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ABSTRACT 

Soil slope instabilities occur frequently in snowy cold regions like Hokkaido, Japan. Stability 

assessment and predictions of soil slope failures in cold regions have always been highly 

multifaceted. The research focused on investigating the key influencing factors of soil slope 

failures in snowy cold regions for the mitigation of such disasters. As a result, a stability 

assessment approach based on two-dimensional finite element numerical modelling 

incorporating non-isothermal seepage flow and pseudo coupled mechanical analyses is 

recommended which considers the water content changes of the soil induced by the seasonal 

climatic effects i.e. freeze-thaw action and snowmelt water infiltration explicitly.  

Case studies of soil slope failures in Hokkaido have been studied using the recommended 

approach. Site investigations, monitoring of weather and related parameters, geotechnical data 

assessments, soil characterisations and soil property estimations have been performed as a 

limited part of this study. It has been found that the freeze-thaw action and snowmelt water 

infiltration both influence the soil slope stability significantly. The investigation of the slope 

failures using the recommended numerical modelling approach revealed the robustness of the 

approach in analysing soil slope instabilities in seasonal cold regions.  

The second part of the study focused on soil slope failure predictions. For the prediction of 

snowmelt induced soil slope failures in seasonal cold regions, an early warning criterion is 

required. The applicability of existing Japanese early warning criteria i.e. 60-minute cumulative 

rainfall and Soil-Water-Index (SWI) relationships, Effective Rainfall (ER) indexes to predict the 

snowmelt induced soil slope failures are examined using the recommended slope stability 

assessment approach. An empirical method to quantify the amount of snowmelt water is 

presented. As a result, a revision for the SWI and ER index incorporating the amount of 

snowmelt water with rainfall is introduced and the slope failure scenarios are examined. 

In conclusion, a new criterion Effective Precipitation (EP) index is proposed for the prediction 

and early warning of snowmelt induced soil slope failures. It is found that the new criterion 

introduced in this study perform well for the prediction of slope failure disasters in cold regions.  
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CHAPTER 1 

1 INTRODUCTION 

1.1 Background 

Under the context of global climate change, the threat 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 failure etc. occur frequently. 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 an extreme threat to human life (Ishida et al., 2000). 

More than 15 small to large scale slope disasters were reported between 1999 – 2015 in and 

around Hokkaido (Iwakura et al., 2000). Since 2000, more than 62 % of the natural and 

man-made slopes along the Highways of Hokkaido required urgent special inspections for the 

prevention against collapses induced by rainfall and snowmelt water (Ishikawa et al., 2015). 

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. 

The seasonal climatic factors persuading the soil moisture conditions in snowy cold regions 

could be explained by a conceptual figure as shown in Figure 1.1. In snowy cold regions like 

Japan, the annual climate has four distinct seasons, i.e. a winter from December to February, a 

Spring from March to May, a Summer from June to August and an Autumn from September to 

November.  
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Figure 1.1 Physical processes related to seepage regarding snowy cold regions (after Krahn, 2007) 

As shown in Figure 1.1. the surface soil moisture in snowy cold regions is affected by snowmelt 

water, freezing and thawing, evaporation and transpiration etc. Ishikawa et al. (2015) classified 

the mechanism and types of slope failures occurring in Hokkaido as explained from Figure 1.2. 

 

Figure 1.2 Mechanisms of soil slope failures occurring in Hokkaido (Ishikawa et. al., 2015) 

(d) 
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1.2 Objective, purpose and methodology of the study 

The objectives of this study are,  

1. Identifying the effects of seasonal variations of weather on the stability of soil slopes in 

Hokkaido.  

2. Finding a suitable method to analyse and estimate the stability of soil slopes in seasonal 

cold regions.  

3. Proposal of a stability assessment approach for soil slopes in seasonal cold regions. 

4. Proposing an early warning criteria for snowmelt induced soil slope failures in 

Hokkaido.  

5. Performance evaluation of the stability assessment approach and the early warning 

criteria to make use in practice.  

The purpose of this study are as follows.  

An enormous number of studies have been done to identify the factors that affect the soil slope 

stability in cold regions (McRoberts and Morgenstern 1974a, 1974b; Mackay, 1981; Goodrich, 

1982; Burgress, 1993; Niu, 2005). McRoberts and Morgenstern (1974b) investigated the failure 

mechanism of thaw-induced landslide slope failures observed in permafrost regions of Canada. 

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. Since most of the slopes are unsaturated, the key factor that determines 

the stability of this type of slope failures is the soil water content distribution. 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. To date, 

an applicable stability assessment approach considering all the seasonal changes of water 

content, for soil slopes in cold regions has not been adopted in geotechnical practice.  

Many studies have been done to standardise an early warning criterion to predict the oncoming 

slope disasters in snowy cold regions by using metrological data i.e. rainfall and snowmelt 

water etc. (Okimura and Ichikawa, 1985, Berris and Harr 1987, Singh et al. 1997, Williams et al. 

1999, Matsuura 1998, Matsuura 2000, Matsuura et al. 2005, Matsuura et al. 2008, Matsuura et 
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al. 2013 and Nakatsugawa et al. 2015). According to many of the above-mentioned studies, the 

Japanese early warning criteria i.e. Soil-water index (SWI) and Effective rainfall index etc. need 

to be revised for the prediction of slope failures in seasonally cold regions. These criteria do not 

consider the soil water content supplied from the snowmelt. Compared to the hourly rate of 

rainfall precipitations, the hourly rate of snowmelt water is relatively very small. Instead, the 

snowmelt process is continuous during thawing season resulting in a continuous supply of water 

to the soil surface. As the cumulative amount of snowmelt water is large and its effects on soil 

instabilities are higher, the above-mentioned criteria fail to predict the oncoming soil slope 

failures and debris flows due to the larger pre-determined rainfall threshold values (Ishida et al., 

2000). For these reasons, a method to quantify the hourly rate of snowmelt is necessary so that it 

can be incorporated in these early warning criteria. Based on this background, a criterion which 

can be used for the early warning of soil slope failures and debris flow disasters is proposed in 

this study. Two case studies of soil slope failures occurred in Hokkaido are studied. The 

applicability of the existing early warning systems is studied by applying those criteria to the 

case studies. An empirical method to estimate the hourly snowmelt rate is presented. A new 

early warning criterion to predict the snowmelt induced soil slope failures in seasonal cold 

regions is introduced. The applicability and validity of the new criterion is examined through 

detailed parametric numerical simulation studies.   

1.3 Organisation of thesis 

The organisation of the thesis is as follows. This thesis is drafted into a total of six chapters.  

Chapter 1 Introduces the research background of the study briefly. The objectives, purpose and 

methodology of the research is outlined here. The organisation of the thesis is outlined at the 

end of Chapter 1.  

Chapter 2 Presents the case examples of soil slope failures analysed in this study. The 

background, geotechnical setting and meteorological conditions of the failures are discussed 

deliberately. A review of the soil slope failures occurred in Hokkaido, Japan is included.  

Chapter 3 Introduces the proposed/recommended slope stability assessment approach. At first, a 

review of the studies towards understanding the mechanism of slope instability problems in 

Hokkaido is done. Then, a brief review of the state of the art sophisticated 

thermo-hydro-mechanical models proposed for frozen soils is deliberated. Finally, the 
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recommended slope stability assessment approach is explained. A discussion about the 

consideration and non-consideration of factors in comparison to THM models is shown. The 

concept of the coupled thermo-hydro analysis under unsaturated conditions is explained. 

Modelling atmospheric-ground coupling is discussed. Mechanical behaviour of soil is 

explained. 

Chapter 4 Presents the analysis of soil slope failures using the proposed stability assessment 

approach. At first, the numerical modelling and stability assessment of a volcanic soil 

embankment slope is explained. Then, a case study of slope failure along a national highway in 

Hokkaido is discussed. Finally, parametric studies performed to analyse the influence of 

climatic factors on soil slope stability is discussed.  

Chapter 5 Presents the prediction and early warning of soil slope failures in snowy cold regions.  

At first, an overview of the current slope failure early warning systems used in Japan is shown. 

Among those, prime consideration was given to the Soil Water Index (SWI) and Effective 

Rainfall (ER) index. A review of studies concerned to the early warnings in cold regions is 

included. The applicability of the early warning criteria SWI and ER for the cases of slope 

failures occurred in Hokkaido are examined. An empirical model to predict the amount of 

snowmelt water is suggested. A new early warning criteria Effective Precipitation (EP) index is 

proposed.  

Chapter 6 Summarises the findings and conclusions of the study. Recommendations for the 

analysis and prediction of soil slope failures in Hokkaido have been outlined. A brief discussion 

for the design and mitigation measures of soil slope failure disasters in snowy cold regions is 

included.  
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CHAPTER 2 

2 CASE STUDIES OF SOIL SLOPE FAILURES IN HOKKAIDO 

2.1 A review of slope disasters occurred in snowy cold regions of Japan 

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 (Ishida et al., 2000). More than 15 small to large scale 

slope disasters were reported between 1999 – 2015 in and around Hokkaido (Iwakura et al., 

2000). These disasters were triggered by freeze-thaw action and snowmelt water infiltration. 

Table 1 summarises major occurrences of slope failures occurred during thawing season in 

snowy cold regions of Japan.  

Table 2.1 List of sediment disasters occurred and recorded in snowy cold regions of Japan (after 

Iwakura et al. 2010) 

S. 

No.  

Date of 

occurrence 

City  Type of sediment-related 

disasters 

Cause 

1 1999-4-1 Lee County 

 

Landslides 

 

Snow melting 

2 1999-4-14 Otaru City 

 

Landslides 

 

Rainfall and snow 

melting 

3 1999-4-15 Shakotan-gun 

 

Landslides 

 

Snow melting 

4 1999-4-18 Kamikawa-gun Landslides 

 

Snow melting 

5 2000-5-01 Nakayama pass Landslides Rainfall and snow 

melting 

5 2004-2-22 Western County Landslides 

 

Rainfall and snow 

melting 

6 2004-2-22 Western County Sediment discharge Rainfall and snow 

melting 

7 2004-3-17 Western County

  

Debris flow Rainfall and snow 

melting 

8 2004-3-17 Kodaira County 

 

Landslides 

 

Rainfall and snow 

melting 

9 2007-4-30 Otaru Debris flow Snow melting 

10 2007-5-2 Otaru Landslides Snow melting 

11 2012-5-01 Nakayama pass Sediment discharge Rainfall and snow 

melting 

12 2013-04-07 Nakayama pass Embankment collapse Rainfall and snow 

melting 
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2.2 Case study of trial embankment slope    

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. As shown in Figure 2.1 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.  

 

 

Figure 2.1 Photographs (a and b), 3D schematic view (c) and 2D cross-sectional view (d) of the 

embankment slope showing installed monitoring instruments (adapted from Matsumura, 2014)  

(c) (d) 

(a) (b) 
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The monitoring instruments installed in cross sections are shown in Figure 2.1 (c and d) in a 

three-dimensional and two-dimensional view. To prevent the mutual water exchange between 

the compacted embankment soil and ground surface, the embankment slope was covered by 

impermeable sheets made up of thin waterproof plastic materials at the bottom and side portions. 

A geomembrane liner is not used in this case, as it was understood that the water flow through 

the slope might not reach the slope bottom due to the soil’s low permeability, and the purpose of 

impermeable sheets are to avoid some possible flow of water from the foundation soil. The 

foundation was also made up of the same volcanic soil material. In this case, no consideration 

was given to the interface friction that may occur between the impermeable sheets and soil 

layers. After placing the sheets at the bottom and the back side, the soil is compacted layer by 

layer with a constant depth of 0.25 m per layer up to 5 m height, using a hand-guided roller 

compactor.  

A prescribed volume of water (approximately 1 m3/day) was supplied to the slope using water 

supply pipes at constant intervals through different cross sections. The amount of the water 

supplied is determined based on the storage of water supply tanks. The intervals at which water 

was supplied through Left (L) section are 27-07-2013 to 06-08-2013 (10 to 11 days) and 

11-10-2013 to 17-10-2013 (6 to 7 days). The construction and setting up of monitoring 

instruments were finalised and monitoring started on November 9, 2012 (09-11-2012). The 

monitoring continued until the day of slope failure on October 17, 2013 (17-10-2013). Total 

monitoring time was around 343 days. Further details about the slope monitoring program can 

be found from Matsumura, (2014) and Kawamura et al. (2016).   

The air temperature, ground temperature and measured rainfall and snowfall amounts during the 

entire monitoring period is shown in Figure 2.2. The monitored pore water pressures and water 

content at different locations are shown in Figure 2.3. A photograph is shown in Figure 2.4 

detailing the shape of the slope failure. Figure 2.5 depicts the shape of the outlined slip surface.  

The measured water content through section L and section R are shown in Figure 2.6 and Figure 

2.7 respectively. Using these monitored data, the behaviour of the slope is studied through 

performing detailed slope stability analysis which will be explained in later chapters of this 

thesis.   
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Figure 2.2 Temperature and precipitation monitored at the embankment site (after Matsumura, 

2014) 

 

Figure 2.3 Soil water content and pore water pressure time series viewed against occurred 

precipitation (after Matsumura, 2014) 
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Figure 2.4 Picture of the occurred soil slope failure on 17-10-2013 (after Matsumura, 2014) 

 

Figure 2.5 Slip surface identified on 15-11-2013 (after Matsumura, 2014) 
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Figure 2.6 Distribution of water content on the day of slope failure along L- section (Matsumura, 

2014). 

 

Figure 2.7 Distribution of water content on the day of slope failure along R- section (Matsumura, 

2014). 
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2.3 Case study of slope failure occurring along national highway route 230 

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 2.8 (a).  

The slope failure was induced by the combined action of heavy rainfall and snowmelt water 

(Hokkaido Regional Development Bureau, 2013). The cumulative daily rainfall that occurred on 

the day of slope failure was 92 mm and the cumulative snowmelt was 31 mm, as recorded in a 

nearby meteorological telemetry, maintained by Ministry of Land, Infrastructure, Transport and 

Tourism, Hokkaido Regional Development Bureau (MLIT) shown in Figure 2.8 (b). The 

maximum hourly rainfall recorded on 07-04-2013 was 12 mm. The rainfall was continuous from 

07-04-2013 00:00 to 07-04-2013 11:00. The cumulative daily rainfall along with the cumulative 

snowmelt water caused the failure of the slope. The cumulative daily rainfall and snowmelt 

water, which together amounted to 123 mm, is a considerable intensity to make the slope fail.  

 

Figure 2.8 (a) Panoramic view of the slope failure (after Hokkaido regional development bureau, 

2013) and (b) Rainfall and snowmelt recorded on 07-04-2013 at Mui Ne meteorological telemetry. 

Geological survey of the slope failure has been performed by Hokkaido Regional Development 

Bureau and the geological stratigraphy are shown in Figure 2.9 and Figure 2.10. 

(a) 

(b) 
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Figure 2.9 Map showing the aerial sketch of the slope failure and targeted bore hole sections (after 

Hokkaido regional development bureau, 2013) 

 

Figure 2.10 Two-dimensional cross section along bore hole number B-2 (after Hokkaido regional 

development bureau, 2013) 

Grain size distributions and other index properties of the embankment filling and talus materials 

were made as shown in Figures 2.11 to 2.19.  
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Figure 2.11 Core soil samples at depth 0 m to 3 m (Talus sediments) 

 

Figure 2.12 Core samples at depth 3 m to 6 m (Up to 4 m Talus sediments and after 4 m depth 

Andesite bedrock) 

  

Figure 2.13 Mass measurements of cylindrical samples randomly selected at each 1 m depth for 

water content tests 
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Figure 2.14 Measurement of length and diameter of selected cylindrical samples for dry density test 

 

Figure 2.15 Picture showing collapsed soil at depths 1.0 m to 2.0 m 

 

Figure 2.16 View of crushing of samples for soil density tests 



16 

 

  

Figure 2.17 (a) Specimens used for solid density tests and (b) a view of a pycnometer filled with 

distilled water and soil specimen kept for reaching a steady room temperature  

  

Figure 2.18 Photo showing collapsed soil from cores taken at depth 1.0 m to 2.0 m and cores taken 

at depths 3.0 m to 4.0 m 

  

Figure 2.19 Photographs showing soil particles remained in (a) 2 mm sieve and (b) soil particles 

remained in 75 μm sieve (soil corresponding to core specimens at depth 3.0 m to 4.0 m 
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Figure 2.20 Grain size distribution curve of the Embankment filling material 

 

Figure 2.21 Grain size distribution curve of the Talus material 

The index properties of the soil material Embankment filling and Talus were measured in 

laboratory and as summarised in Table 2.2. The Grain Size Distributions (GSD), Solid Densities, 

Porosities etc. were independently measured for both types of soils. These index properties are 

used as the base for soil property estimations for both Embankment and Talus materials which 

are explained detailly in Chapter 4 and used in the following numerical analyses.   
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Table 2.2 Index properties of Embankment filling and Talus materials 

Property Embankment filling  Talus materials 

Volumetric Water Content  0.29 m3/m3 0.037 m3/m3 

Porosity  47.00 % 52.00 % 

Void Ratio  0.89 1.115 

Water Content  20.60 % 3.00 % 

Dry Density  1423.00 kg/m3 1220 kg/m3 

Total Density  1716.14 kg/m3 1256.6 kg/m3 

Total Unit Weight  16.84 kN/m3 12.327 kN/m3 

Specific Gravity  2.68  2.58 

2.4 Case study of series of sediment disasters occurred in Hokkaido during Typhoon 

2016 

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. The rainfall recorded during the typhoon at three different meteorological telemetries 

Nissho pass, Karikachi pass and Nozuka pass are shown in Figure 2.23. The rainfall has been 

continuous from 28-08-2016 17:00 to 31-08-2016 03:00. The maximum hourly rainfall occurred 

on 31-08-2016 00:00 at Nissho and Karikachi stations are 55 mm, 38 mm respectively. At 

Nozuka pass the maximum recorded hourly rainfall was 34 mm on 30-08-2016 19:00. The 

maximum cumulative rainfall during the typhoon was about 713 mm recorded at Nozuka pass 

telemetry as shown in Figure 2.33(c). At other telemetries Nissho and Karikachi pass 488 mm 

and 364 mm of cumulative rainfall were recorded. 
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Figure 2.22 Typhoon affected disasters in Hokkaido during the month of August 2016. Many 

occurrences of small to large sediment disasters along Doto Expressways and National Highway 

routes (Copyright@ NEXCO and Hokkaido regional development bureau, 2016)  

   

  

Figure 2.23 Rainfall recorded during typhoon at (a) Nissho pass meteorological telemetry (b) 

Karikachi pass meteorological telemetry and (c) Nozuka pass telemetry 

(b) 

(c) 

(a) 
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CHAPTER 3 

3 STABILITY ASSESSMENT APPROACH  

3.1 Studies towards the understanding of slope instability problems in Hokkaido 

Many studies have been performed earlier for slope failure problems in Hokkaido with special 

reference to volcanic soils. Volcanic soils are of interest here because 40 % of the surface soil of 

Hokkaido is covered by various type of volcanic soils and it has been widely used as a 

construction material. 1According to Miura and Yagi (2003) the behaviour of volcanic soils are 

known to show different behaviour from that of clay or sand, and have been the subject of much 

research, as they have caused complicated geotechnical engineering problems in cold regions.   

Long-term field monitoring on an actual cut slope, which was composed of a volcanic cohesive 

soil, was conducted beside national highway route 274 at Biman, Tokachi Shimizu-town in 

order to examine the behaviour of soil slope subjected to freeze-thaw and rainfall. A slope 

failure due to the increase in the degree of saturation caused by rainfall and snowmelt water 

occurred at a cut slope near the measurement site in the thawing season two years ago from the 

start of field measurement. The slope height is 23 m, and the slope angle is 34°. The soil is 

found to exhibit high void expansion through the results of frost heave tests. The monitoring 

period is from November 12, 2007 to November 13, 2009. The AMeDAS (Automated 

Meteorological Data Acquisition System) observation point closest to the field monitoring site, 

measured the 5-year average freezing index (F) in 2002–2006 as 494.2 °C･days and the average 

maximum snow depth is 0.86 m. Here, the freezing index is defined as the number of 

cumulative degree-days during freezing season. When the 0 °C isotherm gradually penetrates 

deep into the soil ground with time passing, the lateral displacement increases along with the 

growth of ice lens due to frost heave. If the frozen soil thaws from ground surface downward 

with a rise in air temperature, freeze-thaw of the soil slope causes the residual displacement 

parallel to the slope surface at a subsurface layer where frost heave occurs. Accordingly, the 

shear deformation is progressively developed at the subsurface layer by cyclic freeze-thaw 

actions. This indicates that a multistage-inclinometer is highly useful in the examination of the 

                                                      

1 Information herein have been reproduced with the permission of the author of the paper. Ishikawa, T., 

Tokoro, T., Seiichi, M., 2015. Geohazard at volcanic soil slope in cold regions and its influencing factors. 

Japanese Geotech. Soc. Spec. Publ. 1:1–20 
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solifluction behaviour of frost-heaved soil slope at thawing season, and that for the precise 

prediction of subsurface failure, it is important to examine the influences of cyclic freeze-thaw 

actions on the thermo-hydro-mechanical behaviour of frost susceptible soil grounds in detail. In 

addition, Kawamura et al. (2009) examined the deformation behaviour of soil slope, which was 

composed of a volcanic coarse-grained soil, during freezing and thawing and during a rainfall 

test.  

Ishikawa et al. (2010) developed a new triaxial apparatus that can simulate freeze-thaw 

sequences similar to those experienced by in-situ soils in cold regions. The influence of the 

freeze-thaw action on the mechanical behaviour of unsaturated volcanic coarse-grained soils, 

wherein significant particle crushing takes place during the loading processes, were studied by 

performing a series of freeze-thawing triaxial compression tests on volcanic coarse-grained soils 

under different freeze-thaw histories and different degrees of saturation. It was revealed that the 

cyclic freeze-thaw action induces severe particle breakage during freeze-thawing and shearing 

in crushable volcanic coarse-grained soils, thereby decreasing the shear strength and 

deformation modulus of the soil. Therefore, the freeze and thaw of pore fluid is a point to be 

specially considered in evaluating the risk of surface failure at soil slopes in cold regions, 

regardless of the frost heave characteristics of soil. 

Ishikawa et al. (2010) developed a new permeability apparatus for unsaturated soils that could 

be used to reproduce a freeze-thaw sequence to a cylindrical specimen, as experienced by in-situ 

soils in cold regions. The influence of the freeze-thaw action on the infiltration behaviour of 

unsaturated volcanic coarse-grained soils were studied, wherein significant particle crushing 

takes place under low stress level, by performing a series of freeze-thawing water retention tests 

and freeze-thawing permeability tests along a drying process on two types of volcanic 

coarse-grained soils under different freeze-thaw histories and different degrees of saturation. 

Later, Ishikawa et al. (2015) examined the influence of nonlinear factors such as the overburden 

pressure, freezing velocity, degree of saturation, and water supply system on the frost heave 

behaviour of volcanic fine-grained soils, which are considered as the factors that strongly 

influence the frost heave amount of soils. To this end, they performed a series of frost heave 

tests on a frost-susceptible geomaterial under different test conditions and performed a water 

retention test of the frost-susceptible geomaterial to examine the water retentivity characteristics 

of the soil in the unsaturated condition. Based on the test results, they discussed the influences 
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of the test conditions on the frost heave amount of the volcanic fine-grained soil. Additionally, 

they proposed an estimation method for the frost heave amount of unsaturated subsurface soils 

under low overburden pressure, and discussed the applicability and usefulness of the proposed 

estimation method by comparing the results of the frost susceptibility tests with the estimation 

results (Luo et. al., 2017). 

Ishikawa et al. (2015) clearly distinguished the difference between soil slope failures in 

warm-temperate regions and snowy cold regions. A summary of the main conclusions of their 

study is reproduced here. By comparing the slope failure mechanism in cold regions with that in 

warm-temperate regions, the endogenous factors and the exogenous factors of slope failures in 

cold regions can be summarised as given in Figure 3.1. Note that there are two types of 

exogenous factors that produce the increase in the sliding force and the decrease in the shear 

resistance, respectively. 

 

Figure 3.1 Influencing factors of slope failure in cold regions (after Ishikawa et. al., 2015) 

(a) Important factors for slope failure in warm temperate regions are mainly summarised as 

follows: 

[Endogenous factors] 

• Slope inclination 

• Shear strength of soil 

• Weathering velocity of soil and its stability 

• Existence of apparent and potential slip surface and its easiness for formation 

• Water catchment topography and ground water level 

[Exogenous factors] 
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• Shape change of slope due to erosion, excavation, and embankment 

• Seismic motion 

• Increase in unit weight of soil following increase in water content due to rainfall 

• Decrease in shear strength of soil following increase in water content due to rainfall 

• Increase in pore water pressure due to change in groundwater level and seepage flow 

and rainfall 

(b) Important factors for slope failure in cold regions are mainly summarised below in addition 

to those in warm-temperate regions as follows: 

[Endogenous factors] 

• Snowy cold climatic conditions 

• Frost susceptibility of soil 

[Exogenous factors] 

• Increase in unit weight of soil following increase in water content due to rainfall, 

snowmelt water and frost heave 

• Influx of snowmelt water and thawing of ice lenses would cause an increment in water 

content of soils, thereby inducing the increase in unit weight which increases the sliding 

force. 

• Decrease in shear strength of soil following increase in water content due to frost heave, 

freeze-thaw, and snowmelt water:  

Increment in water content caused by snowmelt and ice lens melting would 

induce decrease in matric suction, in other words, decrease in total cohesion of soil, 

which is directly related to the decrease in shear resistance. 

• Changes in groundwater level and seepage flow, and increase in pore water pressure 

due to frost heave, freeze-thaw, and snowmelt:  

When an impermeable layer exists in soil slope, pore water pressure at the 

unfrozen soil ground behind the frozen soil layer will increase due to the rise of the 

ground water level. Furthermore, in soil ground where a loose soil structure has 

developed by freeze-thaw actions, streamlines are centralised due to high permeability 

of the soil, thereby increasing seepage force. These changes would influence the 

sliding force and shear resistance of soil. Formation of loose soil layer due to frost 

heave and freeze-thaw. Cavitation of ice lens inside frozen soil with thawing makes 
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the soil skeleton loose, and in other words, causes the decrease in soil density, thereby 

inducing the decrease in shear strength of soil. 

• Changes in physical properties due to frost heave and freeze-thaw: Physical properties 

of clay and silt subjected to freeze-thaw actions tend to become hydrophobic, to 

decrease the amount of drying shrinkage, and further to decline the liquid limit as well 

as the water retentivity. These changes would affect the sliding force and the shear 

resistance of soils. 

• Change in deformation-strength and water retention-permeability characteristics due to 

frost heave and freeze-thaw:  

Although the effect of freeze-thaw history differs depending on over consolidation ratio 

of clay, it does affect deformation-strength and water retention permeability 

characteristics of soils. These changes would affect the sliding force and the shear 

resistance of soils. 

• Formation of impermeable frozen soil layer due to frost heave and freeze-thaw:   

Since frozen soil layer can be considered as an impermeable layer, water content of soil 

ground shallower than frost penetration depth increases due to ice lens melting and 

rainfall, which would induce the increase in unit weight of soils and the decrease in the 

shear strength. Besides, since thawing soil, which exhibits high fluidity and high water 

content, exists over the slippery frozen soil layer, the slope failure regarding the 

boundary of two-layer structure as a potential slip surface would occur easily in thawing 

season as compared with usual. 

A brief review of the studies performed towards understanding slope instability problems in 

Hokkaido state that for the analysis of geotechnical structures i.e. fill slopes, embankments and 

natural slopes, a sophisticated analytical procedure accounting the above explained key 

influencing parameters is necessary. There are very few studies available regarding a numerical 

or analytical procedure to analyse frozen soil slope stability problems. Whereas, there are many 

numbers of numerical and analytical procedures developed in recent years for the analysis of 

frost heave induced soil behaviour. A concise review of the developments in the study of frost 

heave and its modelling on a numerical perspective is discussed in the next section.   



25 

 

3.2 Review of analysis methods for frozen soil behaviour 

For the analysis of frozen soil/rock behaviour, many complex thermo-hydro-mechanical models 

(THM) were developed in the last three decades (Selvadurai et al., 1999; Li et al., 2000, 

Neupane and Yamabe 2001, Li et. al., 2002, Coussy, 2005, Michalowski and Zhu 2006, Li et. al., 

2008; Nishimura et al., 2009; Thomas, H. R. et al., 2009, Liu and Yu, 2011, Kolditz et. al., 2012, 

Liu et. al., 2012, Zhou and Meschke, 2013, Lai et. al., 2014, Koniorczyk et. al., 2014, Wang and 

Liu, 2015, Zhang et. al. 2015, Zhang et. al., 2016, Ishikawa et al., 2016 and Bin et. al., 2017). 

Of these THM models listed above, the models proposed by Selvadurai et al., (1999), Li et al., 

(2000), Neupane and Yamabe (2001) and Nishimura et. al., (2009) are state of the art 

developments in frozen soil mechanics. Selvadurai et al., (1999) developed a novel 

computational approach to study the discontinuous frost heave within a frozen soil region. Li et 

al., (2000) introduced a coupled heat-moisture-mechanical model for frozen soil and 

demonstrated the applicability for a foundation problem. Neupane and Yamabe (2001) modelled 

the behaviour of frozen rock assuming Mohr-Coulomb yield criterion. Later, Nishimura et al., 

(2009) proposed a fully coupled THM model using finite element (FE) framework and 

developed a new critical-state elasto-plastic soil constitutive model to consider problems 

involving water-saturated frozen and unfrozen soils. Recently, Ishikawa et al., (2016) developed 

a coupled thermo-hydro-mechanical finite element (FE) analysis method to analyse freeze-thaw 

and deformation of unsaturated/partially saturated soils. The robustness of the THM models 

discussed above is well proven for the prediction of soil behaviour influenced by frost-heave.  

Irrespective of the development of the above mentioned sophisticated and robust THM models, 

a brief review of the previous case studies handled by those models reveal that they were not 

been prepared and tested for the direct use in complicated and realistic geotechnical disasters 

such as slope failures, debris flows and landslides involving the freezing and thawing processes, 

snowmelt water infiltration etc. (Chen et. al., 2013, Siva Subramanian et. al., 2017). A review of 

frozen soil slope stability studies revealed that numerical modelling and simulations were short 

of field measurements and detailed experimental studies. On the other hand, the completely 

coupled heat and flow (or thermal-hydro, TH) approach in which the soil skeleton is assumed to 

be rigid has developed into a comparatively mature theory and has been widely recognised in 

fields such as hydrology, agriculture, environment science etc. since more than three decades.  
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Generally, two numerical methodologies are commonly utilised to study frozen soil slope 

stability, that is, pseudo-coupled and fully coupled numerical approaches. In the pseudo-coupled 

numerical approach, the coupled thermal-hydro (TH) field is analysed first, and then based on 

the thermal-hydro field the stress-deformation field is computed finally. The pseudo-coupled 

numerical approach is widely employed since the coupled thermal-hydro theories for 

unsaturated frozen soil are comparatively mature. Using an analogy between the mechanisms of 

water transport in partially frozen soils and those in unsaturated soils, Harlan (1973) analysed 

the coupled heat-fluid transport in frozen porous media and examined the soil-water 

redistribution and infiltration from a phenomenological viewpoint. Taylor and Luthin (1978) 

modified Harlan’s model and compared the finite difference results with experimental results 

such as temperature, water and ice contents. To adequately model the water redistribution near 

the advancing freezing front, Newman (1995) developed an unsaturated soil freezing theory by 

modifying an existing non-freezing soil heat and mass transfer model. Hansson et al. (2004) 

proposed a new method based on the mixed formulation for both water flow and heat transport. 

By use of experimental data, the mixed formulation proved to be numerically stable and 

mass-conservative. 

On a strict theoretical viewpoint, a fully coupled (THM) numerical approach should be utilised 

to analyse frozen soil slope instabilities. However, on a rational geotechnical viewpoint 

considering the balance between the laws of physics theory, practicality (code of practice) and 

computational efficiency, a pseudo coupled analysis would be appropriate depending on the 

nature of the problem. Since from a numerical perspective, frozen soil slope stability has not 

been well studied, which may be partially attributed to the still developing sophisticated coupled 

THM models as well as strength models of frozen soils, in this study a pseudo coupled approach 

is selected and utilised as discussed in the following section.   

3.3 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., 2015). Unlike geotechnical problems like frost heave, the 
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instabilities of soil slopes in Hokkaido are driven by the abrupt changes in soil water content 

distribution (Nakatsugawa et al., 2015).  

Generally, 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. Chen et al., (2013) pointed out the difficulties in performing 

a fully coupled THM analysis for frozen soil slope stability problems. 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; Kawamura and Miura, 2013). 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 3.2.  



28 

 

 

Figure 3.2 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 

proposed numerical simulations were performed in a code GeoStudio using Vadose/W (Krahn, 

2012a) and Slope/W (Krahn, 2012b) modules. As of author’s knowledge, this study is the first 

attempt of this kind to investigate the effects of extreme climate conditions on non-frost 

susceptible soil slope stability in seasonal cold regions. The application of the recommended 

numerical approach is expected to contribute to the pre-design studies of soil slopes.  
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3.3.1 Coupled thermo-hydro analysis under unsaturated conditions 

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

Childs and Collins-George, (1950), 
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 (3.1) 

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 

Harlon (1973) and Harlan and Nixon (1978). 
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  (3.2) 

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 seepage flow Equation. 3.1 and thermal flow Equation. 3.2 are linked by the relationships 

given by Edlefsen and Anderson (1943) and Joshi (1993),  

rairvs
T.R.

w.P

vsv hP)e(PP 




                         (3.3) 

where, Pvs = saturated vapor pressure of pure free water (kPa), ρ = density of water vapor or ice 

(kg/m3), w = molecular mass of water vapor (kg/kmol), R = universal gas constant (kJ/kmol∙˚C), 

T = temperature (˚C) and hrair = relative humidity of air (%).  
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The capacity to store heat is composed of two parts. The first part is the volumetric heat 

capacity of the material (either frozen or unfrozen) and the second part is the latent heat 

associated with the phase change. The latent heat associated with phase change is included in 

the thermal flow equation (3.2) in the form,  

uwL
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                                   (3.5) 

The volumetric heat capacity ζ is the slope of the energy curve in the frozen and unfrozen zones 

while the term uwL
w T




represents the rate of change of the latent heat added to the heat storage 

component in the heat balance equation. The unfrozen water content of the soil is estimated 

using the relationships given by Black and Tice (1989).  
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θuw(t) = unfrozen volumetric water content at temperature t, θ = function of volumetric water 

content against matric suction (shown in Equation 3.6) as, Cf = parameter ranges between 1 to 

2.2 for fine to coarse grained soils.  

Seepage analysis inside an unsaturated/partially saturated freezing ground/soil is highly 

complicated, especially in the direct vicinity of the phase change region. At this domain, it is 

possible for certain types of soils (fine grained soils) to experience cryogenic suction (ice 

suction) which results in very steep pressure gradients that can draw water towards the freezing 

front where it can accumulate and cause frost heave. The coupled TH formulation used in this 

study does not account for these mechanisms. While the suctions are estimated based on 

temperature and used to determine frozen ground hydraulic conductivity, therefore only change 

due to the solution of the seepage partial differential equation. As water turns to ice the negative 

pressures (or suction) in the ground can be quite significant which can lead to moisture 

redistribution towards a freezing front. This is a primary cause of frost heave in fine grained 

soils. The formulations/code used here does not allow negative pressures to increase in frozen 

ground, however, it does approximate (based on temperature and the Clausius-Clapeyron 

equation) what these pressures would be in order to compute a reduced hydraulic conductivity 

as ice replaces liquid water in frozen pores. The formulation limits the amount of ice that can 

exist in soil pores to be equal to the porosity of the soil. In other words, frost heave cannot exist.  
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3.3.2 Modelling atmospheric-ground interactions 

The importance of accounting the physical laws of soil-atmosphere interactions in geotechnical 

engineering analysis are being understood in recent years (Gens, A. 2010). The range of 

problems that geotechnical engineers face is increasing in complexity and scope especially in 

cold regions where the climatic factors play a vital role in determining the life of any 

geotechnical structure. To consider the freeze-thaw action, snowfall during winter and other 

climatic effects in an unsaturated soil, a seepage flux boundary used in conventional seepage 

analysis may not be sufficient since the surface flux resulting from snowmelt and outgoing flux 

resulting from evaporation are needed to be properly considered in order to estimate the ground 

surface temperature, surface infiltration and soil water content etc. For this purpose, 

incorporation of other climatic variables in a seepage analysis are must. During the winter 

season, the precipitation occurs as snowfall in seasonal cold regions. The snow will accumulate 

above the soil ground until the air temperature is below 0 ˚C. Once the temperature rises high 

enough to melt the accumulated snow (> 0 ˚C), the snow will start to melt and will release water 

to the soil surface. The snow water equivalent is the water that is stored in the snowpack. The 

snow water equivalent is determined based on the following equation. 

t t 1SWE SWE SF SM                               (3.7) 

where, SWEt = snow water equivalent at the present numerical time step (mm/day), SWEt-1 = 

snow water equivalent at the previous numerical time step (mm/day), SF = snowfall 

precipitation rate (mm/day), SM = snowmelt rate (mm/day). 

The snowfall precipitation is calculated based on the amount of precipitation and air 

temperature according to the following relationships. 

PSF Q P                                       (3.8) 

where, QP = thermal factor, P = precipitation (mm/day). The thermal factor Qp varies according 

to the average daily air temperature as,  

PQ 0 (if Ta>Tf) and PQ 1 (if Ta<Tf)                       (3.9) 

where, Ta = average daily air temperature (˚C) and Tf = freezing point temperature (0˚C). The 

snowmelt rate (SM) is determined based on an energy balance approach used by Bras (1990), 

Liang et al. (1994), Flerchinger and Saxton (1989). For the estimation of snow precipitation, 

precipitation data (including rainfall and snowfall) and air temperature data are required.  
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To calculate the snow depth and density of snow the following relationships are used. 

w
sn t 1

sn

D SWE



 ; t 1

sn sn( t 1 )

sn

SWE
(0.55 )

D
  

   and  a

a a

T 1.00.002
0.002 T T 1.0 

             (3.10) 

where, Dsn = snow depth (mm), ρsn = density of snow (kg/m3), ρsn(t-1) = density of snow on the 

previous time step (kg/m3), ρw = density of water assumed to be 1 (kg/m3), SWEt-1 = snow water 

equivalent on the previous time step (mm), β = snow consolidation parameter and Ta = average 

daily air temperature (˚C).  

The ground surface temperature when there is snow cover in the ground is estimated using the 

following relationship given by Bras (1990), 

D
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where, Tg = ground surface temperature (˚C), Tsn = temperature of snow surface considered 

equal to the air temperature (˚C), Dsn = snow depth (mm), λsn = thermal conductivity of snow 

(kJ/(s∙m∙°C)) and qTg = energy flux at the ground surface (kJ/(sec∙m2)).  

The maximum rate of evaporation from a pure water surface/saturated soil pore under given 

climatic conditions is defined as the potential rate of evaporation (PE). If the surface soil 

becomes unsaturated, the amount of water inside the soil pore will become limited and the rate 

of evaporation begins to decline. This phenomenon is defined as the actual rate of evaporation 

(AE). Actual evaporation is the actual rate of evaporative flux from a partially saturated soil 

pore. The actual evaporation from an unsaturated soil is modelled adopting the approach given 

by Wilson et al. (1994), 
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                                  (3.12) 

where, AE = actual vertical evaporative flux (mm/day), Γ = slope of the saturation vapor 

pressure versus temperature curve at the mean temperature of the air (kPa/˚C), Qn = net radiant 

energy flux available at the water surface (mm/day), η = psychrometric constant, Ea = flux 

associated with vapor pressure mixing (mm/day) and hs = relative humidity at the soil surface 

(%). For the estimation of actual evaporation from unsaturated soil, relative humidity of air and 

soil, wind speed and net radiation are required. To model the soil surface evaporation reasonably, 

Wilson et al. (1994) equation is appropriate.  
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The infiltration, runoff and actual evaporation are considered based on the following 

relationship.  

I P AE R                                 (3.13) 

where, I = infiltration (mm/day), P = precipitation (mm/day), AE = actual evaporation (mm/day) 

and R = runoff (mm/day). The runoff R is defined as the amount of water that cannot infiltrate 

into the soil ground. The runoff is determined by the amount of precipitation, actual evaporation 

and infiltration. If the precipitation is less than the anticipated actual evaporation, then the 

applied surface flux boundary condition will be equal to the precipitation value minus the actual 

evaporation and a negative flux will be applied to the node. If the precipitation minus actual 

evaporation is a positive value, then a positive infiltrative surface flux will be applied as a 

boundary condition. The amount of total surface water flux near the ground surface is 

determined by the length of the sloping ground (length of the surface nodes along the slope 

surface). The slope angle will change the length of the slope surface which in turn affects the 

total surface flux. The total flux near the ground surface can be expressed simply using the 

following relationship,  

surface nQ P L                                 (3.14) 

where, Qsurface = amount of total surface flux (m3/day), P = precipitation (mm/day) and ∑Ln = 

summation of length between nodes along the entire slope surface (m). The length of the slope 

surface is indirectly proportional to the slope angle as given by, 

n

ngle

1
L

S
                                    (3.15) 

where, ∑Ln = summation of length between nodes along the entire slope surface (m) and Sangle = 

slope angle (˚).  

The amount of surface flux that is applied at the boundary strongly depends on the slope angle 

and the length of sloping ground. The assumption, by neglecting the slope angle effect in runoff 

calculations, is not valid in terms of surface water flow simulations and runoff through a 

mountain valley etc. Surface water flow and runoff caused by flooding cannot be simulated 

using these assumptions. The adopted numerical simulations do not track the route of surface 

water and flow speed etc. The infiltration boundary condition for the model is defined by 

Gitirana (2005). If the surface soil is saturated, the pore spaces will get filled with water and no 
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more water can get into the soil element. Conceptually, this effect is modelled considering the 

rate of applied surface flux (q) and saturated hydraulic conductivity of the soil (ks). If the soil 

surface is a flat ground, there is a possibility of surface ponding. If conditions for infiltration 

met later, the ponded water from the flat surface will infiltrate into the soil ground. To 

incorporate these conditions, the method given by Gitirana (2005) is useful. By this way, the 

effect of slope angle on surface infiltration is considered in the analysis.  

3.3.3 Mechanical behaviour of soil 

3.3.3.1 Shear strength of soil under unsaturated conditions 

The shear strength of an unsaturated is expressed based on Bishop’s effective stress principle 

through extended Mohr-coulomb failure envelope (Figure 3.3) by Vanapalli et al. (1996) as 

given by, 

    tan tanc' u ' u u '
n a a w

                             (3.16) 

where, τ = shear strength of soil (kPa), σn = net total stress (kPa), ua = pore air pressure (kPa), uw 

= pore water pressure (kPa), c’ = effective cohesion (kPa), ϕ’ = effective angle of internal 

friction (°) and χ = parameter related to the degree of saturation. According to Vanapalli et al. 

(1996) the magnitude of parameter χ can be expressed in terms of volumetric water content as, 
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                                 (3.17) 

where, θw = volumetric water content (m3/m3), θs = saturated volumetric water content (m3/m3) 

and θr = residual volumetric water content (m3/m3).  
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Figure 3.3 Extended Mohr-Coulomb failure envelope for unsaturated soils (after Fredlund et. al. 

2012) 

In an unsaturated soil, Mohr circles corresponding to failure conditions can be plotted in a 

three-dimensional manner, as illustrated in Figure 3.3. The three-dimensional plot has the shear 

stress τ as the ordinate and the two stress state variables σ − ua and ua − uw as abscissas. The 

frontal plane represents saturated soil conditions where matric suction is zero. The σ − ua axis 

reverts to the σ − uw axis on the frontal plane since the pore-air pressure becomes equal to the 

pore-water pressure at saturation. The Mohr circles for an unsaturated soil are plotted with 

respect to the net normal stress axis σ − ua in the same manner as the Mohr circles are plotted 

for saturated soils with respect to effective stress axis σ − uw. The location of the Mohr circle 

plot in the third dimension is a function of the matric suction. The surface tangent to the Mohr 

circles at failure is referred to as the extended Mohr-Coulomb failure envelope for unsaturated 

soils. The extended Mohr-Coulomb failure envelope defines the shear strength of an unsaturated 

soil. The intersection line between the extended Mohr-Coulomb failure envelope and the frontal 

plane is the failure envelope for saturated conditions. The inclination of the failure plane is 

defined by joining the tangent point on the Mohr circle to the pole point. The tangent point on 

the Mohr circle at failure represents the stress state on the failure plane at failure.  
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3.3.3.2 Factor of safety estimation for slope stability analysis 

Slope stability has been analysed using limit equilibrium technique based on the method given 

by Morgenstern and Price (1965).  

 

Figure 3.4 Forces acting on a slice through a sliding mass with a slip surface 

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. 3.17 and Equation. 3.18 respectively. The unsaturated soil shear strength in 

the factor of safety is considered based on the nonlinear relationship given by Vanapalli et al. 

(1996) as explained in Equation 3.15 and Equation 3.16.  
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where, W = the total weight of a slice of width b and height h (kN/m2), N = the total normal 

force on the base of the slice (kN), D = an external point load (kN). R = the radius of a circular 

slip surface (m), x = the horizontal distance from the centreline of each slice to the centre of 
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rotation or to the centre of moments (m), d = the perpendicular distance from a point load to the 

centre of rotation or to the centre of moments (m), f = the perpendicular offset of the normal 

force from the centre of rotation or from the centre of moments (m), a = the perpendicular 

distance from the resultant external water force to the centre of rotation or to the centre of 

moments (m), A = the resultant external water forces (kN), ω = the angle of the point load from 

the horizontal (˚), α = the angle between the tangent to the centre of the base of each slice and 

the horizontal (˚) and l = the base length of each slice (m). 

The shear mobilised and normal stresses need to be calculated in consideration with the effect of 

unsaturated shear strength. The Shear mobilised is written for unsaturated soil conditions 

(Fredlund and Krahn, 1977) in equation form, 
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     (3.21)  

Sm = the shear force mobilized on the base of each slice, E = the horizontal interslice normal 

forces. Subscripts L and R designate the left and right sides of the slice, respectively, X = the 

vertical interslice shear forces. Subscripts L and R define the left and right sides of the slice, 

respectively, R = the radius for a circular slip surface or the moment arm associated with the 

mobilized shear force, Sm for any shape of slip surface, e = the vertical distance from the 

centroid of each slice to the centre of rotation or to the centre of moments. It is assumed that f 

distances on the right side of the centre of rotation of a negative slope (i.e., a right-facing slope) 

are negative and those on the left side of the centre of rotation are positive. For positive slopes, 

the sign convention is reversed. h = the height of a slice along the slip surface. 

A relationship can be obtained from equating the unsaturated soil shear strength equations given 

by Vanapalli et al. (1996) and Fredlund et al. (1978). 

'tanbtan                                (3.22) 
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CHAPTER 4 

4 ANALYSIS OF SOIL SLOPE FAILURES USING THE RECOMMENDED 

METHOD 

4.1 Case example of volcanic soil embankment slope failure 

The case example of failure on embankment slope constructed using Shikotsu Komaoka 

volcanic soil is analysed using the recommended approach.  

4.1.1 Numerical model 

The two-dimensional numerical finite element mesh with the slope geometry adopted for the 

embankment slope is given in Figure 4.1.  

 

Figure 4.1 Two-dimensional numerical model with applied boundary conditions and FEM mesh for 

volcanic soil slope 

4.1.2 Soil properties  

Shikotsu Komaoka volcanic soil has been used as the slope material in the embankment slope. 

The soil parameters used for the numerical simulation of embankment slope are summarised in 

Table 4.1. The parameters i.e. dry density (ρd), hydraulic conductivity of saturated soil (ks), 

effective cohesion (c’) and effective angle of internal friction (ϕ’) have been obtained from 

laboratory element tests (Matsumura et al., 2015). The parameters for which no laboratory 

measurements are available, i.e. thermal conductivity (λ), volumetric heat capacity (ζ) and 
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volumetric water content of soil at 0°C (θwf), have been estimated using equations given by 

Kersten (1949), Jame (1977) and Black and Tice (1989), respectively. The soil-water 

characteristic curve (SWCC) was obtained from laboratory element tests by Matsumura et al. 

(2014).  

Table 4.1 Soil properties used for the simulation of volcanic soil embankment slope 

Property name Volcanic soil 

Dry density of soil (ρd) 1020 kg/m3 

Porosity (n) 0.63 

Hydraulic conductivity of saturated soil (ks) 6.00 ×10-06 m/s 

Volumetric water content of soil at 0°C (θwf) 0.19 m3/m3 

Volumetric water content of saturated soil (θs) 0.63 m3/m3 

Residual volumetric water content of soil (θr) 0.33 m3/m3 

Unfrozen thermal conductivity (λu) 107.8 kJ/(Day∙m∙°C) 

Frozen thermal conductivity (λf) 171.7 kJ/(Day∙m∙°C) 

Unfrozen volumetric heat capacity (ζu) 3372 kJ/(m³∙°C) 

Frozen volumetric heat capacity (ζf) 1193 kJ/(m³∙°C) 

Effective cohesion (c’) 0 kPa 

Effective angle of internal friction (ϕ’) 35° 

The hydraulic conductivity in a freezing soil k (m/s) depends on the amount of available free 

water (unfrozen volumetric water content). In fully coupled thermo-hydro models, the 

relationship of permeability, thermal conductivity and heat capacity under negative temperatures 

are inherently obtained from the description of unfrozen volumetric water content versus 

temperature. The unfrozen water content of the soil is estimated using the relationships given by 

Black and Tice (1989). 

)t)(
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1110                                (4.1) 

θuw(t) = unfrozen volumetric water content at temperature t, θ = function of volumetric water 

content against matric suction as, Cf = parameter ranges between 1 to 2.2 for fine to coarse 

grained soils.  
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Figure 4.2(a) Unfrozen volumetric water content function and volumetric ice content of K-Soil (b) 

Volumetric water content against temperature 

Black and Tice (1989) have suggested a value of 2.2 for Cf which is suitable for coarse grained 

soils. The unfrozen volumetric water content and volumetric ice content is estimated based on 

the relationships and as given in Figure 4.2. The soil water characteristic curve is derived from 

the van – Genuchten and Mualem equation (1976) as following: 
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where, w = volumetric water content at any soil suction; rm = residual volumetric water 

content; s = saturated volumetric water content; am = a material parameter which is primarily a 

function of the air entry value of the soil in kPa; nm = a material parameter which is primarily a 

function of the rate of water extraction from soil once the air entry value has been exceeded and 

 = soil suction. 

 

Figure 4.3 (a) SWCC of K-Soil and (b) permeability function 

(b) (a) 

(b) (a) 
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Referring to the values of available free water inside frozen soil (unfrozen volumetric water 

content), the equivalent matric suction is obtained at every time steps from the SWCC (Figure 

4.3a). The equation proposed for estimating the coefficient of permeability is, 
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where, k = hydraulic conductivity or permeability of the water phase; ks = saturated hydraulic 

conductivity or permeability of the water phase; a = van Genuchten soil-water characteristic 

curve fitting parameter; m = van Genuchten soil-water characteristic curve fitting parameter 

and;  = soil suction. The permeability at each equivalent matric suction are calculated using 

the permeability function (coefficient of permeability vs matric suction) (Figure 4.3 b). The 

coefficient of permeability vs volumetric water content is shown in Figure 4.4 (a), coefficient of 

permeability against unfrozen water is shown in Figure 4.4 (b) and coefficient of permeability 

against temperature is shown in Figure 4.4 (c). These curves are prepared by relating the 

coefficient of permeability and matric suction with unfrozen water content curve (Figure 4.2)  

 

Figure 4.4 Coefficient of permeability against (a) Volumetric water content, (b) Unfrozen 

volumetric water content and (c) Temperature. 

(b) (a) 

(c) 
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Thermal conductivity of saturated soil is estimated using the following formula. The unfrozen 

thermal conductivity (λu) is estimated based on its dry density (ρd) and water content (w) using 

the following equation (Kersten, 1949). 
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Frozen thermal conductivity of saturated soil λf is estimated based on its dry density (ρd) and 

water content (w) using the following equation (Kersten, 1949).  
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The parameters in Table 1., unfrozen thermal conductivity estimated is 1.249J/sec•m•°C (107.8 

KJ/day•m•°c) and frozen thermal conductivity of Shikotsu Komaoka volcanic soil is estimated 

as 1.98J/sec/m/°C (171.74 KJ/day•m•°c) using Equation 4.4 and 4.5. Based on the frozen and 

unfrozen thermal conductivity, the relationship between thermal conductivity and temperature is 

drawn as shown in Figure 4.5 (a).  

  

Figure 4.5 (a) Thermal conductivity of K-Soil against temperature and (b) water content 

The Kersten (1949) equation does not account for unfrozen water content when calculating 

thermal conductivity of frozen soil. For coarse grained soils the unfrozen water content are 

typically negligible when there is no temperature change over time. And these values are used 

only in the steady state analysis where there is no temperature drop below zero. As we can see 

the drop in thermal conductivity is smoothed from frozen to unfrozen states without 

consideration of the change in water content and unfrozen water content. Figure 4.5 (a) assumes 

that all the water content will be frozen once the temperature reduces less than 0. Whereas when 

(b) (a) 
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performing non-isothermal coupled seepage analysis, the consideration of unfrozen water 

content is essential. This has been done by a function of thermal conductivity against volumetric 

water content as shown in Figure 4.5 (b). The function in Figure 4.5 (b) is derived using the 

method given by Johansen (1975) explained as follows.  

For a saturated unfrozen soil, the thermal conductivity λsat is estimated based on the thermal 

conductivities of its components and their respective volume fractions. Here the presence of air 

is neglected. 

1( ) ( )n n
sat s w
                                 (4.6) 

where, λs is the thermal conductivity of the soil particles, and λw is the thermal conductivity of 

the pore water and n is soil porosity. If the ice content is greater than zero, the program back 

calculates the soil particle conductivity. The frozen soil thermal conductivity (λsat-f) for saturated 

soil at the given water content is estimated according to the amount of water that is frozen (per 

Equation 4.1) as follows (Johansen, 1975).  
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                      (4.7) 

where, λi is the thermal conductivity of ice. Once the fully frozen conductivity is known, the 

partially frozen thermal conductivity of the ground is assumed to be linearly partitioned between 

the unfrozen and frozen states by the ratio of ice content to water content.  

For an unsaturated soil, the thermal conductivity λunsat under frozen and unfrozen states are 

estimated based on its saturated conductivity, dry conductivity and degree of saturation (θ/n) 

using the following equation 

( )
unsat sat dry e dry
       ; ( )

unsat f sat f dry e dry
      

 
         (4.8) 

λe = 0.7 Log(θ/n) + 1.0 for unfrozen coarse grained soil, λe = Log(θ/n) + 1.0 for unfrozen fine 

grained soil, λe = (θ/n) for frozen soil and λdry = ((0.135ρd+64.7)/(2700-0.947ρd)) ±25%.  

The volumetric heat capacity of frozen and unfrozen soil are estimated using the Jame-Newman 

formulation (Jame, 1977; Johnston et al. 1981; Newman and Wilson, 1996). The unfrozen and 

frozen heat capacity of soil are given by, 

  w
u d s w u

     
 

                                (4.9) 
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ζu = volumetric heat capacity of unfrozen soil, ζf = volumetric heat capacity of frozen soil, ζs = 

specific heat capacity of soil solids, ζw = mass specific heat capacity of unfrozen water (4184 

J/kg•˚C), ζi = mass specific heat capacity of ice (2100 J/kg•˚C), wu = unfrozen gravimetric water 

content, wf = frozen gravimetric water content (ice content). The unfrozen and frozen water 

contents wu and wf are calculated from specific gravity (ρs) and volumetric water content at 

unfrozen (θuw) and frozen states (θf). Both the unfrozen and frozen water contents are referred 

from the function given by Equation 4.1 at every time step. The component of air is ignored in 

both unfrozen and frozen soils. The frozen and unfrozen volumetric heat capacity of Shikotsu 

Komaoka volcanic soil is estimated as 1193 KJ/m3•°C and 3372 KJ/m3•°C respectively. The 

volumetric heat capacity against temperature and volumetric water content are shown in Figure 

4.6 (a) and (b). 

 

Figure 4.6 Volumetric heat capacity against (a) temperature and (b) volumetric water content. 

4.1.3 Analytical conditions 

The initial distribution of the volumetric water content and temperature of the slope has been 

configured based on the soil water content and temperature data recorded during day 1 

(09-11-2012) as shown in Figure 4.7 (a) and (b) respectively. To derive an equilibrium of 

volumetric water content distribution corresponding to day 1 (09-11-2012), the average 

volumetric water content recorded at locations SML0, SML1, SML2 and SML3 (as shown in 

Figure 2.1 and Figure 4.1) are specified exactly at the corresponding locations in the numerical 

model. For the temperature distribution on the initial day (09-11-2012), the measured 

temperature has been specified at the depths of 0 m to 1 m.  

(b) (a) 
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Figure 4.7 Distribution of (a) volumetric water content (m3/m3) and (b) temperature (°C) on day 1 

(09-11-2012) 

The volumetric water content and temperature during the initial day at location SML0, SML1, 

SML2 and SML3 are configured based on the measured data as shown in Figure 4.8 and Figure 

4.9. A close similarity with the measured values are obtained with respect to the volumetric 

water content and temperature. After this initial set of analyses the model is put forth for the 

transient non-isothermal seepage analysis as explained in the successive sections.  

(a) 

(b) 
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Figure 4.8 (a) Initial configuration of PWP distribution at corresponding locations of monitoring 

instruments SML0, SML1, SML2 and SML3 (b) Initial configuration of temperature at 

corresponding locations along the installed thermometers 

  

  

Figure 4.9 Configuration of volumetric water contents at (a) SML0, (b) SML1, (c) SML2 and (d) 

SML3 during the initial day (09-11-2012) 

(a) (b) 

(a) (b) 

(c) (d) 
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For the climatic boundary conditions used in the transient non-isothermal seepage model, 

climate data i.e. maximum and minimum air temperature, average daily rainfall, maximum and 

minimum relative humidity, average daily wind speed and average daily net radiation are 

required. During the monitoring of the volcanic soil embankment slope, the temperature and 

rainfall were monitored. Additional required climatic data were obtained from the AMeDAS 

(Automated Meteorological Data Acquisition System) data provided by the Japanese 

Meteorological Agency (JMA) and as given in Figure 4.10. 

 

 Figure 4.10 Climate data used for the numerical simulation of embankment slope 
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4.1.4 Results and discussions 

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 4.11(a), Figure 4.12 and Figure 4.13 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. 

The ground temperature estimated from the numerical simulation is compared with the 

measured data as given in Figure 4.11(b). The numerically estimated snow depth and measured 

snow depth is compared and given in Figure 4.11(c).  

 

 

Figure 4.11 (a) Comparison of estimated volumetric water content and measured volumetric water 

content at locations SML0, SML1, SML2 and SML3, (b) Comparison of estimated ground 

temperature and measured temperature and (c) estimated snow depth and measured snow depth 

(d) Stability of soil slope from the day of slope construction until failure 

(a) (b) 

(c) (d) 
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A close similarity between the numerical estimation and measured data has been found. Slope 

failure will occur if the soil is saturated near the slope surface and the failure may trigger along 

the slip surface. In such circumstances, the reason for failure could be judged by estimating the 

average volumetric water content. The average volumetric water content is compared here in 

order to visualise the saturation of the slope. It may be seen that the average volumetric water 

content at locations SML1, SML2 and SML3 reaches to a range of 0.52 m3/m3 to 0.56 m3/m3. 

The saturated volumetric water content of the soil is 0.63 m3/m3 as given in Table 1. From this 

observation, it could be said that during the day of the slope failure the degree of saturation (Sr) 

was up to 85 % on the slip surface. The numerical simulation results match well with the trend 

of the measured data. The maximum difference found between the numerically estimated 

volumetric water content and measured volumetric water content is 0.02.  

 

Figure 4.12 Distribution of volumetric water content VWC (m3/m3) at (a) day 50 (29-12-2012), (b) 

day 100 (17-02-2013), (b) day 150 (08-04-2013), (c) day 200 (28-05-2013), (d) day 250 (17-07-2013) 

and (e) day 300 (05-09-2013)  
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Figure 4.13 Distribution of gravimetric water during the day of slope failure day 343 (17-10-2013)   

(a) numerical model (b) physical slope model 

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 4.14(d). The factor of safety 

during the day of slope failure is 0.954. The slip surface estimated using the limit equilibrium 

method is compared with the field slope failure data, as shown in Figure 4.14 (a) and (b) 

respectively.  

 

 

Figure 4.14 Comparison between (a) estimated limit equilibrium slip surface with (b) actual 

slope failure (adapted from Matsumura, 2014) 

(a) 

(b) 

Line of saturation 

Minimum water content 

Maximum water content 
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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.    

4.2 Study of the highway slope failure using the recommended approach 

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 considered to be similar to the embankment slope 

failure model and are discussed in the following section.  

4.2.1 Numerical 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 4.15.  

 

Figure 4.15 Two-dimensional numerical model for the highway slope with boundary conditions  
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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.  

4.2.2 Soil properties  

The soil material properties used for the numerical simulation of the highway slope model are 

given in Table 4.2. The parameters i.e. dry density (ρd), hydraulic conductivity of saturated soil 

(ks), and undrained shear strength (qu) have been obtained from laboratory measurements 

(Hokkaido Regional Development Bureau, 2013). The parameters for which no laboratory 

measurements are available, i.e. thermal conductivity (λ), volumetric heat capacity (ζ), 

volumetric water content of soil at 0°C (θwf), effective cohesion (c’) and effective angle of 

internal friction (ϕ’) have been estimated using methods given by Kersten (1949), Jame (1977), 

Black and Tice (1989) and Hoek and Brown (1977), respectively. The SWCC of the 

embankment filling material and Talus sediments were estimated from the grain size distribution 

curve based on the method given by Fredlund et al. (2002). For the embankment filling and 

talus material, the unsaturated shear strength data is not available so that the available undrained 

shear strength is considered for the embankment filling and saturated shear strength is estimated 

for the talus slope material. The bedrock is modelled as a low permeability material.  

Table 4.2 Soil properties used for the simulation of highway slope 

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 

Residual volumetric water content of soil (θs) 0.12 m3/m3 0.05 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 (ϕ’) 35˚ 11.36° 
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For the long-term slope stability analysis, drained shear strength parameters are needed. The 

effective cohesion (c’) and effective angle of internal friction (ϕ’) for the embankment filling 

material were derived using rigorous back calculation methods given by Duncan and Stark 

(1992), Okui et al. (1997) and Zhang et al. (2013). Several values of cohesion and angle of 

internal friction are given initially. By setting the FOS = 1 and using the reference ground water 

table derived from the non-isothermal seepage simulation and using the pre-known dimensions 

of the slope failure, several iterations of calculations have been made from which different 

cohesion and angle of internal friction values are obtained. In consideration to the height of the 

failure surface, the effective cohesion and effective angle of internal friction for the 

embankment soil were derived as shown in Figure 4.16 (a) and (b). Back-calculation of shear 

strength parameters may have some limitations concerning with the precision of the estimated 

shear strength (Tang et al. 1999; Duncan and Wright, 2005; Deschamps and Yankey, 2006).  

   

Figure 4.16 Back calculation of effective cohesion (a) and effective angle of internal friction (b) of 

the failed embankment material 

Since the major objective of this study is to examine the influencing parameters of slope failure, 

the problems with the precision of the estimated shear strength may be negligible and these 

values can be used as a basis for a parametric study. The shear strength of the Talus materials 

was intentionally kept larger so that the steep portions of the mountain slope located far away 

from the embankment does not influence the factor of safety calculations.  

4.2.3 Analytical conditions 

Prior to the transient non-isothermal coupled seepage analysis, an initial equilibrium condition 

in terms of pore water pressure and the ground temperature is necessary. The ground water table 

has been measured from the geological survey performed after the slope failure. The ground 

(a) (b) 
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water table line from the geological survey is kept as a reference and an average of 10-year 

climate data recorded between years 2002 to 2012 obtained from a meteorological telemetry at 

Mui Ne, Hokkaido, Japan maintained by the Ministry of Land, Infrastructure, Transport and 

Tourism, Hokkaido Regional Development Bureau (MLIT) has been used and to derive the 

initial equilibrium as shown in Figure 4.17 and Figure 4.18.  

 

Figure 4.17 Distribution of pore water pressure (kPa) during initial day 01-04-2012 

 

Figure 4.18 Distribution of ground temperature (°C) during initial day 01-04-2012 
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The climate data used for the numerical simulation is also obtained from the meteorological 

telemetry at Mui Ne which is closest to the disaster site. The climate data is given in Figure 

4.19.  

 

Figure 4.19 Climate data used for the simulation of highway slope 

The air temperature on the day 1 (01-04-2012) is just close to 0˚C and it increases during the 

thawing period. The maximum rainfall of 92 mm/day occurred during the day of slope failure 

07-04-2013.    

4.2.4 Results and discussions 

To study the changes in pore water pressure and volumetric water content of the embankment, 

histories were given at particular locations 1 to 6 in the numerical model, as shown in Figure 
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4.16. The variation in volumetric water content and pore water pressure are given in Figure 4.20 

(a) and Figure 4.20 (b) respectively. From Figure 4.20, 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, as shown in Figure 4.20 (a) and (b). The saturated volumetric water 

content of the slope is 0.47.  

  

 

Figure 4.20 Variation in volumetric water content, (b) Variation in pore water pressure (c) Variation 

in ground temperature and (d) accumulation of snow depth 

The ground temperature and accumulated snow depth measured at locations 1 to 6 are given in 

Figure 4.16(c) and (d). The ground temperature rises above 0˚ after March 12, 2013. The 

maximum accumulated snow depth is 3708 mm at location 1 (x=-7 and y=490). A comparison 

of snowmelt with the measured data could not be obtained in this case because the snow depth 

varies with location. The accumulated snow started to melt from March 12, 2013. During this 

period, the stability may get reduced due to the snowmelt water. The factor of safety estimated 

from the simulation is plotted in Figure 4.21(a). 

(a) (b) 

(c) 
(d) 
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During initial days from 01-04-2012, the stability of the slope reduced rapidly due to continuous 

precipitation until early May 2012. During the month of June 2012, there is not much 

precipitation observed and hence an increasing trend in safety factor is estimated. Further, the 

factor of safety reduces whenever there is continuous precipitation. During the month of 

October to November 2012, the stability reduces rapidly due to continuous precipitation. A 

similar trend continues until December 2012.  

 

Figure 4.21 (a) Stability of slope expressed as factor of safety along with ground temperature and 

precipitation (b) Two-dimensional geological cross section showing the slope failure area compared 

with numerically estimated two-dimensional failure surface with factor of safety 

The ground temperature reduces below 0˚ C during January 2013 and the soil surface remains 

frozen until March 12, 2013. During this period, an increase in the factor of safety is observed 

and later the factor of safety value keeps nearly constant. The reduction in the factor of safety 

(a) 

(b) 
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commences once the ground temperature increases above 0˚ C, exactly on March 12, 2013. The 

reduction continues markedly, and on the day, April 07, 2013, the factor of safety reaches a 

value 0.992 which denotes the slope failure. The surveyed failure surface and the numerically 

estimated failure surface with the factor of safety on April 07, 2013 is given in Figure 4.21(b). 

The height of the numerically estimated slip surface is 19 to 20 m and 30 to 35 m in length. 

From the geological survey, the length of the failure is around 40 m with a height of 20 m. The 

minimum safety factor 0.992 has been found for the critical slip surface passes through the 

embankment portion.  

4.3 Parametric studies 

The effects of the factors i.e. freeze-thaw action, snowmelt water infiltration and the weight of 

the accumulated snow need to be known for the precise assessment of the long-term stability of 

soil slopes i.e. embankment and cut slopes along the highways. Based on this purpose, in this 

study, a series of parametric studies using the recommended numerical simulation method has 

been performed using the embankment slope model and highway slope model with the 

analytical conditions as given in Table 4.3. 

Table 4.3. Analytical conditions for parametric studies 

Targeted parameter 

for investigation 

Case 

study  

Additional factors and analytical conditions considered in simulations 

Rainfall 

Freeze

-thaw 

action 

Snowfall/ 

snowmelt 

water 

Weight 

of snow 

Change in 

slope angle 

Shear strength 

of frozen soil 

Effect of increased 

amount of rainfall 
ES 

O 

(Twice 

and 

Thrice) 

O X X X X 

Effect of increased 

amount of snowfall 
ES O O 

O (Twice and 

Thrice) 
X X X 

Effect of 

Freeze-thaw action 

ES 

and 

HS  

O O O X X X 

O X O X X X 

Effect of 

snowfall/snowmelt 

water 

ES 

and 

HS 

O O O X X X 

O O X X X X 

Effect of weight of 

snow 
ES O O O O X X 

Effect of slope 

angle 
ES O O O X O X 

Effect of frozen soil 

shear strength 
ES O O O X X O 

Note: ES = Embankment slope; HS = Highway slope; O = parameter considered; X = parameter not considered.  
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4.3.1 Effect of increased magnitudes of rainfall on slope stability 

The amount of rainfall has been increased twice and thrice in order to see the effect on slope 

stability using the embankment slope model. The twice and thrice considered rainfall magnitude 

significantly reduces the stability as given in Figure 4.22 (a).   

 

 

Figure 4.22 (a) Influence of increased magnitudes of rainfall on soil slope stability (b) Influence of 

increased magnitudes of snowfall on soil slope stability 

4.3.2 Effect of increased magnitudes of snowfall on soil slope stability 

To clearly visualise the effect of snowmelt on slope failure, the snowfall precipitation has been 

configured in different magnitudes, like twice and thrice for the embankment slope model. The 

(a) 

(b) 
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stability of the slope abruptly reduces during March-April-May months due to snowmelt and 

surface infiltration. It could be seen that as the depth of accumulated snow increases, the 

duration took to melt the snow also increases and finally it results in a reduction in safety factor 

as shown in Figure 4.22 (b). The failure-inducing factor is not only the rainfall or not the 

snowmelt water alone. The rainfall along with snowmelt water induces such a reduction in slope 

stability. Through the parametric studies, it is found that the accumulated snow depth increase 

may result in an excess amount of snowmelt water which may eventually reduce the soil slope 

stability. 

4.3.3 Effect of freeze-thaw action on soil slope stability 

Two different numerical simulations, one considering the freeze-thaw process and the second 

without considering the freeze-thaw process were performed using embankment slope model 

and highway slope model. When there is no freeze-thaw action considered, the effects of soil 

water freezing, the effect of the latent heat phase change and the temperature flow are neglected. 

The calculation of all other variables i.e. precipitation (rainfall and snowfall), air temperature, 

relative humidity etc. are kept same for both the analysis and the shear strength of frozen soil is 

not considered for this parametric study. For the simulation considering freeze-thaw action, the 

soil water content distribution is estimated using non-isothermal seepage flow and for the 

simulation without freeze-thaw action, the soil water content distribution is estimated using 

isothermal seepage flow. These analyses were performed for both the embankment slope model 

and highway slope model. The factor of safety for both the simulations was analysed and 

compared as given in Figure 4.23 (a) and (b).  

   

Figure 4.23 Comparison of slope stability considering freeze-thaw action and ignoring freeze-thaw 

action for (a) embankment slope model and (b) highway slope model 

(b) (a) 
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A stability difference could be seen between analysis considering freeze-thaw action and 

analysis without freeze-thaw action during the period when the ground surface temperature is 

below zero for both the cases. In the case example of embankment slope, the freeze-thaw action 

has very small impact on soil water content and factor of safety. Whereas, for the highway slope, 

a major difference in the factor of safety between analysis considering freeze-thaw action and 

analysis without considering freeze-thaw action is observed. On the day of slope failure, the 

factor of safety estimated by the analysis considering freeze-thaw action is 0.992 and the factor 

of safety estimated by the analysis without considering freeze-thaw action is 1.003. From this 

observation, it could be said that the freeze-thaw action has a considerable effect on soil water 

content fluctuation which in turn affects the slope stability and for the proper assessment of the 

stability of soil slopes in seasonal cold regions, the freeze-thaw action must be considered in 

estimating the soil water content distribution.  

4.3.4 Effect of snowfall/snowmelt water infiltration on soil slope stability 

The snowfall accumulated above the slope during the winter season will start to melt once the 

air temperature increases above the phase change temperature (0˚C). During this snow melting 

period, the snowmelt water will infiltrate into the soil or runoff above the slope based on the 

ground surface temperature. From Figure 4.24(a) and (b), it can be seen that the factor of safety 

does not get reduced during the months of March, April and May for the analysis without 

considering snowmelt water. The reason is due to the lack of snowmelt water. Whereas when 

snowfall is considered, the factor of safety abruptly reduces during the snow melting season. 

The contribution of snowmelt water in the net surface infiltration is high during the thawing 

season which abruptly reduces the slope stability. One more important observation made from 

the embankment slope model is that when there is no snow on the ground the safety factor starts 

deviating from the early February 2013 itself. The reason behind this phenomenon is, if there is 

no snow accumulated on the soil ground, the soil temperature may be much lower than it would 

be under the accumulated snow. There would not be a heat flux variation in this case. Due to 

this fact, the ground will freeze up to a certain depth more than it will freeze under the 

accumulated snow. If the ground is frozen over greater depth, it will become impermeable and 

there will not be any surface infiltration. The factor of safety will be high during the winter 

period if there is no snow accumulated on the soil ground. Due to the absence of snowmelt 

water, during snowmelt period, there will not be any reduction in stability. Similar behaviour 
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has been observed from the highway slope model as well. It is very interesting to note that for 

the highway slope if the snowmelt water infiltration is ignored, the factor of safety and stability 

of the slope is considerably higher throughout the year from 01-04-2012 to 07-04-2013. On the 

day of slope failure, the factor of safety of slope when the snowmelt water is ignored is 1.224 

which emphasises considerable stability. In the case of simulation, in which the snowmelt water 

is included in the calculation of soil water content, the factor of safety on the day of slope 

failure is 0.992 which clearly denotes the slope failure. Based on this observation, it could be 

said that for the case of highway slope failure, the 92 mm cumulative rainfall alone would not 

have induced the slope failure. The water originating from the snowmelt that infiltrated into the 

soil ground together with the cumulative rainfall should have induced the disaster. 

One more interesting observation found for the highway slope model is that the difference in the 

factor of safety during the month of December 2012 between analysis considering snowfall and 

analysis neglecting snowfall, as shown in Figure 4.24(b). The air temperature fluctuates below 

and above 0˚C during the starting of the freezing season, November and December 2012. In this 

situation, there is a possibility of rainfall and snowfall together. If there is accumulated snow 

above the soil ground originating from the previous day snowfall, on the next day if the air 

temperature is above 0˚C and there will be precipitation in terms of rainfall. The factor of safety 

reduces to 1.137 on December 25, 2012, when the effect of snowmelt water is considered in the 

analysis. Whereas, for the analysis without the effect of snowmelt water, the factor of safety is 

1.507 on December 25, 2012. Based on this observation it could be said that the snowfall that 

occurs during the initial stages of freezing (November and December months) will also 

influence the slope stability considerably. 

From these parametric studies, it is very clear that snowmelt water infiltration seriously affects 

the soil slope stability and it should be considered in long-term slope stability analysis of 

embankment structures and cut slopes along the highways in seasonal cold regions.   
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Figure 4.24 (a) Variation in factor of safety with and without considering snowfall for embankment 

slope (b) Variation in factor of safety with and without considering snowfall for highway slope 

4.3.5 Effect of weight of snow on soil slope stability  

The snow accumulated on top of the slope surface has its own weight. In such cases, it may 

induce a reduction in slope stability. To analyse this effect, the weight of the snow is considered 

as a surcharge load. The snow load is estimated using the snow density (ρsn) and accumulated 

snow depth. As the accumulated snow depth increases, the snow load starts to build up. The 

maximum snow load calculated for 1689 mm snow depth is 7 kN/m2. To see whether this snow 

(b) 

(a) 
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load will affect the slope stability or not, the load is considered as a surcharge pressure in the 

slope stability analysis. Since it is not possible to consider the increasing snow load day by day 

in a safety factor calculation, a 25 days averaging has been adopted, as given in Figure 4.25 (a). 

The safety factor seems to be affected much by the accumulated snow weight, as given in 

Figure 4.25 (b).  

 

 

Figure 4.25 (a) Accumulated snow depth and calculated average snow load for every 25 days, (b) 

Effect of snow load on soil slope stability 

In Figure 4.25, the factor of safety obtained with and without snow load both considers the 

effect of snowmelt water. It seems the weight of snow combined with the snowmelt water may 

affect the slope stability to a considerable amount during the freezing and snow melting seasons, 

(b) 

(a) 
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respectively. The maximum difference in safety factor is observed during the month of March 

2013 when the snow load reaches its maximum. Once the snow starts melting, the load of the 

snow will decrease and diminish when all the accumulated snow is converted into water. 

4.3.6 Effect of slope angle on soil slope stability  

Kawamura and Miura (2013) performed experiments with small scale model soil slopes made 

up of volcanic soil material under different slope angles considering a slope angle range from 

45˚ to 65˚. For the design of embankment slopes and cut slopes along the express highways in 

Japan, the NEXCO (Central Nippon Expressway Company Limited) has set some guidelines 

(Yasuda and Fujioka, 2012). For the design of embankment slopes in express highways, the 

standard slope would be 1:1.8 that is 29˚ and for highways other than the national expressways 

in Japan, a standard slope angle ratio of 1:1.5 to 1:1.8˚ is adopted depending on the soil/rock 

material type underlying the embankment. Further, for natural cut slopes along the highways, 

the slope may range up to a slope angle of 60˚ if the base of the soil is rock. In view of all these 

considerations, a study to evaluate the effect of slope angle is performed by making numerical 

slope models with different slope angles. The slope angles are considered to be 30˚, 35˚, 40˚, 

45˚, 50˚, 55˚ and 60˚, though the physical embankment model considered in this study was built 

at an angle of 45˚. In order to study the effect of slope angle, 30˚, 35˚, 40˚, 45˚, 50˚, 55˚ and 60˚ 

numerical slope models are made and simulated with the recorded climatic measurements.  

 

Figure 4.26 Safety factor of various inclinations of slope 
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It may be seen from Figure 4.26 that the safety factor of the slope varies with different slope 

angles. During the slope failure day, October 17, 2013, the safety factor for slope angles 45˚ to 

60˚ are lesser than slope angles 30˚, 35˚ and 40˚. For shallow slopes, 30˚, 35˚ and 40˚, the factor 

of safety is more than 1. Interestingly, the reduction in safety factor during the snow melting 

season is more for the shallow slopes 30˚, 35˚, 40˚ than 45˚, 50˚, 55˚ and 60˚ slopes. The 

variation in the factor of safety between different slope angles is governed by the infiltration and 

runoff which will vary significantly according to the slope angle.    

4.3.7 Effect of shear strength of frozen soil 

Chen et al. (2013) analysed the effect of shear strength of frozen soil on soil slope stability 

conceptually. When the soil is frozen, it will gain additional shear strength depending on the ice 

content. Many studies have shown the dependency shear strength of frozen soils on negative 

temperatures (Hooke et. al., (1972), Anderson and Ladanyi, (2004), Arenson and Springman 

(2005) and Wang et. al., (2017)). In the case study of volcanic soil embankment, during the 

freezing months, a maximum freezing depth of 0.2 m is observed from the embankment 

monitoring (Matsumura, 2014). The region where the soil water is frozen would have gained 

additional shear strength which could result in an increase in stability. In any case, in this study 

so far this phenomenon is not considered due to the following reasons, 

1. The additional shear strength will only increase the stability which will eventually 

increase the factor of safety.  

2. Once the frozen water content of the soil melts, the additional shear strength will 

diminish.  

3. Since the freezing depth in the present study is only 0.2 m (20 cm) it would not have 

strongly influenced the overall stability of 5 m tall slope.  

In order to check the generality of the above-mentioned statements, a slope stability analysis 

considering additional shear strength in terms of effective cohesion and effective angle of 

internal friction is performed. Due to non-availability of frozen shear strength data, basic 

empirical equations as referred from the literature is adopted to calculate the frozen soil shear 

strength parameters. The frozen soil shear strength is estimated as given by Arenson and 

Springman (2005) and Chen et al. (2013), assuming that the effective angle of internal friction ϕ’ 
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is independent of temperature and strain rate, and the effective cohesion c’ is independent of 

strain rate.  

62.)
i

(''
f

                                 (4.11) 

ϕf = angle of internal friction of frozen soil (˚), ϕ’ = effective angle of internal friction (˚), θi = 

volumetric ice content (m3/m3). For the estimation of frozen shear strength, two variables viz. 

unfrozen water content and unfrozen ice content of the soil are needed. The unfrozen water 

content of the soil is estimated using the relationships given by Black and Tice, (1989).  

A simple empirical estimation for cohesion of frozen soils is given by Chen et al. (2013), 
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C = cohesion (kPa), c’ = effective cohesion at unfrozen state (kPa), Cf = cohesion at frozen state 

(kPa), T = Temperature (˚C), θuw = unfrozen volumetric water content (m3/m3), β1 = 0.074, β2 = 

−5.14, χ1 = −0.015, χ2 = −1.23 fitting parameters for the cohesion function for coarse grained 

soils.  

Since the motivation of considering the estimation equation in this study is to only see the effect 

of frozen shear strength on slope stability, the maximum cohesion value and minimum angle of 

internal friction are specified to the frozen soil zone up to 0.2 m depth and a slope stability 

analysis has been performed.  

 

Figure 4.27 Effect of frozen soil shear strength on soil slope stability 
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The increment in safety factor due to frozen shear strength seems to be very minimal and it has 

very little impact on the safety factor for the analysis performed, as shown in Figure 4.27. There 

could be two possible reasons behind this behaviour. The increased frozen shear strength is too 

low (only 0.67 kPa) and the freezing depth is very small (0.2 m) comparing with the overall 

slope geometry. However, if the frozen soil occupies an adequate amount of the slope slip 

surface, the frozen shear strength should be properly considered for the estimation of slope 

stability. 
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CHAPTER 5 

5 PREDICTION AND EARLY WARNING OF SOIL SLOPE FAILURES IN SNOWY 

COLD REGIONS 

5.1 Overview of the current early warning system in Japan 

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.  

5.1.1 Relationship between 60-minute cumulative rainfall and Soil Water Index (SWI) 

In Japan, Japanese Meteorological Agency (2012) performs the early warning of slope failures 

induced by the rainfall based on the relationship between 60-minute cumulative rainfall and Soil 

Water Index (SWI) (Osanai et al. 2010). The calculation of 60-minute cumulative rainfall and 

Soil-water index is referred from Okada, (2005). The Soil Water Index is a concept model that 

uses a calculated value of the total water depth of a three-layer tank model estimated using the 

coefficients of the model as given in Figure 5.1. 

According to the research of Okada (2005), the Soil–Water Index remains unchanged in many 

cases even when the parameters of the tank model are changed. The fixed parameters are 

identified by statistical analysis as confirmed by Okada (2005) for the relationship between 

rainfall and discharge in a Granite region in Japan as listed in Figure 4. The inflow for the model 

includes the rainfall amount of the target period. The outflow from the model is calculated based 

on the equations below. 

   2121111 )()()( LtSLtStq                              (5.1) 

  3232 )()( LtStq                                     (5.2) 
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 4343 )()( LtStq                                     (5.3) 

 

Figure 5.1 Three-layer tank model for Soil Water Index (adapted from Okada, 2005) 

Standing water in each tank is represented as, 

    RttqtStttS  )()(1)( 1111                           (5.4) 

  ttSttqtStttS  )()()(1)( 112222                       (5.5) 

  ttSttqtStttS  )()()(1)( 223333                       (5.6) 

321 SSSSWI                                     (5.7) 

where α1, α2, α3 and α4 are the outflow coefficients of the tanks; L1, L2, L3 and L4 are the heights 

of the outflow holes of the tanks; β1, β2 and β3 are the penetration volumes of the tanks; R is the 

cumulative hourly rainfall, t is current time and ∆t is time step and in this case, it is 60 minutes. 

For the early warning of debris flows and slope failures, JMA uses a threshold line as a criterion 

for the relationship between 60-minute cumulative rainfall and Soil-water index. The concept of 

the early warning system currently adopted in Japan (Osanai et al. 2010) is given in Figure 5.2. 

The applicability of these criteria for the slope failures induced in seasonal cold regions due to 

the various influencing factors as discussed in this study should be verified. 
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Figure 5.2 Basic concept of the currently operating Japanese early-warning system (after Osanai et 

al. 2010) 

5.1.2 Effective rainfall index 

The effective rainfall index is calculated based on the below given method. In the conventional 

method given by Yano (1990), two half-lives i.e. 1.5 hours and 24 hours were used. The 

effective rain is then calculated as follows, 

1i 1iER ( ) R                                    (5.8) 

ER= Effective rainfall (mm),
i
T

1i 0.5   the reduction coefficient i hours beforehand, R1i = 

current 1-hour rainfall amount (mm/hr.) and T = half-life.  

There are various half-life periods determined i.e. 1.5 hours, 6 hours, 24 hours and 72 hours. 

Sudden heavy rainfall exceeding 30 mm/hr. rate will result in shallow and surface erosion type 

slope failures which can be predicted using effective rainfall with half-lives 1.5 hours and 6 

hours or 24 hours. Large slope failures like deep seated landslides, which result from continuous 

surface infiltration due to small to medium amount of rainfall (0 - 30 mm/hr.) can be predicted 

using 72 hr. half-life. Matsuura et al. (2013) have suggested the use of 72 hours half-life along 

with 1.5 hours half-life, so that the slow infiltration process of snowmelt water can be accounted. 

The critical line (CL) for this effective rainfall index is determined based on the occurrence of 

small to large scale sediment disasters observed in a mountain area at Busuno, Japan during the 
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snowmelt seasons (Matsuura et al. 2013). The effective rainfall of a 72 hours half-life time on 

the X-axis and effective rainfall of 1.5 hours on the Y-axis are used as the standard rainfall 

indexes in this study with reference to Matsuura et al. (2013). 

5.1.3 Accumulative rainfall index 

The accumulative rainfall index criterion is used by NEXCO (2009) for monitoring real time 

slope failures. The relationship between the 1 hour rain and continuous rainfall is plotted in a 

two-dimensional plane and the occurrence of disasters are studied accordingly. Accumulated 

rainfall is plotted in X-axis and 1 hour rainfall is plotted in Y-axis. Anyhow the accumulative 

rainfall index is given here just to show its relative reliability comparing to the ER and SWI. 

5.2 Review of studies concerned to the early warnings in cold regions 

In seasonal cold regions, the climate effects i.e. freeze-thaw action and snowmelt water 

infiltration affect the moisture content of the soil (Ishikawa et al. 2015). The snowmelt water 

infiltrated into the soil ground through a long period results in large amount of surface water and 

may trigger landslides and debris flows (Nakatsugawa et al. 2015). The stability of soil slopes in 

seasonal cold regions are more sensitive to the amount of snowmelt water and ignoring the 

effect of snowmelt may not properly judge the stability (Siva Subramanian et al. 2017). Many 

studies have been done to standardise an early warning criterion to predict the oncoming slope 

disasters in snowy cold regions by using metrological data i.e. rainfall and snowmelt water etc. 

(Okimura and Ichikawa, 1985, Berris and Harr 1987, Singh et al. 1997, Williams et al. 1999, 

Matsuura 1998, Matsuura 2000, Matsuura et al. 2005, Matsuura et al. 2008, Matsuura et al. 

2013 and Nakatsugawa et al. 2015). According to many of the above-mentioned studies, the 

Japanese early warning criteria i.e. Soil-water index (SWI) and Effective rainfall index etc. need 

to be revised for the prediction of slope failures in seasonally cold regions. These criteria do not 

consider the soil water content supplied from the snowmelt. Compared to the hourly rate of 

rainfall precipitations, the hourly rate of snowmelt water is relatively very small. Instead, the 

snowmelt process is continuous during thawing season resulting in a continuous supply of water 

to the soil surface. As the cumulative amount of snowmelt water is large and its effects on soil 

instabilities are higher, the above-mentioned criteria fail to predict the oncoming soil slope 

failures and debris flows due to the larger pre-determined rainfall threshold values (Ishida et al. 

2000). For these reasons, a method to quantify the hourly rate of snowmelt is necessary so that it 

can be incorporated in these early warning criteria. Based on this background, a criterion which 
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can be used for the early warning of soil slope failures and debris flow disasters is proposed in 

this study. Two case studies of soil slope failures occurred in Hokkaido are studied. The 

applicability of the existing early warning systems is studied by applying those criteria to the 

case studies. An empirical method to estimate the hourly snowmelt rate is presented. A new 

early warning criterion to predict the snowmelt induced soil slope failures in seasonal cold 

regions is introduced. The applicability and validity of the new criterion is examined through 

detailed parametric numerical simulation studies.              

5.3 Applicability of early warning systems to the case examples 

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 

5.3. Calculated 60-minute cumulative rainfall and SWI are based on the method given by Okada 

(2005). 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 (Osanai et al. 2010). Critical Line (CL) designated for Hokkaido is referred from 

Nakatsugawa et al. (2015). 

 

Figure 5.3 60-minute cumulative rainfall and Soil Water Index relationships (SWI) for Slope failure 

on April 2013 along National Highway Route 230 

As the CL is determined only based on the occurrence of disasters induced by rainfall, it could 

not consider the long-term snowmelt water infiltration and cannot be used to predict the 
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snowmelt induced slope failures. Iwakura et al. (2010) attempted to define a new CL by 

reducing the threshold values of 60-minute rainfall and Soil Water Index. Further, there is no 

slope failure predicted as shown in Figure 6. Snake lines are much below than the CL. The 

reasons could be due to the negligence of snowmelt water and the threshold level is much higher. 

It is very clear that a new CL for SWI would be necessary. On the other hand, 60-minute 

cumulative rainfall and Soil Water Index relationships (SWI) for the climate data collected from 

Nissho pass, Karikachi pass and Nozuka telemetries are calculated as shown in Figure 5.4. The 

timeframe is set as April 1, 2016 up to August 31, 2016 to visualise at what occasions the CL is 

exceeded and to validate it against the actual slope failure data. 

  

 

Figure 5.4 60-minute cumulative rainfall and Soil Water Index relationships (SWI) for data 

collected from (a) Nissho pass, (b) Karikachi pass and (c) Nozuka pass telemetries 

For the sediment disasters induced by the Typhoon during August 2016, the occurrences are 

predicted and the snake lines exceeds the CL for location Nissho pass and Nozuka pass 

telemetries. Whereas for the Karikachi pass, the CL is not exceeded. Similar cases in which the 

threshold for SWI is higher were met during the 2016 typhoon on prefectures like Nara and 

(a) 

(b) 

(c) 
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Wakayama. JMA proposed lowering the threshold values up to 50 % to 80 % for these places 

(JMA, 2016). On an average, the threshold level could be considered applicable to predict such 

large amount of rainfall disasters in Hokkaido. From this observation, it is very clear that the 

60-minute cumulative rainfall and Soil-Water-Index relationships are applicable for the 

prediction of large sediments disasters induced by heavy rainfall and may not predict the slope 

failures induced by snowmelt water. The existing threshold level designated for Hokkaido is not 

applicable and not realistic for the prediction of snowmelt induced soil slope failures.  

The ER index is applied to the Nakayama pass slope failure as shown in Figure 5.5. The slope 

failure is not predicted as the snake lines are just below the CL. The reason could be the 

non-consideration of snowmelt water. Even if the half-life of the ER is changed to either 6 hours 

or 24 hours instead the 72 hours, the slope failure is still not predicted.  

 

Figure 5.5 Plot of Effective rainfall index with half-life 1.5 hours (y axis) and half-lives 6 Hours, 24 

Hours and 72 hours in (x axis) for the case of Nakayama pass slope failure. 

The ER based on 1.5 hours and 72 hours half-lives are calculated for the climate data obtained 

from Nissho, Karikachi and Nozuka pass telemetries and as shown in Figure 5.6 (a), (b) and (c). 

It could be seen from Figure 5.6 that for all the cases of climate data sets recorded for the 

typhoon rainfall, the criteria are applicable and many occurrences of sediments disasters are 

predicted. For the case of Nissho pass telemetry and Nozuka pass telemetry data, the CL is 

exceeded on August 23, 2016 and July 28, 2016 respectively, though there are no slope failures 
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recorded at that time. Since the CL threshold set by Matsuura et al. (2013) is small compared 

with the CL set for rainfall induced slope failures i.e. Yano (1990), Senoo et al. (2001) and 

Tereda and Nakaya (2001), the line can be exceeded with considerable amount of rainfall. At 

any case the CL set by Matsuura et al. (2013) is also on the safer side. In this aspect, it may be 

necessary to establish a different CL for rainfall induced slope failures in cold regions. Tereda 

and Nakaya (2001) have established some guidelines to set CL for rainfall induced slope 

failures using 1.5 hr. and 72 hr. half-lives. In their research, they superimpose the Y axis with 

1.5 hr. half-life of ER instead 1 hr. half-life and keep the X axis 72 hr. half-life and validated the 

CL threshold against actual slope failure cases. Following the guideline by Tereda and Nakaya 

(2001), in this study four different CLs proposed by Yano (1990), i.e. CL1, CL2, CL3 and CL4 

shown in Figure 5.6 have been used. Of those 4 CLs, Yano (1990) recommends the use of CL3 

for the Nikko area in Tochigi prefecture. To check the appropriateness of the CLs proposed by 

Yano (1990), in this study all the 4 CLs are used for the cases of rainfall induced slope failures. 

It could be seen that the CLs lines set by Yano (1990) delineates the slope failure for the 

Typhoon 10 more clearly. According to the research by Senoo et al. (2001), the standard CL for 

effective rainfall index for rainfall induced disasters varies significantly based on the area. 

Senoo et al. (2001) have analysed the difference in CL among areas i.e. Fukushima, Sado and 

Kochi. In this aspect, the CLs proposed by Yano (1990) for Nikko area in Tochigi prefecture 

should be validated for its use in Hokkaido prefecture.  

 

(a) 

(b) 
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Figure 5.6 Snake lines plotted for the data recorded from (a) Nissho Pass, (b) Karikachi Pass and 

(c) Nozuka Pass Telemetries 

From these observations, it is very clear that different CLs are required for both SWI and ER to 

predict the snowmelt induced slope failures. In general, rather than the threshold level for the 

SWI, the threshold level designated for the ER seems to be applicable for both rainfall and 

snowmelt induced soil slope failures since there are different CLs available for both the cases. 

For the case study of Nakayama pass slope failure, the disaster is not predicted from both the 

criteria SWI and ER. The major reason could be due to the negligence of snowmelt water. It is 

very clear that a proper estimation of snowmelt water is required for the precise prediction of 

snowmelt induced soil slope failures in seasonal cold regions.    

5.4 Snowmelt simulation 

The estimation of hourly rate of snowmelt is necessary for early warnings. Use of many energy 

balance methods are common in practice (Berris and Harr, 1987; Kondo and Yamazaki, 1990). 

In this study a simple yet reliable estimation method of the snowmelt water is introduced which 

considers almost all the physical processes included in the melting process of snow (Riley et al. 

1969). The method could be termed as an analytical method. The key influencing climatic 

factors are considered i.e. air temperature, snow surface temperature, melt factor etc. Climate 

data obtained from the Automatic Meteorological Data Acquisition System (AMeDAS) (JMA) 

is used for the estimations. For the estimation of snowmelt water from the meteorological data, 

a method is employed considering the physical process of snowmelt (Riley et al. 1969, 

Motoyama, 1990) as given below,     

   a st a st

P
SM = 0.4×SD×RI× T T ×(1-Al)+ T T

144

 
   

 
             (5.9) 

(c) 
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where SM = Snowmelt (mm/hr.), Ta = air temperature (°C), Tst = snow freezing temperature (°C). 

The snowmelt is determined based on the air temperature as (Riley et al. 1969), SD = Snow 

Depth (mm), RI = Radiation Index (%), Al = Albedo (%), P = Precipitation (mm/hr.). 

The model adopted for the estimation of snowmelt water is calculated using Equation 5.9 and 

the concept is shown in Figure 5.7. As shown in the figure the model considers the snow density, 

melt factor and liquid water holding capacity of snowpack etc. explicitly. The snowmelt model 

is used to estimate the amount of snowmelt water for the case of Nakayama pass slope failure. 

The results are shown in Figure 5.8 (b) and (c). A total of 31 mm snowmelt water is estimated 

on April 07, 2013 using the model. Hokkaido regional development bureau (mentioned as MLIT 

in Figure 2.8) estimated the cumulative snowmelt water on April 07, 2013 to be 31 mm. The 

total cumulative snowmelt water estimated using the model matches with the estimation of 

MLIT. On the other hand, to validate the snowmelt model, a comparison of the estimated snow 

depth to the measured snow depth data for the Nakayama pass slope failure starting from 

01-11-2012 to 07-04-2013 is made as shown in Figure 5.8 (b). The estimated results from the 

snowmelt model also match well with the measured results. From these observations, the 

snowmelt model may be reliable to estimate the hourly snowmelt water.  

 

Figure 5.7 Model to estimate the hourly snowmelt water 

In this study the snow surface albedo is considered as a function of air temperature (Tooming, 

1996). Snow surface albedo (ɑ) cannot be neglected in the estimation of net radiation over a 
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snowpack (Petzold, 1974) and thus it is a parameter necessary for the successful calculation of 

the surface heat exchange and melt rates of a snowpack (Price, 1977; Taylor-Alt, 1975). Petzold 

(1974) has also shown that a snow surface can exhibit a high day to day variability in which is a 

sharp contrast to that of a naturally vegetated surface. So, the hourly variation of snow surface 

albedo should be considered for proper prediction of hourly snowmelt. Further for 

simplification purpose, the changes in surface albedo and air temperature have been studied 

using the relationship given by global energy balance models (Warren and Schneider 1979).  

( )Q 1 I O T
R R a

                               (5.10) 

Q = radiant energy flux over snow surface (W/m2), ɑ = snow surface albedo, IR = incoming 

solar radiation (W/m2), OR = outgoing solar radiation (W/m2 •°C). Ta = temperature of air (°C). 

The radiant energy flux over the snow surface is now a function of albedo. Albedo is expressed 

as a function of air temperature as, 

(5.11 ) 

             (5.12) 

The solar radiation index of snow is a function of snow surface albedo. Here the snow surface 

albedo is a function of air temperature. The radiation index RI, is defined as the ratio of 

incoming and outgoing radiant energy fluxes from the snow surface. Riley et al. (1969) suggest 

a value of 1.09 (60/55) for the ratio between incoming and outgoing radiant energy fluxes from 

the snow surface during snowmelt seasons March, April and May. Here, the RI is calculated as a 

function of snow surface albedo as follows Petzold (1974).  

I
RRI

O
R

                                       (5.13) 

By this way the Albedo and RI are calculated as a function of air temperature in this study. 

These calculations may have some limitations over the percentage of preciseness. Anyhow, for a 

purpose of accounting the contribution of radiation energy in the melt process the 

above-mentioned way is deemed acceptable. 
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Figure 5.8 Estimation of snowmelt water using snowmelt model (a) climate data for Nakayama pass 

slope failure on 07-04-2013, (b) comparison of estimated and measured change in snow depth and 

(c) comparison of estimated snowmelt water on April 07, 2013. 

5.5 Parametric studies of soil slope failures under different magnitudes of rainfall and 

snowmelt water 

For the revisions/proposal of early warning criteria, many numbers of soil slope failures should 

be examined to check the appropriateness and applicability. On the other hand, it is time 

consuming and cumbersome to collect data and study in detail many slope failure case examples. 

In consideration to these aspects, many conceptual soil slope failures are studied using 

numerical simulations based on a recommended slope stability assessment approach. The 

applicability and validity of the numerical simulation method is detailly examined by Siva 

Subramanian et al. (2017) and in Chapter 4. In this study, an embankment slope model made up 

of a volcanic soil is chosen for the parametric studies due to the fact that volcanic soils are 

spread all over Japan and especially in Hokkaido 40 % of the surface is occupied by various 

types of volcanic soils. The soil material properties considered are same as the previous study. 

In the previous study (Chapter 4), the simulation was performed for a duration of 373 days 
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starting from November 9, 2012 to October 17, 2013. Further details about the embankment 

slope and its numerical simulations can be found from Matsumura (2014), Kawamura et al. 

(2016) and Siva Subramanian et al. (2015). In this study, the numerical analyses were done with 

different initial water content distributions chosen from different time. Those cases are as listed 

in Table 2. The slope geometry and boundary conditions are shown in Figure 5.9.  

 

Figure 5.9 Slope geometry and boundary conditions for homogeneous soil slope used in parametric 

studies 

Initial volumetric water content distributions and temperature distributions for the parametric 

studies are shown in Figure 5.10 and Figure 5.11 respectively.  
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Figure 5.10 Initial volumetric water content (m3/m3) distributions during four different seasons 

Study series A: Day 100:  

16-02-2013 

Condition: During freezing 

 

 

Study series B: Day 150:  

07-04-2013 

Condition: During thawing 

 

 

Study series C: Day 200:  

27-05-2013 

Condition: After thawing 

 

 

Study series D: Day 343:  

16-10-2013 

Condition: Before freezing 
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Figure 5.11 Initial temperature (°C) distributions during four different seasons 

  

Study series A: Day 100:  

16-02-2013 

Condition: During freezing 

 

 

Study series B: Day 150:  

07-04-2013 

Condition: During thawing 

 

 

Study series C: Day 200:  

27-05-2013 

Condition: After thawing 

 

 

Study series D: Day 343:  

16-10-2013 

Condition: Before freezing 
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The primary variables considered in the parametric study are the initial water content 

distribution chosen from day 100, 150, 200 and 343 and termed as Series A, B, C and D 

respectively. The slope height (H), the slope angle (α), different rainfall (Pr) and snowmelt rates 

(Ps) considered are summarised in Table 5.1 and Table 5.2. Different combinations of rainfall 

and snowmelt water are applied as given below. 

• Long-term rainfall with low 60-minute rainfall amount with and without snowmelt 

water 

• Short-term rainfall with high 60-minute rainfall amount with and without snowmelt 

water 

• Long-term and short-term rainfall with slow snowmelt rate and rapid snowmelt rate 

The following conditions are adopted as shown in Table 5.2.  

• For long term rainfall, the duration is considered as 24 hours. The amount of rainfall is 

considered as 10 mm/hr.  

• For short term rainfall, the duration is considered as 6 hours. The rainfall amount is 

considered as 30 mm/hr.  

• Two different snowmelt rates are considered 4 mm/hr. (slow snowmelt rate) and 15 

mm/hr. (rapid snowmelt rate) in consideration to some extensive field studies (Matsuura, 

1998).  

• The duration of the snowmelt is considered as 24 hours in which the snowmelt is 

assumed to be a sinusoidal function. At 12:00 noon the snowmelt rate is at the 

maximum.  

Table 5.1 Analytical conditions and summary of combination of factors and independent variables 

used in parametric studies 

Study 

Series 

Slope angle α 

(°) 

Slope heights H 

(m)  

Rainfall rate P (mm/hr.) and 

duration  

Snowmelt rate P 

(mm/hr.) 

A,  

B,  

C and  

D 

30,  

35,  

40 and  

45 

5,  

10,  

15 and  

20 

(a) 10 (24 hours) 

(b) 30 (00:00 ~ 06:00) 

(c) 30 (06:00 ~ 12:00) 

(d) 30 (12:00 ~ 18:00) 

(e) 30 (18:00 ~ 24:00) 

(i) 0,  

(ii) 0~4 and  

(iii) 0~15 
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4 Initial water content distributions, 4 slope angles, 4 slope heights, 5 rainfall rates and 3 snowmelt water rates = 

4×4×4×5×3 = 960 numerical simulations 

Table 5.2 Different combinations of rainfall (Pr) and snowmelt rates (Ps) considered. 

S. No Rainfall amount (mm/hr.) Duration Type 

1 10 24 hours Continuous 

2 30 6 hours Continuous 

S. No Snowmelt rate (mm/hr.) Duration Type 

1 0 ~ 4  24 hours Sinusoidal (Max. at 12:00) 

2 0 ~ 15 24 hours Sinusoidal (Max. at 12:00) 

As found from the previous studies (Ishikawa et al. 2015 and Nakatsugawa et al. 2015) the 

macro factor that influence the soil slope stability in snowy cold regions are the amount of 

rainfall and snowmelt water. Various magnitudes of rainfall and snowmelt water are considered 

under different influential conditions and the stability scenarios are studied. Different slope 

angles were considered, 30˚, 35˚, 40˚ and 45˚ with different slope heights 5 m, 10 m, 15 m and 

20 m as shown in Table 5.2. Table 5.2 also shows the summary of analytical conditions of 

selected slope models with different slope angles. The different infiltration boundary conditions 

are shown in Table 4. The series are named as A, B, C and D based on the initial conditions. The 

rainfall boundary conditions are named as a, b, c, d and e with the snowmelt rates as (i), (ii) and 

(iii) respectively. The stability is evaluated using limit equilibrium method as explained in 

Chapter 3. For these numerical simulations, the search of the slip surface has been limited to 

circular shape with a range of slip surface depth ≥ 0.12 H (H = slope height) per shallow to deep 

seated slope failures (see Figure 5.9). Surface erosion type failures are not considered. In order 

to filter the factor of safety values with minimum slip surfaces 0.12 H, a limit has been specified 

in the slip surface search routine. Only the slip surfaces with a factor of safety less than 1 and a 

slip depth of minimum 0.6 m are considered as valid slope failures. All the failure cases found 

are subjected to this condition. A total number of 960 numerical simulations were performed, of 

those 512 numbers of slope failures and 448 numbers of stable scenarios were obtained. These 

stable and failure scenarios are used for the revision and proposal of early warning criteria as 

discussed in section 5.6. The results of all the 960 numerical slope failure cases for each series 

are summarised in Tables 5.3, 5.4, 5.5 and 5.6 for series A, B, C and D respectively. 
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Table 5.3 Results of numerical simulations showing stable and failure cases for series A. 

Series Slope height (m) Slope angle (°) 
Boundary conditions 

a(i) a(ii) a(iii) b(i) b(ii) b(iii) c(i) c(ii) c(iii) d(i) d(ii) d(iii) e(i) e(ii) e(iii) 

A 5 30 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳  

A 5 35 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 5 40 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 5 45 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 10 30 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 10 35 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 10 40 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 10 45 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 15 30 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 15 35 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 15 40 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 15 45 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 20 30 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 20 35 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 20 40 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

A 20 45 ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ ╳ 

╳ - no slope failure; O – slope failure; Number of slope failures = 0  
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Table 5.4. Results of numerical simulations showing stable and failure cases for series B. 

Series Slope height (m) Slope angle (°) 
Boundary conditions 

a(i) a(ii) a(iii) b(i) b(ii) b(iii) c(i) c(ii) c(iii) d(i) d(ii) d(iii) e(i) e(ii) e(iii) 

B 5 30 ╳ O O O O O O O O O O O O O O  

B 5 35 ╳ O O O O O O O O O O O O O O 

B 5 40 ╳ O O O O O O O O O O O O O O 

B 5 45 ╳ O O O O O O O O O O O O O O 

B 10 30 ╳ O O O O O O O O O O O O O O 

B 10 35 ╳ O O O O O O O O O O O O O O 

B 10 40 ╳ O O O O O O O O O O O O O O 

B 10 45 ╳ O O O O O O O O O O O O O O 

B 15 30 ╳ O O O O O O O O O O O O O O 

B 15 35 ╳ O O O O O O O O O O O O O O 

B 15 40 ╳ O O O O O O O O O O O O O O 

B 15 45 ╳ O O O O O O O O O O O O O O 

B 20 30 ╳ O O O O O O O O O O O O O O 

B 20 35 ╳ O O O O O O O O O O O O O O 

B 20 40 ╳ O O O O O O O O O O O O O O 

B 20 45 ╳ O O O O O O O O O O O O O O 

╳ - no slope failure; O – slope failure; Number of slope failures = 224; Number of stable cases = 16 
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Table 5.5. Results of numerical simulations showing stable and failure cases for series C. 

Series Slope height (m) Slope angle (°) 
Boundary conditions 

a(i) a(ii) a(iii) b(i) b(ii) b(iii) c(i) c(ii) c(iii) d(i) d(ii) d(iii) e(i) e(ii) e(iii) 

C 5 30 ╳ O O O O O O O O O O O O O O  

C 5 35 ╳ O O O O O O O O O O O O O O 

C 5 40 ╳ O O O O O O O O O O O O O O 

C 5 45 ╳ O O O O O O O O O O O O O O 

C 10 30 ╳ O O O O O O O O O O O O O O 

C 10 35 ╳ O O O O O O O O O O O O O O 

C 10 40 ╳ O O O O O O O O O O O O O O 

C 10 45 ╳ O O O O O O O O O O O O O O 

C 15 30 ╳ O O O O O O O O O O O O O O 

C 15 35 ╳ O O O O O O O O O O O O O O 

C 15 40 ╳ O O O O O O O O O O O O O O 

C 15 45 ╳ O O O O O O O O O O O O O O 

C 20 30 ╳ O O O O O O O O O O O O O O 

C 20 35 ╳ O O O O O O O O O O O O O O 

C 20 40 ╳ O O O O O O O O O O O O O O 

C 20 45 ╳ O O O O O O O O O O O O O O 

╳ - no slope failure; O – slope failure; Number of slope failures = 224; Number of stable cases = 16 
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Table 5.6. Results of numerical simulations showing stable and failure cases for series D. 

Series Slope height (m) Slope angle (°) 
Boundary conditions 

a(i) a(ii) a(iii) b(i) b(ii) b(iii) c(i) c(ii) c(iii) d(i) d(ii) d(iii) e(i) e(ii) e(iii) 

D 5 30 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O  

D 5 35 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 5 40 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 5 45 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 10 30 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 10 35 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 10 40 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 10 45 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 15 30 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 15 35 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 15 40 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 15 45 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 20 30 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 20 35 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 20 40 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

D 20 45 ╳ ╳ ╳ ╳ ╳ O ╳ ╳ O ╳ ╳ O ╳ ╳ O 

╳ - no slope failure; O – slope failure; Number of slope failures = 64; Number of stable cases = 176 
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5.6 Revisions/proposal of new early warning criteria 

Possible revisions of the early warning criteria are studied by incorporating the amount of 

snowmelt water along with rainfall in both the SWI and ER indices. Revisions of the effective 

rainfall index, 60-minute rainfall and SWI relationships are studied through; 

 1. Including snowmelt water in ER/SWI calculation 

 2. Determining/revising the threshold – Critical Line (CL) 

The revisions of the early warning are done for the slope failure scenarios observed from the 

conceptual numerical slope failure cases. From those simulations performed as explained in 

section 5.5, the failure as well as stable scenarios are classified based on the factor of safety 

value (FOS). The FOS values lower than 1 are considered as slope failures. 

5.7 Proposal of new criteria Effective Precipitation (EP) index 

For all the failure and stable scenarios obtained from the simulations, the Effective Precipitation 

index and Soil Water Index were calculated. The method to calculate the EP index is explained 

as follows. 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 namely 1.5-hour half-life and 72-hours half-life and can be calculated as, 

n / T
hEP P P 0.5

t t-n

 
   

 
                                (5.14) 

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. The proposed criteria EP index is similar to the MR 

proposed by Matsuura et. al. (2013). Matsuura et al. (2013) considered the snowmelt water in 

their calculation by setting up monitoring stations in Busuno, Japan. On the other hand, it is 

never possible to set up monitoring stations all over the targeted area (i.e. Hokkaido). To 

overcome such intricacy, in this study the hourly snowmelt water is estimated from the 
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snowmelt estimation method given in section 5.4. If an early warning criteria should be adopted 

for Hokkaido region, many case examples of slope failures should be studied considering 

different snowmelt and rainfall rates. Further, Matsuura et al. (2013) have shown only one case 

of slope failure during snowmelt season and two cases of slope failures during rainy seasons 

from which it will be difficult to adapt the concept of MR all over Hokkaido. Considering all 

these aspects in this study a criteria EP index is proposed and validated against many cases of 

slope failures.    

Effective precipitation index 1.5 hours and 72 hours considering snowmelt water is shown in 

Figure 5.12 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 et al. (2013).  

 

Figure 5.12 Possible revisions of the Effective rainfall index with snowmelt water/ Effective 

precipitation index 

Additionally, the effective precipitations are studied for the numerical parametric studies as 

shown in Figure 5.13 and Figure 5.14. These two figures are arranged like, in the left the factor 

of safety (FOS) obtained from the simulations, in the centre EP index and in the right SWI for 

the corresponding cases. The stability of the slope is inferred from FOS values in the left figures. 

Then, the middle and right figures are checked whether the criteria predict the slope failure or 

not. In Figure 17, there are two cases in which slope failure occur. The slope failures occur at 

times 19:00 for case a(ii) and at 12:00 for case a(iii). For both the cases the EP predicts the slope 
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failure as the CL is exceeded. In this way, the applicability of the EP and SWI are checked and 

validated. In other words, it could be described that, once the CL is exceeded there is a danger 

of slope failure and since the EP value continue to increase with time a failure is observed.  

 

Figure 5.13 Factor of safety, Effective Precipitation index and Soil Water Index for study series B 

with 45° slope angle, 5 m slope height, 10 mm/hr. rainfall with two different snowmelt rates 

The soil slope failures usually will get triggered after some considerable duration of rainfall. 

Owing to these conditions, the prediction by the EP index would also be considered appropriate. 

It could be seen that for most of the cases of failures and stable scenarios the criteria perform 

well for the cases in Figure 5.13 and Figure 5.14. The Effective Precipitation index for half-lives 

6 hours and 24 hours were also plotted in Figure 5.15 and Figure 5.16 to compare it with 72 

hours effective precipitation. For the case of slope failures in Figure 5.15, the Effective 

Precipitation with half-lives 6 hours and 24 hours do not predict the slope failure. Table 5.7 

shows the number of slope failures and stable cases for each series and the rate of predictions by 

EP using three different half-lives. The number of slope failures observed in each series A, B, C 
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and D are 0, 224, 224 and 64 respectively (total 512). It could be seen that for all the slope 

failures during thawing and after thawing seasons (series B and C), the EP with 72 hours 

half-life gives 100 % prediction whereas the EP with half-lives 6 hours and 24 hours give 

86.66 % of successful predictions.  

Table 5.7 Rates of successful predictions (proper identification of the slope failure) using EP index 

(CL – Matsuura) with different half-lives. 

S. 

No.  

Study 

Series 

Slope 

failures 

Stable 

cases 

% of prediction EP (1.5 

hr. and 72 hr.) 

% of prediction EP (1.5 

hr. and 24 hr.) 

% of prediction EP (1.5 

hr. and 6 hr.) 

Success Unsuccessful Success Unsuccessful Success Unsuccessful 

1 A 0 240 - - - - - - 

2 B 224 16 100 % 0 % 86.66 % 13.33 % 86.66 % 13.33 % 

3 C 224 16 100 % 0 % 86.66 % 13.33 % 86.66 % 13.33 % 

4 D 64 176 100 % 0 % 100 % 0 % 100 % 0 % 

 

Figure 5.14 Factor of safety, Effective Precipitation index and Soil Water Index with 45° slope angle, 

5 m slope height, 30 mm/hr. rainfall with two different snowmelt rates 
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Only for the case of failures induced by high amount of rainfall and snowmelt water, the slope 

failure is predicted by 6 hours and 24 hours half-lives as shown in Figure 5.16. In all these 

situations, the applicability of 72 hours half-life Effective Precipitation was found to be 

appropriate. From this observation, it could be said that for the prediction and early warning of 

snowmelt induced soil slope failures, the proposed new criteria with half-lives of 1.5 hours and 

72 hours will be helpful. On the other hand, it is noteworthy to discuss the trend of false 

predictions (stable cases predicted as failures) by the EP index so that the limitations of the 

criteria can be understood. As shown in Table 5.8, the rate of false predictions is calculated for 

series A, B, C and D using CL defined by Matsuura et al. (2013) and CL3 defined by Yano 

(1990). All the slopes were stable in series A (during freezing) and 176 numbers of stable cases 

were observed in series D (before freezing).  

Table 5.8 Rates of false predictions (stable cases identified as slope failures) using EP index 

reference to CL – Matsuura and CL3 - Yano. 

 

 

 

   

S. 

No. 

Study 

Series 

Slope 

failures 

Stable 

cases 

% of false predictions EP (1.5 hr. 

and 72 hr.) CL – Matsuura  

% of false predictions EP (1.5 hr. 

and 72 hr.) CL3 - Yano 

1 A 0 240 100 % 0 % 

2 B 224 16 0 % 0 % 

3 C 224 16 0 % 0 % 

4 D 64 176 100 % 0 % 
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Figure 5.15 Comparison of Factor of safety, Effective Precipitation index 6 hours half-life and 24 

hours half-life for study series B with 45° slope angle, 5 m slope height, 10 mm/hr. rainfall with two 

different snowmelt rates 
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Figure 5.16 Comparison of Factor of safety, Effective Precipitation index 6 hours half-life and 24 

hours half-life for study series B with 45° slope angle, 5 m slope height, 30 mm/hr. rainfall with two 

different snowmelt rates 
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Figure 5.17 Plots of all slope failures and stable cases using Effective Precipitation index with 

half-lives 1.5 hours and 72 hours (a) series B and C, (b) series A and D. 

Since the threshold value (CL proposed by Matsuura et al. 2013) of the EP index is low for all 

these stable cases, the CL will be exceeded and a false warning may be made. Whereas if the 

CL3 proposed by Yano (1990) is used, the false warnings can be avoided as shown in Table 6. 

Similar trend was also observed for the cases of Typhoon disaster in Hokkaido using the ER 

index discussed in section 5.1.2. Different critical lines (CL) are necessary during rainfall 

season and snow melting and thawing season. For the cases of series B and C (thawing and after 

thawing seasons), there are no false warnings observed. All the slope failures are predicted as 

failures and all the stable cases were also identified properly. It could be said that the CL 
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proposed by Matsuura et al. (2013) designated using the EP index is especially applicable for 

soil slope failure in snow melting and thawing season and after thawing season. Whereas for the 

case of rainfall induced slope failures the CL proposed by Yano, (1990) is found applicable. 

Figure 5.17(a) and (b) show the Effective Precipitation index for all the numerical case 

examples for series B and C and series A and D respectively. These Figures are plotted in the 

following way. Unlike the continuous snake lines plotted for EP in Figure 5.13 and Figure 5.14, 

in Figure 5.17(a), the black square boxes show the EP for slope failures at which the FOS value 

reduces less than 1 and the white square boxes show the EP for stable slope cases (FOS equal to 

or greater than 1) for the series B and C. Similarly, in Figure 5.17(b), snake lines are plotted 

with the black square boxes showing the EP for slope failures at which the FOS value reduces 

less than 1 and the white square boxes show the EP for all stable slope cases (FOS equal to or 

greater than 1) for the series A and D. This will give an idea about the location of slope failures 

along the snake lines in a two-dimensional plot. It could be seen that using the designated CL 

proposed by Matsuura et al. (2013), the failures and stable scenarios during snow melting and 

thawing seasons are explicitly delineated. The rainfall slope failures are clearly distinguished by 

the CL proposed by Yano (1990). In comparison to other CLs, the CL3 predicts the slope failure 

and stable cases more clearly. Unlike SWI, the EP index does not require a revision in the CL 

for slope failures occur during snow melting and thawing season. The EP index show the fact 

that the CL proposed by Matsuura et al. (2013) can be applied to the slope failures in Hokkaido 

because the original model can consider the effects of snowmelt water on slope failures. 

Therefore, it is reasonable to apply the CL to slope failures in Hokkaido. On the other hand, the 

CL for SWI proposed by Nakatsugawa et al. (2015) does not consider the effects of snowmelt 

water.  

5.8 Revisions of the 60-minute rainfall and SWI relationships 

Revisions for the 60-min rainfall and SWI relationships are done by considering the snowmelt 

water as an input in the calculation of SWI. The criteria are then applied to the slope failure 

cases as shown in Figure 5.18. It could be seen that even after incorporation of the snowmelt 

water in the calculation, the index does not predict the slope failure. A revision for the threshold 

line is designated for Hokkaido. In addition, from Figure 5.13 and 5.14, it could be seen that the 

SWI fail to predict the slope failures as the threshold value (CL) is much larger. Similar 

behaviour has been observed for the Nakayama pass slope failure case (Figure 5.3) and have 
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been reported by Iwakura et al., (2010) and Nakatsugawa et al., (2015) as well. The basic 

concept of the currently operating Japanese early-warning system (Osanai et al., 2010) explains 

that the CL for a particular region can be revised if it is necessary. As many researchers, have 

found that the CL designated is not appropriate for the snowy Hokkaido region, in this study the 

revisions are studied. The critical line designated for Hokkaido is revised based on the slope 

failure data using the conceptually derived RBFN (Radial Basis Finite Network) lines as shown 

in Figure 5.18. The RBFN is a cluster of slope failure as well as stable data through which JMA 

delineates the CL. At JMA, the RBFN lines are derived from years and years of occurrences and 

non-occurrences of slope failures within the preferred area. Of those RBFN lines, the one which 

could delineate the margin between the failure and stable scenarios is selected as a CL. For all 

the 448 numbers of slope failures from series B and C and 64 numbers of slope failures from 

series D, the corresponding SWI were plotted in two-dimensional plane along with many CL as 

shown in Figure 5.19(a) and (b) respectively. The failures are identified by checking the FOS is 

lesser than 1. The stable and failure cases from the series B and C are plotted in Figure 5.19(a) 

and from series A and D are plotted in Figure 5.19(b). These figures are plotted in the same way 

as the EP index shown in Figure 5.17(a) and (b). It could be seen that the designated CL does 

not predict the failures and stable scenarios clearly in Figure 5.19(a). A clear demarcation 

between the failures and stable cases are identified at line connecting 30 mm/hr. rainfall and 150 

mm SWI. Similar to the procedure followed by JMA (Osanai et al. 2010), a CL line can be 

delineated between the occurrence and non-occurrences of failures as shown in Figure 5.19(a). 

From the possible revisions studied the line with a minimum of 30 mm 60-minute cumulative 

rainfall and 150 mm SWI is found to be appropriate for the prediction of snowmelt induced soil 

slope failures. The improvement effect of the prediction by SWI is studied and shown in Table 

5.9.  

Table 5.9 Rates of successful predictions (proper identification of the slope failure) using SWI 

before and after revising CL. 

S. 

No. 

Study 

Series 

Slope 

failures 

Stable 

cases 

% of prediction by SWI before 

revising CL 

% of prediction by SWI after 

revising CL 

Success Unsuccessful Success Unsuccessful 

1 A 0 240 - - - - 

2 B 224 16 0 % 100 % 92.85 % 7.15 % 

3 C 224 16 0 % 100 % 92.85 % 7.15 % 

4 D 64 176 100 % 0 % 100 % 0 % 



100 

 

It could be seen from Table 5.10 that before revising the CL, the rate of successful prediction of 

slope failures is 0 % for series B and C (thawing and after thawing seasons). After revising the 

CL, the rate of successful prediction of slope failures is improved to 92.85 % with an 

unsuccessful prediction rate of 7.15 % for series B and C. Analysing the rate of false predictions 

(stable cases noted as failures), as shown in Table 5.6., the rate is 0 % for all the series A, B, C 

and D before revising the CL.  

Table 5.10 Rates of false predictions (stable cases identified as slope failures) using SWI before and 

after revising CL. 

Since there is no prediction made, the possibility of making a false prediction is always zero. 

Whereas, after revising the CL the false prediction rates increase to 100 % for series A and D 

and remain 0 % for series B and C. In Figure 5.19(b) the slope failures and stable cases from 

series A and D are plotted considering the CL designated for Hokkaido. It could be seen that 

most of the slope failures are predicted when considering the existing CL. From this observation, 

it could be said that the revised CL for SWI is applicable only for the slope failures induced by 

snowmelt water during thawing and after thawing seasons.     

S. 

No. 

Study 

Series 

Slope 

failures 
Stable cases 

% of false prediction by SWI 

before revising CL 

% of false predictions by SWI 

after revising CL 

1 A 0 240 0 % 100 % 

2 B 224 16 0 % 0 % 

3 C 224 16 0 % 0 % 

4 D 64 176 0 % 100 % 
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Figure 5.18 Revision of CL for SWI based on occurrence and non-occurrence of slope failures using 

data from study series B with 45° slope angle, 5 m slope height, 10 mm/hr. and 30 mm/hr. rainfall 

with two different snowmelt rates 
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Figure 5.19 Possible revisions of the Critical Line designated for Hokkaido. Revision threshold lines 

are conceptual/equivalent RBFN lines (a) series B and C, (b) series A and D. 

5.9 Discussion on merits and shortcomings of the proposed method 

The merits and demerits of the early warning criteria studied in this paper are summarized here. 

The Effective Precipitation (EP) index will be useful to predict the slope failures induced by 

slow soil surface infiltration derived from the snowmelt water. For this purpose, the Effective 

Precipitation with a 72 hours half-life was found to be appropriate. On the other hand, as seen 

from the case examples on Typhoon induced sediment disasters in Hokkaido, the CL proposed 

(a) 

(b) 
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by Matsuura et al. (2013) for the Effective Precipitation index was found to be exceeding to a 

large value at all stages as observed from Figure 5.4. Further, it is found from the numerical 

simulations that the EP criteria with the CL proposed by Matsuura et al. (2013) considerably 

over estimates the slope failures for cases in series A and D with a false prediction rate of 100 %. 

Whereas the CL proposed by Yano (1990) predicts the slope failure and stable cases for the 

series A and D without a false prediction rate. However, for the cases of slope failures in series 

B and C (thawing and after thawing seasons), the EP index with the CL proposed by Matsuura 

et al. (2013) shows 100 % successful prediction rate. Due to this fact, it could be said that the 

threshold CL for Effective Precipitation index should be changed considering the season. The 

CL proposed by Matsuura et al. (2013) should be used during snowmelt season and the CL 

proposed by Yano (1990) should be used during rainy seasons.  

The SWI calculated for the case of Nakayama pass slope failure shown in Figure 16 does not 

predict the slope failure even if the snowmelt water is taken into consideration. The increase in 

SWI is very small as compared with the increase in Effective Precipitation index when 

considering the snowmelt water (Figure 5.13 and Figure 5.14). Even if the hourly snowmelt 

water is considered, the SWI does not increase to reach the CL designated for Hokkaido. 

Whereas, by using the revised CL, the slope failures for most of the cases in series B and C are 

predicted with a success rate of 92.85 %. The Nakayama pass slope failure could also be 

predicted if the revised CL is considered (Figure 5.3). The 7.15 % of unsuccessful rate comes 

due to the SWI fail to predict the slope failure in case the amount of rainfall is very low. 

Whereas, a 100 % success rate is achieved by the EP index predicting all the numerical slope 

failures and case examples during the snowmelt season precisely. On the other hand, the revised 

CL for SWI considerably over estimates the slope failures for cases in series A and D with a 

false prediction rate of 100 %. With the currently available CL for Hokkaido, the slope failures 

and stable cases are delineated with more accuracy as shown in Figure 5.19(b).  

It could be suggested that, for the prediction of snowmelt induced soil slope failures, the 

Effective Precipitation index would be appropriate rather than the Soil Water Index. Whereas, 

the Soil Water Index would be appropriate to predict the failures induced by heavy rainfall i.e. 

Typhoon etc. Since the objective of this study is to find some criteria for the prediction of 

snowmelt induced soil slope failures in cold regions, the use of Effective Precipitation (EP) 

index is recommended. On the other hand, from these detailed studies of early warning criteria, 
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it is also significant to note the advantages of performing numerical simulations to revise the 

CLs for EP and SWI. Based on the studies performed, it has been found that numerical 

simulations can be reasonably used to set the CL for both snowmelt and rainfall induced slope 

failures since the results of stable and slope failure cases agree well with the existing CLs.  
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CHAPTER 6 

6 RECOMMENDATIONS AND CONCLUSIONS 

The conclusions and recommendations of this study are summarised in two parts. The first part 

is from Chapter 4 explaining the main conclusions of the numerical simulations performed 

using the stability assessment approach for case examples. The second part is from Chapter 5 

detailly explaining the main finding of the study on prediction and early warning of snowmelt 

induced soil slope failures in snowy cold regions.   

6.1 Conclusions and recommendations from Chapter 4 – Stability assessment approach 

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.  
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 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.    

6.2 Conclusions and recommendations from Chapter 5 – Prediction and early warning 

of soil slope failures in snowy cold regions 

Prediction 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 
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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 both snowmelt and rainfall induced soil 

slope failures.  

An Effective Precipitation index for the prediction of snowmelt and rainfall induced soil slope 

failures in cold regions is recommended in this study. The proposed early warning criteria uses 

the estimation of hourly snowmelt and rainfall from the meteorological data in a straight 

forward way to calculate the threshold levels. The validation of the proposed criteria using slope 

failure case examples and numerical simulations have been done stating that the criteria will be 

useful for the prediction of oncoming slope/sediment disasters in snowy cold regions. Further 

evaluation of these methods using many slope failure case examples considering different soil 

types, and analysing various slope failures case studies may be necessary to standardise the 

proposed threshold values due to the fact that the revisions of the criteria in this study are 

performed based on numerical simulations considering a single type of volcanic soil. 
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6.3 General design guidelines for manmade embankments/natural slopes in seasonal 

cold regions 

Some specific design guidelines for soil slopes in seasonal cold regions are outlined here. Note 

the guidelines provided here are drafted from the conclusions of the study and not relevant to 

any geotechnical society specific design standards or criteria.  

 The maximum anticipated depth of the freezing front during winter periods need to 

be known before starting the slope construction.  

 If it is expected that the soil ground will freeze for a considerable depth i.e. more or 

less 1 m deep for a 5 m tall slope, the shear strength of frozen soil need to measured 

explicitly through a laboratory experimental program and these values have be used 

in the stability calculation.  

 For the above mentioned purpose a slope height to freezing depth ratio can be 

established as a guideline.  

 The maximum anticipated depth of snow accumulation need to be predetermined to 

decide whether manual removal of snow is necessary or not. If manual removal is 

not necessary, calculation of anticipated snowmelt water is essential.  

 If it is found that there will be excess amount of snowmelt water, methods to drain 

the melt water should be constructed beforehand.   

 The factor of safety of the designed slope should be predicted against the extreme 

rainfall and snowmelt event over a period of past ten years.  
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6.4 Recommendations for further studies 

This dissertation proposes a slope stability assessment approach and an early warning criteria 

for soil slope instabilities in seasonal cold regions. The studies have been performed through 

analysing three different case examples of soil slope failures in Hokkaido, Japan. The robustness 

and applicability of the proposed methods has been validated through performing detailed case 

to case studies of all the three slope failures and further parametric studies. Some further 

recommendations and guidelines for future studies are outlined here. 

• Examination of the slope stability assessment method based on numerical simulations 

for many soil slope failures in seasonal cold regions using climate data/forecast is 

advisable.  

• Examination of the early warning criteria for soil slope failures in seasonal cold regions 

using climate data/forecast is strongly advised.  

• Detailed studies on small, regional to large scale slope failure using numerical 

simulations and early warning predictions.   

• Performing reliability analysis for the numerical slope simulation studies and studying 

the validity of all FOS values in 960 numerical simulations. 
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