
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Climatic effects on the stability of unsaturated soil slope in cold region 

Les effets climatiques sur la stabilité de la pente des sols non saturés dans la région  
 

 

 

 

Srikrishnan Siva Subramanian, Tatsuya Ishikawa  

Faculty of Engineering, Hokkaido University, Japan, srikrishnan@eis.hokudai.ac.jp 

 

Tetsuya Tokoro 

Department of Civil Engineering, National Institute of Technology, Tomakomai College, Japan  

 

ABSTRACT: Soil slope failures are often triggered by snowmelt water infiltration and rainfall infiltration in seasonal cold regions 
like Hokkaido, Japan. The water content fluctuation of a soil slope in seasonal cold regions is governed by the freeze-thaw action and 
infiltration resulting from snowmelt water and rainfall. In this study, to scrutinise the climatic influence which has a profound effect 
on unsaturated soil slope stability in seasonal cold regions, a series of parametric numerical simulation studies have been performed 
for an embankment slope failure case example based on a slope stability assessment approach. As a result, it is found that the 
snowmelt water infiltration and freeze-thaw action have very significant impacts on soil slope stability and for the assessment of the 
long-term stability of unsaturated soil slopes these phenomena should be considered. In addition, to predict the snowmelt induced soil 
slope failures, an early warning/prediction criterion is recommended which considers the short-term and long-term snowmelt/rainfall 
infiltration effects. The new early warning criterion applied and tested using the case example performs well under different climatic 
influences and can be used for the prediction and early warning of snowmelt induced soil slope failures in seasonal cold regions.  

RÉSUMÉ: Les ruptures de la pente des sols sont souvent déclenchées par l’infiltration de l’eau due à la fonte des neiges aux pluie dans 
les régions froides comme Hokkaido au Japon. Dans cette étude, pour scruter l’influence climatique qui a un effet profond sur la stabilité 
de pente sol non saturé dans les régions froides, via la simulation numérique, un ensemble d’étude paramétrique a été effectué pour un 
exemple de rupture de talus basée sur une approche d’évaluation de la stabilité de pente. En conséquence, il est constaté que l'infiltration 
de l'eau de fonte des neiges et l'action du gel-dégel ont des impacts très importants sur la stabilité de pente sol et pour l'évaluation de la 
stabilité à long terme de pente sol non saturé, ces phénomènes doivent être pris en considération. En outre, pour prévoir la fonte des 
neiges induisant la rupture de pente sol, une nouvelle alerte précoce / critère de prédiction est proposé qui considère les effets de 
l’infiltration de fonte des neiges / précipitations. Le nouveau critère d'alerte précoce appliqué et testé en utilisant l'exemple d’étude de cas 
fonctionne bien sous différentes influences climatiques et peut être utilisé pour la prévision et l'alerte précoce de la fonte des neiges 
induisant la rupture de pente sol dans les régions froides.
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1  INTRODUCTION 

Climatic effects i.e. freeze-thaw action and snowmelt water 
infiltration are important factors inducing soil slope failures in 
seasonal cold regions like Hokkaido. Many significant research 
studies have been done to explore the factors that affect the soil 
slope stability in cold regions (McRoberts and Morgenstern 
1974). These studies explain the failure mechanism of thaw-
induced landslides occurred in permafrost regions of Canada 
and elsewhere in the world. Different from the permafrost 
regions, seasonal cold regions like Hokkaido experience 
continuous weather changes throughout the year. These weather 
changes fluctuate the ground temperature and water content of 
the soil. During freezing, the soil water content freezes and the 
surface soil becomes impermeable. The precipitation during the 
freezing season usually occurs as snowfall and accumulates 
above the soil ground. During the thawing season, the frozen 
soil and accumulated snowfall will melt once the ground 
temperature increases above 0 °C. The excess water content 
originating from the snowmelt water may induce a soil slope 
failure. Since most of the soil slopes are unsaturated, the key 
factor that determines the slope stability is the soil water 
content distribution. During the early freezing months 
November to December and snow melting months April to May 
every year, several numbers of soil slope failures occurred in 
Hokkaido have been reported (Nakatsugawa et al. 2015). 
Earlier studies reported the significant mechanism of soil slope 

failures in seasonal cold regions elaborately (Ishikawa et al. 
2015). On a slope stability analysis perspective, the influence of 
major climatic factors in seasonal cold regions i.e. freeze-thaw 
action, the accumulation and melt of snow and the subsequent 
infiltration of snowmelt water followed by heavy rain were not 
analysed elaborately. In this study, a soil slope failure occurred 
along a national highway route 230 in Hokkaido is revisited 
using a recommended slope stability assessment approach 
which considers the climatic influences i.e. freeze-thaw action, 
accumulation and melt of snow and its subsequent changes in 
soil water content distribution and stability. As a result of the 
numerical analysis performed, the reasons for the slope failure 
are understood. In addition, parametric studies were performed 
to investigate the significance of each climatic influence on soil 
slope stability from which many interesting observations 
regarding the soil slope stability in seasonal cold regions have 
been obtained. Unlike rainfall-induced soil slope failures, there 
are only few studies reporting the prediction of snowmelt 
induced soil slope failures because precise quantification of the 
snowmelt water is complex (Matsuura et al. 2013). In this study, 
a set of empirical equations governing the process of snowmelt 
is used to estimate the snowmelt water. A criterion to predict 
the snowmelt induced soil slope failures using the estimated 
snowmelt water and rainfall in short-term and long-term 
considering the surface soil moisture is recommended. Through 
the detailed studies performed, the applicability of the new 
early warning criterion is tested using the slope failure case 
example under different climatic influences.   
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 2  SOIL SLOPE FAILURE ON AN EMBANKMENT AT A 
NATIONAL HIGHWAY IN HOKKAIDO, JAPAN 

A slope failure occurred along the embankment portion of a 
national highway on April 7, 2013, resulting in a collapse of 19 
m height slope with a length of about 44 m. Approximately 
11,000 m3 of sediments flowed down to the slope toe along 
with the snowfall accumulated over the slope during winter. As 
recorded from a nearby meteorological telemetry, there was 
continuous rainfall for about 6 hours to a total value of 92 mm 
and there was 31 mm of water resulted from the snowmelt. The 
collapsed slope is shown in Figure 1.  

 

 
Figure 1. Photograph showing the collapsed portion of the slope. 
(adapted from Hokkaido Regional Development Bureau 2013) 

The rainfall monitored in a nearby meteorological telemetry is 
shown in Figure 2. The rainfall had been continuous from 00:00 
to 11:00 in the morning of 07-04-2013. As stated by the 
accidental investigation report (Hokkaido Regional 
Development Bureau 2013), the slope failure should have been 
induced by the effect of rainfall and snowmelt water.  
 

 
Figure 2. Measured rainfall on the day of slope failure 07-04-2013. 

To investigate the causes and mechanism of the slope failure, it 
is indispensable to study the fluctuation of soil water content 
and groundwater level before and during the slope failure. For 
this reason, information regarding the groundwater level, soil 
stratigraphy, climate conditions over the year 2012-2013, the 
amount of snowfall accumulated above the slope surface and 
the fluctuations of soil water content during different seasons 
are necessary. The Geological survey was conducted after the 
slope failure (Hokkaido Regional Development Bureau 2013), 
through which information about the groundwater level, soil 
stratigraphy and other soil properties had been obtained. The 
climate variables for the preceding years have been obtained 
from meteorological data from a nearby telemetry maintained 
by the Ministry of Land, Infrastructure, Transport and Tourism, 
Hokkaido Regional Development Bureau (MLIT). 

3  TWO-DIMENSIONAL NUMERICAL ANALYSIS OF 
THE SOIL SLOPE FAILURE  

The slope failure is investigated numerically through two-
dimensional non-isothermal seepage analysis for the estimation 
of soil water content fluctuations followed by the limit 
equilibrium method to analyse the slope stability. Vadose/W 

(Krahn 2012) and Slope/W modules of GeoStudio tool were 
used to simulate the non-isothermal seepage flow and slope 
stability respectively. The two-dimensional numerical model 
adopted for the slope failure is shown in Figure 3. The history 
points to monitor the changes in pore water pressure (PWP), 
volumetric water content (VWC) and ground temperature were 
specified and a non-isothermal seepage analysis for a time 
duration of 1-year is performed by applying a transient climate 
boundary with specified data i.e. precipitation (mm/day), air 
temperature (°C/day), average daily relative humidity (%), solar 
radiation amount (mJ/m2·day) and average wind speed (m/s).   

 

 
Figure 3. Two-dimensional numerical model of the embankment slope. 

The governing equation for two-dimensional seepage flow is 
given by Richards (1931).  

 

1 1
w w

w w
w

P Pv vD Dv vx x y y

P Py yg g Pk k Q mx yx x y y t

 

 

   
   
   
   

            
      

      
   
   
   
   

      

   
        

(1) 

 
where, ρw = density of water (kg/m3), P = pore water 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 = applied boundary flux 
(m/s), Dv = diffusion coefficient of water vapor through soil 
pore (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 (1/kPa), γw = unit weight of water (kN/m3) 
and t = time (unit based on 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 = Darcy water velocity in x direction (m/s), Vy 
= Darcy water velocity in y direction (m/s), Qt = applied 
thermal boundary flux (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 θu = unfrozen volumetric 
water content determined by the slope of soil freezing 
characteristic curve (SFCC) (m3/m3). The slope stability is 
evaluated by adopting the widely used limit equilibrium method 
in geotechnical practice i.e. Morgenstern and Price method 
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(1965). Additional details regarding the calculation of snowmelt 
water, snow depth and surface infiltration etc. are not provided 
in this paper due to page limitations and can be referred from 
(Krahn 2012). The soil material parameters considered for the 
embankment filling and talus material are determined 
experimentally and empirically and as summarised in Table 1.  
 
Table 1. Soil material properties of the embankment filling and talus 
materials considered for the numerical analysis. 

Property name 
Embankment 
filling 

Talus materials 

Dry density of soil (ρd) 1400 kg/m3 1200 kg/m3 
Porosity (n) 0.47 0.53 
Hydraulic conductivity of 
saturated soil (ks) 

5.62×10-7 m/s 1×10-4 m/s 

Volumetric water content 
of soil at 0°C (θwf) 

0.15 m3/m3 0.10 m3/m3 

Volumetric water content 
of saturated soil (θs) 

0.47 m3/m3 0.53 m3/m3 

Unfrozen thermal 
conductivity (λu) 

127.04 
kJ/Day·m·°C 

103.7 kJ/Day·m·°C

Frozen thermal 
conductivity (λf) 

132.24 
kJ/Day·m·°C 

135.7 kJ/Day·m·°C

Unfrozen volumetric heat 
capacity (ζu) 

2237 kJ/m³·°C 2398 kJ/m³·°C 

Frozen volumetric heat 
capacity (ζf) 

1624 kJ/m³·°C 1392 kJ/m³·°C 

Undrained shear strength 
(qu) 

52 kPa - 

Effective cohesion (c’) 9.75 kPa 52 kPa 
Effective angle of internal 
friction (�’) 

35˚ 11.36° 

 
The numerically estimated fluctuation in pore water pressure 
and volumetric water content from April 2012 to April 2013 is 
shown in Figure 4. There is a strong increase in pore water 
pressure and volumetric water content at all the locations of the 
embankment portion as found from the simulation.  
 

 
Figure 4. Numerically estimated fluctuations in pore water pressure and 
volumetric water content of the embankment. 

On the day of slope failure, the water table might have raised up 
to the surface of the embankment (Hokkaido Regional 
Development Bureau 2013) resulting a collapse of the soil slope 
and this fact has been confirmed through the numerical analysis 
performed. The numerically estimated factor of safety (FOS) of 
the slope is shown in Figure 5. The stability of the soil slope 
affected due to the snowmelt water and rainfall during the 
months of early freezing as well as thawing. The estimated 
factor of safety on April 07, 2013 is 0.992. The stability of the 
slope reduced during the early freezing months November and 
December 2012 and later destabilised due to the effects of 
additional snowmelt water inducing the failure on 07-04-2013. 
This behaviour is evident from the pore water pressure and 

volumetric water content fluctuations as shown in Figure 4. The 
volumetric water content and pore water pressure at the surface 
of the embankment reached a range of 0.43 (m3/m3) to 0.47 
(m3/m3) and -20 kPa to 0 kPa respectively during the months of 
November and December 2012. Evidently, the stability of the 
soil slope decreases during freezing as well as thawing seasons.    
  

 
Figure 5. Numerically estimated stability of the embankment slope 
expressed as factor of safety. 

Further, in order to analyse the effects of snowmelt water and 
freeze-thaw action on soil slope stability, a series of numerical 
analysis has been performed. It is very interesting to note from 
Figure 6 that if the freeze-thaw action and snowmelt water are 
ignored there is no slope failure observed and if these 
influences are considered a slope failure occurs on 07-04-2013.  
 

 
Figure 6. Difference in factor of safety with and without considering 
snowmelt water and freeze-thaw action. 

From this observation, it is very clear that for the precise 
assessment of soil slope stability in seasonal cold regions the 
climatic factors i.e. freeze-thaw action and snowmelt water 
infiltration are essentially needed to be considered.  
 
4  PREDICTION OF SNOWMELT INDUCED SOIL SLOPE 

FAILURES IN SEASONAL COLD REGIONS 

The use of Soil Water Index (SWI) and Effective Rainfall index 
(ER) are common for the prediction/early warning of rainfall 
induced sediment disasters in Japan (Yano 1990). As found 
from previous studies, these early warning criteria SWI and ER 
etc. are not suitable to predict the sediment disasters/slope 
failures induced by the snowmelt water (Matsuura et al. 2013). 
The slope disasters occur in seasonal cold regions are 
influenced by the short-term and long-term soil surface 
infiltration caused by the rainfall and continuous snowmelt 
process respectively. 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 1.5-hour half-
life and 72-hours half-life and can be calculated as, 
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    hn /T
t t-nEP P P 0.5                (3) 

 
where, EP = effective precipitation (mm), Pt = the 1-hour 
precipitation (rainfall or 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 snowmelt water. For 
the estimation of snowmelt water from the meteorological data, 
a method is employed considering the physical process of 
snowmelt (Riley et al. 1969) as given below,     

        

   a st a st
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where SM = Snowmelt (mm/hr.), Ta = air temperature (°C), Tst 

= snow freezing temperature (°C), SD = Snow Depth (mm), RI 
= Radiation Index (%), Al = Albedo (%) and P = Precipitation 
(mm/hr.). The rate of snowmelt is determined based on the 
climate variables as shown in Eq. 4.  
Through Eq. 4, for the embankment slope failure, the 
cumulative snowmelt water is estimated using the recorded 
climate data as 31 mm during 07-04-2013 as shown in Figure 7. 
 

 
Figure 7. Results of estimated snowmelt water for the slope failure on 
07-04-2013 using Eq. 4.  

 
Figure 8. Predicting snowmelt induced soil slope failures. Difference in 
snake lines with and without considering the snowmelt water. 

The estimated value matches with the measured results. A total 
of 92 mm rainfall and 31 mm snowmelt water was recorded on 
07-04-2013 (Hokkaido Regional Development Bureau 2013). 
The effective precipitation for the embankment slope failure is 
calculated using Eq. 3 with and without considering the 
snowmelt water and plotted in Figure 8. If the snowmelt water 
is ignored, the snake lines are below the Critical Line (CL) and 
when the snowmelt water is considered in the calculation, the 
slope failure is predicted as the snake lines exceed the CL. This 
criterion with these empirical estimations of snowmelt water 
can be used to predict the snowmelt induced soil slope failures.   

5  CONCLUSIONS 

An investigation of a snowmelt induced soil slope failure in 
Hokkaido, Japan is performed by adopting a stability 
assessment approach which considers the freeze-thaw action 
and snowmelt water infiltration explicitly. It has been found 
that the soil slope stability is influenced by the long-term 
snowmelt water infiltration during the pre-freezing as well as 
thawing seasons. A disaster prediction criterion considering the 
short-term and long-term precipitation effects (rainfall and 
snowmelt water) for the soil slopes is proposed. The following 
useful conclusions can be obtained from this study, 
1. The soil surface infiltration is influenced by the snowmelt 

water during the early freezing as well as the thawing 
seasons which considerably affect the water content of the 
soil and the slope stability.  

2. Snowmelt water should be considered for the proper 
estimation of soil water content distribution and for the 
precise stability assessment of soil slopes in cold regions.  

3. The empirical equations used to estimate the snowmelt 
water is useful to predict the hourly amount of snowmelt.    

4. The proposed early warning criteria perform well for the 
case example and predicts the soil slope failure if the 
snowmelt water is estimated and considered appropriately.  

Further detailed studies with regard to many soil slope failure 
case examples are necessary to substantiate the findings.   
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