is a widely-used slope 
stability method in general geotechnical engineering practice. 
The factor of safety equations with respect to moment 
equilibrium (Fm) and force equilibrium (Ff) considering the 
unsaturated shear strength of soil are given in Equation 4.  
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Analysis of soil slope instabilities  
 
The case example of failure on embankment slope 
constructed using Shikotsu Komaoka volcanic soil is analysed 
using the recommended approach. The 2D model and 
numerical FEM mesh is shown in Figure 5.  
 

 
 
Figure 5 Two-dimensional numerical model with applied 
boundary conditions and FEM mesh for volcanic slope 
 
 The initial and boundary conditions are derived from the 
monitoring climate data. From the numerical simulations, the 
magnitude of the various influencing factors i.e. precipitation, 
accumulated snow depth, snowmelt water, ground 
temperature, net surface infiltration etc. was analysed and 
finally the factor of safety of the slope was estimated. The 
numerical results are compared with the measured data. A 
comparison of volumetric water content has been made from 
the numerical results and monitoring data as given in Figure 
6, showing the comparison between numerical estimation and 
measurement of the average volumetric water content of the 
soil water content sensors at SML0, SML1, SML2 and SML3 
installed at depths 0.2 m to 1.5 m.  



 

 
Figure 6 Comparison of estimated volumetric water content 
and measured volumetric water content at locations SML0, 
SML1, SML2 and SML3. 
 
The stability of the soil slope starting from the day of slope 
construction until the failure is expressed as a factor of safety 
and has been plotted in Figure 7. The factor of safety during 
the day of slope failure is 0.954. 
 

 
 
Figure 7 Comparison of estimated volumetric water content 
and measured volumetric water content at locations SML0, 
SML1, SML2 and SML3. 
 
In field conditions, the failure surface was about 3 m in height 
and 0.6 m to 0.8 m in depth. From the numerical simulation, 
the failure surface is estimated as 4.5 m in height and 0.6 m to 
0.9 m in depth. The numerical simulation demonstrated close 
similarity in estimating the influencing parameters i.e. net 
surface infiltration, snow depth, snowmelt water and ground 
temperature etc. and could predict the soil water content 
distribution of the slope appropriately. The numerically 
estimated data closely matches with the measured data almost 
in all circumstances. Through these observations, it could be 
claimed that the adopted approach is reliable to predict the 
soil slope stability in seasonal cold regions.  
 The slope failure that occurred along the national highway 
route 230 (highway slope failure), is analysed using the 
recommended approach. The two-dimensional numerical 
model, boundary conditions and material properties were like 
the embankment slope failure model. The two-dimensional 
numerical model for the highway slope failure is designed 
using the geological cross-sectional data. The two-
dimensional numerical model with the soil/rock stratigraphy 
and surveyed ground water table are given in Figure 8.  

 

 
 
Figure 8 Two-dimensional numerical model for the highway 
slope with boundary conditions 
 
The slope stratigraphy has three soil/rock types, namely 
embankment filling, talus slope materials and the bedrock 
(Andesite). The surveyed ground water table is at an average 
depth of 8 m from the ground surface. The variation in 
volumetric water content and pore water pressure are given in 
Figure 9. It could be seen that there is a higher fluctuation of 
soil water at locations 1 and 2. During the day of slope 
failure, the volumetric water content and pore water pressure 
at all locations of the embankment reaches 0.47 m3/m3 and 0 
kPa respectively. The saturated volumetric water content of 
the slope is 0.47. The stability of the slope is shown as FOS in 
Figure 10.  
 

 
Figure 9 Variation in volumetric water content and variation 
in pore water pressure from day 1 to day 373.  
 

 
 
Figure 10 Stability of highway slope expressed as factor of 
safety along with ground temperature and precipitation 



Prediction of snowmelt induced soil slope 
failures 
 
For the prediction of slope failures in cold regions, whose 
mechanism is different from warm region slope failures and 
rainfall induced slope failures, a stability criteria or an early 
warning system should consider at least some of the 
influencing factors like freeze-thaw action, snowmelt water 
infiltration etc. so that a proper warning can be made. For the 
prediction of rainfall induced slope failures, the Soil Water 
Index (SWI) is widely used by Japanese Meteorological 
Agency (JMA) and the effective rainfall index (ER) is used 
by East Japan Railway Company (JR East). Whereas, the 
slope failures in seasonally cold regions like Hokkaido are not 
only influenced by the rainfall. There are other factors than 
the rainfall to induce a slope failure in cold regions. In 
consideration to these aspects, a method to predict the soil 
slope failures in cold regions is developed in this study (Siva 
Subramanian et al., 2018). 
 

 
 
Figure 11 Three-layer tank model for Soil Water Index 
 
60-minute cumulative rainfall and Soil Water Index 
relationships (SWI) for the soil slope failure occurred on 
April 2013 along National Highway Route 230 is calculated 
and shown in Figure 12. Calculated 60-minute cumulative 
rainfall and SWI are based on the method given by Japanese 
Meteorological Agency (JMA). The CL for each region in 
Japan is determined based on the occurrences and non-
occurrences of sediment disasters corresponding to a value of 
60-minute rainfall and Soil Water Index.  
 

 
Figure 12 60-minute cumulative rainfall and Soil Water 
Index relationships (SWI) for slope failure on April 2013  

In this study, a new criterion to predict the snowmelt induced 
soil slope failures, considering the short-term and long-term 
soil surface infiltration is proposed. The new criterion 
Effective Precipitation index (EP) considers the rainfall and 
snowmelt water by adopting two half-lives namely 1.5-hour 
half-life and 72-hours half-life and can be calculated as, 
 

n/ThEP =P + P ×0.5t t-n
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where, EP = Effective Precipitation (mm), Pt = the 1-hour 
precipitation (rainfall and snowmelt water) at the present 
time (mm/hr.), Pt-n = the precipitation recorded n hours 
beforehand (mm/hr.) and Th = the half-life time (hours). The 
precipitation Pt includes the hourly rainfall as well as the 
hourly snowmelt water. 
 

 
 
Figure 13 Possible revisions of the Effective rainfall index 
with snowmelt water/ Effective precipitation index 
 
Effective precipitation index 1.5 hours and 72 hours 
considering snowmelt water is shown in Figure 12 for the 
Nakayama pass slope failure. It could be seen that the 
criteria successfully predict the slope failure as the snake 
line exceeding the Critical Line (CL) proposed by Matsuura.  
 
 
Conclusions  
 
A slope stability assessment approach applicable to analyse 
the long-term stability of soil slopes i.e. embankment slopes, 
and natural cut slopes along highways in seasonal cold 
regions is recommended in this study. The validity of the 
proposed approach has been studied by applying the method 
for two soil slope failure case examples that occurred in a 
seasonal cold region in Hokkaido, Japan. Based on the 
detailed studies performed, it has been found that the 
adopted slope stability assessment approach can be used for 
the design of slope structures along highways through 
performing pre-assessment of stability against anticipated 
climatic influences. Through the various parametric studies 
performed, the following conclusions can be drawn.  
 The freeze-thaw action has a considerable effect on soil 

water content distribution which in turn influences the 



stability of soil slope. It is important to consider the 
freeze-thaw action in estimating the soil water content 
distribution for the proper pre-judgement of slope 
stability.  

 The soil water content distribution inside the soil slope is 
seriously affected by the snowmelt water infiltration. 
Ignoring the amount of water derived from the snowmelt 
may not predict the soil water content distribution of the 
slope precisely.  

 The weight of snow accumulated above the soil ground 
may reduce the slope stability considerably. The 
consideration of snow weight in the estimation of the 
factor of safety is essential if the snow during 
accumulation is not removed manually. 

 The frozen shear strength of the soil should be properly 
considered to analyse the stability during freezing 
seasons if it is expected that the soil ground will freeze 
for a considerable depth.  

 The freeze-thaw action and snowmelt water infiltration 
have a substantial impact on soil slope stability 
regardless of the slope angle considered.  

In geotechnical engineering practice, the factors such as 
freeze-thaw action, snowmelt water infiltration are generally 
not considered for the design and analysis of slope structures, 
especially for cold regions like Hokkaido. It is evident that 
these factors seriously affect the soil slope stability. The 
stability assessment approach adopted in this study is found to 
be very useful in analysing the slope stability against 
anticipated climatic factors i.e. freeze-thaw action and 
snowmelt water infiltration. Based on the studies performed, 
it is strongly recommended that an assessment of the long-
term stability of soil slopes considering the climatic effects 
will be helpful for the prevention and mitigation of such 
disasters.    

Predictions of snowmelt induced soil slope failure in cold 
regions of Japan have always been highly multifaceted. To 
find a suitable criterion for the prediction of soil slope failures 
in seasonal cold regions, the applicability of the early warning 
criteria Soil water index (SWI) and Effective Rainfall index 
(ER) are studied for the snowmelt induced soil slope failures 
in Hokkaido, Japan. It is found that these criteria are not 
appropriate for the predictions. Evidently, the criteria like 
SWI and ER index need revisions. Modifications of the early 
warning criteria are studied by incorporating the snowmelt 
water into the calculation and through performing conceptual 
soil slope failures using numerical simulations. Following 
findings can be outlined from this study.  
 Consideration of snowmelt water improves the prediction 

using SWI, provided a revision of Critical Line for 
Hokkaido is made. The revisions for the criteria are 
studied and an hourly threshold rainfall + snowmelt value 
30 mm/hr. is proposed and for SWI a value of 150 mm is 
recommended. The suggested revised CL for the SWI is 
applicable only for the slope failures occur during snow 

melting and thawing and after thawing seasons. For the 
slope failure occurring during rainy seasons the existing 
CL for Hokkaido is found appropriate.  

 The proposed Effective Precipitation (EP) index 
performs well if snowmelt water is included in the 
calculation. As compared with other half-lives (6 hours 
and 24 hours), the 72-hour half-life provides a reasonable 
estimation of the soil moisture. The EP with 1.5 hours 
half-life and 72 hours half-life considers both the effect 
of high rainfall amount for short duration and small 
rainfall amount for long duration through which the 
short-term and long-term infiltration effects of soil 
moisture can be considered as seen from the comparative 
studies. The snowmelt water can also be precisely 
considered in these criteria.  

 As compared with the SWI using revised CL, the 
proposed Effective Precipitation (EP) index predicts the 
snowmelt as well as rainfall induced soil slope failures 
with higher accuracy provided different CLs are used in 
accordance with the respective types of slopes failure. 
The different critical lines presented for snowmelt as well 
as rainfall induced slope failures predicts the failures and 
stable scenarios more accurately than the SWI.  

 The results of numerical simulations (stable cases and 
slope failures) performed in this study agree well with 
the existing CL of EP and SWI. Numerical simulations 
can be practically used to set the CL for slope failures.  
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