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Abstract 

The global climate change process is actively underway and is expected to continue over the 

century. It has been predicted that the climate variables such as precipitation and potential 

evaporation will change significantly over the course of the century. Consequent changes in 

moisture content patterns within the earth structures, can destabilize, currently stable natural and 

engineered slopes and infrastructure embankments. A number of experimental and numerical 

studies have been conducted to study the effects of changing precipitation patterns and quantities 

on the stability of slopes. However, most of the previous researches used conventional limit 

equilibrium methods for slope stability assessment. In this research, extreme events impact on 

slope stabilities considering the initial moisture condition within the embankments is studied.  

Moreover, the widely used conventional Limit Equilibrium (LE) methods for slope stability 

assessment are neither capable of analyzing the initiation of instabilities nor the process of 

potential surficial failures. These methods are also not capable of predicting shallow translational 

failure modes that have been observed for climate-induced slope instabilities. In this research, the 

effect of climate change on the stability of embankments is quantified by estimating a field of 

Local Factor of Safety (LFS) using a coupled in-situ stress finite element analysis and variably 

saturated flow analysis. In this method, the effect of moisture content variation on the effective 

stress is taken into account using suction stress state. Also, the initial moisture condition is 

considered based on statistical analysis of long-term variation of moisture content within the soil 

embankment using variably saturated flow analysis. The capability of the proposed simplified 

assessment approach in identifying global and local failure zones is compared to the elasto-plastic 

finite element analysis. As the case study, the effects of climate change on the stability of a typical 

highway embankment in Niagara Falls, London and Ottawa, in Ontario is studied.  
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Chapter 1:  Introduction 

Climate change is a long-term shift in weather conditions primarily identified by changes 

in temperature and increase in the intensity and frequency of extreme weather events. Changes 

to the climate system are unequivocal and Canada is one of the countries that is warming at a 

faster rate than the world average (IPCC 2013). Climate warming will result in changes of other 

important climate variables, such as precipitation, and potential evaporation. Climate change 

involves both changes in average conditions and changes in variability, including frequency 

and intensity of extreme weather events. Strauch et al (2015) have indicated that climate change 

may cause the less frequent, but more intense rainfalls. According to IPCC (2013), it is expected 

that the frequency and intensity of the extreme precipitation events in North America will 

increase in the future. Pk (2017) investigated the changes in climate variables over the next 90 

years in the City of Toronto. His research indicates that the mean annual temperature could 

potentially increase up to 6°C by the end of the 21st century. His research also shows that higher 

annual precipitation up to 18.5% can be expected with higher intensity extreme precipitation 

events.  

Soil embankments are an important class of geotechnical infrastructure in transit and 

transportation networks. Due to permanent exposure to the environment, stability of 

embankments is highly dependent on the climate variables. Precipitation and evaporation are 

the two important climate variables that control the water balance at the embankment surface. 

The pore pressure distribution in the embankment is dependent on the water balance at the 

embankment surface. Increase in pore water pressure can reduce the shear strength of the 

unsaturated soil materials and can adversely affect the stability of embankments (Fredlund et 
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al. 2012). Shear strength is the amount of shear stress that soil can hold out against. The shear 

strength and how it can be mobilized is one of the important factors in slope stability. 

Several researchers have used numerical modelling for the investigation of climate change 

impacts on the stability of slopes (e.g., Collison et al. 2000; Rouainia et al. 2009; Robinson et 

al. 2017; and,  Pk et al. 2018). The majority of these slope stability assessment studies have 

been carried out using the widely used limit equilibrium method (LEM). However, the 

conventional limit equilibrium method is not generally capable of capturing local and shallow 

failures that are more likely to occur in slopes subjected to extreme precipitation events 

(Bagheri et al., 2019). 

To accurately assess the behavior of embankments under changing climate, a deformation 

assessment using coupled hydro-mechanical analysis, with an appropriate elasto-plastic 

constitutive law may be required.  This study is a part of an ongoing research about the effects 

of climate change on the stability of highway embankments across the province of Ontario. The 

objective of current study is to investigate the effect of climate change on the stability of soil 

embankments by estimating the field of Local Factor of Safety (LFS). In order to accomplish 

this objective, a coupled hydro-mechanical model using in-situ finite element analysis and 

unsaturated flow formulation, equipped with soil-atmosphere boundary condition was 

developed. The effect of water content variation on in situ effective stress field is taken into 

consideration using the suction stress state concept within the unsaturated soil mechanics 

framework. In this method, the in-situ stress field is calculated based on the elastic finite 

element analysis. The calculated LFS contour maps are compared to the yield zone obtained 

from an elasto-plastic finite element analysis. Moreover, conventional limit equilibrium method 
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and finite element-based limit equilibrium method in which the stability condition is identified 

in terms of single factor of safety were studied for the model verification purposes.  

As a case study, the effects of climate change on the stability of a typical highway 

embankment consisting of sandy or silty soils in cities of Niagara Falls, London and Ottawa 

were assessed. The developed hydromechanical model was used to estimate the evolution of 

LFS field for 24 hours (6-hr historical and future design storms and 18-hr after the end of 

precipitation). The initial moisture condition within the embankments were obtained based on 

statistical analysis long term seepage analyses. In these analyses, the embankments were 

subjected to long-term historical and future climates for the locations under consideration. 

 

1.1 Thesis Objective and Procedure 

The objective of this research is to assess the capability of LFS method in analysis of slope 

instabilities under climate changes and study of the impact of different soil hydraulic parameters 

on embankment stability of typical highway soil embankments in three select cities in Ontario.  

The numerical modeling and simulation of climate changes impact requires multiple 

hydrogeological, hydrological and geotechnical inputs. To achieve the above-mentioned 

preliminary approach, staged objectives were defined, and relevant studies were completed.  

Figure 1.1 shows a summary of the implemented procedure and the objective of this 

research. In this research, a 30-year historical climate dataset (i.e., 1981-2010) and a 90-year 

(i.e., 2011-2100) future climate datasets were reviewed and introduced for the analysis. 

Assessment of local factor of safety and slope shallow failures during extreme precipitation 

events was carried out by introducing initial moisture content conditions based on statistical 
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analysis of long-term unsaturated flow analysis results for historical and future climate from 

the hydrological model into the finite element models in the form of coupled variably saturated 

flow and stress field analyses (i.e., Cube Module of HYDRUS 2D/3D program). 

As illustrated below, the long-term climate data is introduced to the numerical HYDRUS 

2D/3D model (soil-atmosphere model) and initial moisture condition of the slope interpreted 

accordingly. Moreover, extreme precipitation events extracted from the design intensity-

duration-frequency (IDF) curves of climate data that relates duration, intensity of rainfall and 

frequency of occurrences to each other and can be used for forecasting of its hydrological and 

hydrogeological impact in future. 

Both aforementioned initial moisture distribution and extreme precipitation events 

(extracted from the IDF curves) introduced to Cube Module of HYDRUS 2D/3D and the field 

of LFS assessed for the sandy and silty embankments in Niagara Falls, London and Ottawa. 

Moreover, a LEM and an elasto-plastic constitutive law analysis carried out for one of 

embankments and the LFS results have been compared with LEM and elasto-plastic analysis. 

Assessment of the expected failure extent comparing the historical occurrences with the 

forecasted future impacts for both sandy and silty embankments have been presented as the 

conclusion of this research. Furthermore, based on the research conclusions, a guidance and 

proposed plan for future research has been compiled and presented.  
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Figure 1.1 Research Procedure Flowchart 
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1.2 Thesis organization 

This thesis has been organized into six (6) chapters:  

• Chapter 1:  presents the introduction of this research including objective and a summary 

of the procedures employed and accomplishments inline with planned objectives. 

• Chapter 2:  provides a review summary of technical background and the previous studies 

and their conclusions and limitations. 

• The historical and future climate data, design climate including the extreme events and 

long-term design climate data analysis are discussed in the Chapter 3:  this research.  

• The Chapter 4:  presents the carried-out research methodology including estimation of 

the field of local factor of safety (LFS) using suction stress, limit equilibrium method 

and elastic finite element modeling details. Moreover, the second part of this chapter 

presents the geometrical, geotechnical and hydrogeological details of typical MTO 

embankments in Ontario that have been simulated for this study in Niagara Falls, 

London and Ottawa in Ontario, Canada. 

• In Chapter 5:  findings, results, and discussions based on the research outcomes are 

presented. This includes an overview of results and comparison of the findings for 

highway embankments in the area of Niagara Falls, London and Ottawa. 

• The conclusions of this research, a summary of findings and recommendations for future 

research are presented in Chapter 6:   Moreover, the overview of the contribution of this 

research is presented in this chapter. 

• References are presented at the end of this research.  
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• The Historical and Future IDF Curves for Niagara Falls, London and Ottawa are 

presented in Appendix A, and, 

• Evolution of Area of LFS <1 (m2) vs Precipitation time (6 hours) and assessment time 

(24 hours) for Embankments in London and Ottawa are presented in Appendix B.
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Chapter 2:  Theoretical Background 

2.1 Climate Change 

The human influence on changing climate is obvious and greenhouse gases are at the highest 

amount in the atmosphere impacting natural systems and humans (IPCC  2014). These impacts 

will be irreversible and will cause long-lasting changes in climate. The climate change impact and 

potential risks associated with it will not be evenly distributed across the globe. According to IPCC  

2014, there are likely more regions across the globe experiencing more frequent and intense 

precipitation and, north America is one of them which likely will experience higher frequency and 

intensity of heavy precipitation events. Based on IPCC  2014, climate change is a threat to 

sustainable development and adaptation and mitigation measures are suggested. In urban areas, 

impact of climate changes, particularly storms and extreme precipitation will likely amplify the 

relevant damaging risks for lacking essential infrastructures and assets.  

Fallah-Ghalhari et al. (2019) studied the impacts of climate changes on maximum and 

minimum temperatures. They indicated that the identification of the behavior of extreme weather 

events is a key factor in climate change globally. They referred to the studies that have shown 

that the change in the frequency and intensity of extreme events relative to the change in mean 

climatic parameters will possibly have more notable adverse impact on different aspects of 

human society and infrastructure (Brown 2004,  

Tao et al. 2012, and, Labajo et al. 2014). They indicated that the important impacts due to the 

climate changes are extreme events related to temperature and precipitation. They concluded that 

people should be prepared to overcome these extreme events that may produce short-term and 

long-term effects affect on human health, community, and infrastructures (López-Diaz et al. 2013, 

Kwak et al. 2015, and, Scripca et al. 2016). 
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Vincent et al. (2018) studied the changes in Canada’s climate and declared the Canada’s 

climate is changing. They reviewed the data from all stations in Canada for the period of 1948 to 

2016 and southern Canada stations’ data for the period of 1900 to 2016. Their study was carried 

out based on daily temperature and precipitation data. They concluded that in southerly regions of 

Canada the number of hot days and hot nights have increased. In general, frost-free seasons are 

longer and the climate changes trend is inline with warming and larger trends observed related 

with cold temperatures in winter. They indicated that number of rainy days with heavy 

precipitation is increased. According to their study, although there is no consistent trend for 

extreme precipitation, total increase in precipitation have been noted. Southern British Colombia 

(BC) and Ontario found with more wet days due to climate change. Moreover, very wet days have 

increased in BC, southern Quebec and southern Ontario. Vincent et al. (2018) also concluded that 

the climate change can have an adverse impact on road maintenance (Schmidlin et al., 1987, 

Hershfield, 1979, and, Ho & Gough, 2006). 

Pk (2017) assessed the variation of Toronto, Ontario climate parameters for the next 90 years. 

He concluded that the quantity and intensity of precipitation in the future may possibly become 

approximately 100% greater than the historical period. He reported that the yearly increase in trend 

of precipitation amount and extreme events are expected in the future. 

Taban et al. (2019) published the Chapter 4 of Canada’s Changing Climate Report (CCCR), 

assessing observed (historical) and projected (future) changes in temperature and precipitation 

across Canada. They reported with “medium confidence” that the yearly average precipitation in 

Canada has increased and it is “virtually certain” that Canada’s climate will be warmer in future 

as it already warmed. It is noteworthy, that CCCR has indicated that with “high confidence” daily 

extreme precipitation event will increase. They reported that increase in precipitation can cause 
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damages to the roads and their infrastructures. Similar to Vincent et al (2018) assessment, CCCR 

reported that several locations across Canada including southern Ontario is expected to experience 

more frequent extreme precipitation events and longer duration extreme event may cause more 

significant damages and flooding. 

 

2.2 Slope Stability under Changing Climate 

Numerical simulation of climate change impact on slope stability requires a multi-disciplinary 

approach. This includes a climate model to provide high-resolution future climate dataset as well 

as a hydrological model to simulate variably saturated flow due to soil-atmosphere interaction. 

Further, a proper geotechnical model is required for slope stability assessment considering the 

effects of suction on shear strength of the soil. Several researchers have proposed numerical 

models for investigation of climate change impacts on the stability of slopes (e.g., Collison et al. 

2000; Rouainia et al. 2009; Robinson et al. 2017; Pk et al. 2018). Even though the soil-atmosphere 

interaction (precipitation and evaporation) is more likely to cause shallow and local failures, most 

of the previous studies have only considered the general or deep-seated failures using the 

conventional limit equilibrium methods. 

Changes in extreme precipitation patterns due to climate change have the potential to affect 

the stability of both natural and constructed slopes. Highway embankments are continuously 

exposed to changing climate conditions and water exchanges takes place at the soil-atmosphere 

boundary of slopes. It will change the water storage in the slopes that would cause an increase in 

the pore water pressure and a decrease in the suction stress and subsequently the soil shear strength. 

These changes in pore pressure and shear strength can lead to slope instabilities Fredlund et al. 
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(2012). However, it is complex to predict the changes in climate and determine their related impact 

on the geohydrological hazards, including landslides (Gariano & Guzzetti, 2016). 

Several researchers have proposed numerical models for investigation of climate change 

impacts on the stability of slopes (e.g., Collison et al. 2000; Rouainia et al. 2009, Robinson et al. 

2017, Pk et al. 2018, Baninajarian 2020). The majority of slope stability assessment studies have 

been carried out using the widely used limit equilibrium method (LEM). However, the 

conventional limit equilibrium method is not generally capable of capturing local and shallow 

failures that are more likely to occur in slopes subjected to extreme precipitations (Bagheri et al., 

2019 and 2020). 

Dikau & Schrott (1999) carried out a European project titled "The temporal stability and 

activity of landslides in Europe concerning the climatic change (TESLEC)," to assess the 

relationship between landslides and climate over time. They studied eight sites located in five 

different European countries (i.e., England, France, Italy, Portugal, and Spain). The main factor 

for the selection of these locations was landslide data and recent studies. They concluded that a 

single "universal law" for all of Europe is not feasible because the relationships between climate 

and landslides are different and complex.  

Collison et al., (2000) assessed the potential impact of predicted climate change on landslides 

in southeast England. They modelled a 4 km section of a slope using a hydro-geotechnical 

simulation and global climate model (GCM) inputs on a geographical information system (GIS) 

model. Their results demonstrated that climate change would not cause frequent massive 

landslides; however, water content and storage in shallow depths could potentially increase, which 

may change the frequency and periods of instability.  
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Schmidt & Dikau, (2004) studied the effect of historical climate variability on slope stability. 

They assessed the stability of hillslopes under changing climate at three hillslopes near Bonn 

(Germany). Their results showed that the stability of landslides is sensitive to climatic changes. 

They found out that sensitivity to climate change is dependent on the geometry, location of 

sensitive layers, and the soil types. They also found that the modelled climate scenario with a 

higher frequency of intense rainfall events were generally more detrimental to slope stability.  

Dixon & Brook (2007) assessed the potential effect of global climate change on the active 

Mam Tor landslide in the UK. They used historical climate data obtained from a weather station 

that was located approximately 10 km southwest of Mam Tor. Future precipitation predicted from 

the UKCIP 2002 report based on a future climate change model (HadCM3). They indicated that 

Mam Tor could be more vulnerable to the predicted precipitation and could experience rapid slope 

instability due to the wetter conditions. This was due to expected more frequent rainfall.  

Rahardjo et al. (2010) investigated the effects of the position of the groundwater table, rainfall 

intensity, and soil properties on the stability of different natural slopes in Singapore. They 

considered three different groundwater table positions, corresponding to the normal, dry, and wet 

scenarios. They also considered four different precipitation intensities of 9, 22, 36, and 80 mm/h. 

The two main residual soils in the study area, were Bukit Timah Granite and the Sedimentary 

Jurong Formation. They reported that the position of the groundwater table during rainfall did not 

significantly affect the factor of safety. This was due to relatively small changes in the matric 

suction. They also reported that soil properties had a large effect on the factor of safety. A higher 

percentage of fine particles in the soil leading to higher air-entry value and lower soil permeability, 

reduces the factor of safety rapidly during the precipitation events. They also noted that the 

minimum factor of safety might occur even several hours after the end of the precipitation event. 
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This would be due to the deeper and progressive infiltration and percolation of precipitation to the 

critical slip surface depth hours after the end of the rainfall. They also mentioned that slope 

geometries and soil properties have a notable relation with the slope general factor of safety. 

Coe & Godt (2012) identified fourteen technical approaches for assessing the impact of 

climate change on landslide activity. They classified these approaches as 1) long-term monitoring 

of climate change and landslide activities, 2) establish a connection between climate data and 

landslide activity based on historical records, and 3) develop patterns between historical landslide 

activity and climate records. They then used these approaches with future climate predictions to 

assess expected upcoming landslide activity. They concluded that predicting the frequency and 

intensity of future extreme events are a complex subject that leads to some uncertainties in 

assessment of shallow landslides.  

Rianna et al. (2014) investigated the long-term behaviour of Orvieto clayey landslide in Italy. 

They used a 30-year-long monitoring record of the landslide and established a relationship between 

rainfall and rate of landslide movement. They used historical climate data for future climate 

prediction they used COSMO-CLM data (Rockel and Geyer, 2008) based on two different 

emission scenarios (i.e., RCP4.5 and RCP8.5). They predicted the slope displacement until the end 

of 2100 and concluded that the predicted climate changes could potentially cause a significant 

landslide movement and instability. 

Ciabatta et al., (2016) assessed the impact of climate-change scenarios on landslide in the 

Umbria Region, Italy. They downscaled the outputs of five different GCMs and applied weather 

generators to convert daily rainfall and temperature data to hourly data. Then, they estimated the 

number of landslide occurrence for three distinct periods, 1990–2013 (as the baseline), 2040–2069 

and 2070–2099. They concluded that the number of landslides could increase by up to 45% in the 
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future. They also observed that there is not a simple relation between climate parameters and the 

number of landslides, and suggested importance of soil moisture conditions should be considered. 

They concluded that during the wet season, the number of landslide events would increase 

significantly because of the increase in soil moisture content. They also mentioned that the type of 

GCM scenarios and climate data resolution could influence the results.  

Batali & Andreea (2016) investigated the slope stability taking into consideration the 

unsaturated soil conditions. They investigated the slope stability of a landslide located in Cluj-

Napoca city, in Romania considering various unsaturated shear strength values predicted by 

different models. They also assessed the importance and impact of a drainage system on the slope 

stability of their case study. They noted that the models based on Fredlund and Xing (1994) 

unsaturated soil parameters show acceptable performance in the model in comparison with the in-

situ results and measured values of suction. They concluded that more realistic results could be 

obtained if unsaturated properties are considered in the slope stability assessment process. They 

also reported an increase in values of factor of safety for consideration of unsaturated soil 

properties. Improvement in slope stability due to the drainage system was also reported. 

Robinson et al. (2017) assessed the effect of extreme rainfall events on a homogeneous silty 

soil slope under current and future climate scenarios. They selected Seattle, Washington, as the 

study area using the historical and future intensity-duration-frequency (IDF) curves. They obtained 

the future precipitation data from a coupled model project called Coupled Model Intercomparison 

Project Phase 5 (CMIP5) (Taylor, 2012). They used a fully coupled two-dimensional stress-strain 

and unsaturated flow finite element model. The model considered a 7-day duration of baseline and 

future rainfall data as the initial condition. Their results indicate that the increase in future rainfall 
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intensity could result in increasing the pore water pressure that would negatively affect the stability 

of the embankment slope by changing the suction stress.  

Pk et al. (2018) studied the effect of climate change on the stability of embankments. They 

quantified the effects of future long term and extreme precipitation events on the probable 

instability of a typical sandy and silty highway embankments in southern Ontario, Canada. For 

their analysis, they used a two-dimensional (2D) transient variably saturated seepage finite-

element model to analyze pore-water pressures and a 2D limit equilibrium slope stability model 

for stability assessments. Their results indicated that the future infiltration could increase by 41%, 

which would result in a 30% reduction in the embankments' factor of safety. They also reported 

that the hydraulic properties of variably saturated soils would have a significant impact on the 

embankment’s stability under changing climate. They concluded that, silty embankments with low 

permeability have a lower factor of safety (FOS) as finer materials retain water more and conduct 

the water gradually. 

One can see the importance of the impact of climate changes on infrastructure such as 

embankments and slopes has been emphasised by several researches. It has been repeatedly 

reported that intensity and frequency of future extreme events will have an important impact on 

human life and infrastructures. This complex issue, that is now a known problem, needs more 

assessment and scientific studies.   

 

2.3 Unsaturated Soil Mechanics Framework  

Matric suction or negative pore pressure has the effect of increasing the shear strength of 

unsaturated soils. Therefore, considering the contribution of matric suction in the slope stability 

assessment is of great importance (Fredlund et al. 2012; Adem, H. and Vanapalli 2014, and,  Arairo 
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et al. 2015). Unsaturated shear strength can be considered as a function of the two stress variables 

i.e., net normal stress and matric suction. The most frequently used two stress state variables 

method has been proposed by Vanapalli et al. (1996) as follows: 

  

𝜏𝜏 =  𝑐𝑐’ + (𝜎𝜎  −  𝑢𝑢𝑎𝑎) tanφ ’ + (𝑢𝑢𝑎𝑎  −  𝑢𝑢𝑤𝑤)[(𝑆𝑆𝑒𝑒) tanφ ’]                                      Equation 2.1 

 

Where c’ is effective cohesion intercept, ua is pore-air pressure, uw is pore water pressure, (σ 

- ua) is net normal stress on the failure plane, (ua - uw) is matric suction, φ’is effective angle of 

internal friction for the saturated soil, and 𝑆𝑆𝑒𝑒 is the effective degree of saturation as described 

below: 

 

𝑆𝑆𝑒𝑒 = 𝜃𝜃 − 𝜃𝜃𝜃𝜃
𝜃𝜃𝜃𝜃 − 𝜃𝜃𝜃𝜃                                                                                                              Equation 2.2 

 

Lu and Likos, (2006) extended the pioneer work by Bishop, to define a new stress variable 

called suction stress (𝜎𝜎𝑠𝑠) in the Terzaghi’s effective stress equation: 

 

𝜎𝜎′ =  ( 𝜎𝜎 −  𝑢𝑢𝑎𝑎)−  𝜎𝜎𝑠𝑠                                                                                              Equation 2.3 
 

The suction stress defined as a function of matric suction by developing suction stress 

characteristic curve (SSCC). Later, Lu et al., (2010) proposed a closed‐form expression for suction 

stress for the full range of matric suction: 
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𝜎𝜎𝑠𝑠 =  − (  𝑢𝑢𝑎𝑎 − 𝑢𝑢𝑤𝑤)                                        𝑢𝑢𝑎𝑎 −  𝑢𝑢𝑤𝑤 ≤ 0                                         Equation 2.4 

 𝜎𝜎𝑠𝑠 =  (  𝑢𝑢𝑎𝑎− 𝑢𝑢𝑤𝑤)
(1+ [𝛼𝛼 (  𝑢𝑢𝑎𝑎− 𝑢𝑢𝑤𝑤)]𝑛𝑛)(𝑛𝑛−1) 𝑛𝑛⁄                          𝑢𝑢𝑎𝑎 −  𝑢𝑢𝑤𝑤 > 0              ..                        Equation 2.5 

 

where α and n are the empirical parameters as defined in the soil water characteristic curve 

(SWCC) function by van Genuchten’s (1980) model. Similarly, an expression for suction stress in 

terms of effective saturation can be written as follows (Lu et al., 2010):  

 

  𝜎𝜎𝑠𝑠 =  −  𝑆𝑆𝑒𝑒
𝛼𝛼

 �𝑆𝑆𝑒𝑒
𝑛𝑛

1−𝑛𝑛 − 1�
1
𝑛𝑛

                             0 ≤  𝑆𝑆𝑒𝑒  ≤ 1                                              Equation 2.6 

 

In this study, the single stress state approach by Lu et al. was used to develop hydro-

mechanical models to assess the stability of slopes using effective stress field in variably saturated 

embankments subjected to soil-atmosphere interaction. The effective stress field is the basis for 

developing LFS contours, as described in Section 2.4.  

 

2.4 Local Factor of Safety (LFS)  

The most widely used analytical technique to carry out slope stability analyses is the limit-

equilibrium method (LEM) of slices (Fellenius, 1936, Janbu, 1973, Duncan, and, Wright, 2003). 

Shear strength reduction method is also a common slope stability method used in geotechnical 

engineering (Smith and Griffiths, 2004). In 2012, Lu et al. introduced a stress field-based method 

that defines the factor of safety at each point in a slope. Assessment of the factor of safety at each 

point is different from conventional single factor of safety that limit-equilibrium based methods 

present. A framework in the form of Slope Cube module added in the Hydrus 2D/3D (Šimŭnek et 
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al., 2008) by Liu and Godt in 2013. Slope Cube can simulate and assess the expected timing and 

location of failure initiation in variably saturated slopes (Lu et al. 2016). 

Each point within a slope is assessed by calculating the ratio of the existing Coulomb stress 

at the studied point to the Coulomb stress of the potential failure state based on the Mohr-Coulomb 

principal of classic soil mechanics and the result presented as the Local Factor of safety. This 

method first quantifies the field of FS based on the concept of the Coulomb stress and then by 

calculating the state of stress changes toward failure due to the precipitation into the variably 

saturated zone of slopes and embankments.  

Lu et al., (2012) mentioned that limit-equilibrium methods are commonly used by 

geotechnical engineers due to their established “effectiveness and reliability”. They concluded 

limit equilibrium method provides only approximate location and geometry of the potential failure 

surface.More importantly, it was clarified that the LEM do not provide sufficient insight into the 

location of initial failure or progress of failure due to changes in the pore water pressure. Moreover, 

they introduced and described an approach that calculates a scalar field of FS to address the 

limitations of conventional FOS methods for flow and stress field assessments in variably saturated 

zone of slopes. 

Lu et al., (2012) defined the local factor of safety (LFS) as the ratio of Coulomb stress of the 

potential failure state under the Mohr‐Coulomb criterion (τ*) to the Coulomb stress at the current 

state of stress (τ) (Equation 2.7). 

 

𝐿𝐿𝐿𝐿𝐿𝐿 =
𝜏𝜏 ∗
𝜏𝜏  Equation 2.7 
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Figure 2.1 illustrates the definition of τ* and τ for a given Mohr circle stress state on a shear 

stress-normal stress space. As can be seen on this figure, while the state of stress in a slope 

represented by the Mohr circle is below the Mohr-Coulomb failure envelope, the LFS is greater 

than unity. LFS can also be easily derived based on the mean and deviator effective stresses (𝑝𝑝′ 

and 𝑞𝑞′) in two-dimensional space as follows (Lu et al., 2012): 

 

𝐿𝐿𝐿𝐿𝐿𝐿 =
2 𝑐𝑐𝑐𝑐𝑐𝑐∅′

𝑞𝑞′  (𝑐𝑐′ +  𝑝𝑝′ tan∅′) Equation 2.8 

 

where c′ is the drained cohesion of the slope material, ∅′ is the drained friction angle of the 

material. LFS can be calculated at each point using Equation 2.8. A LFS contour map can be 

obtained by joining the points with same LFS values indicating stability condition of an earth 

slope. The zones with LFS greater than unity imply statically stable conditions, while zones with 

LFS equal or less than unity, are at the limit state and local failure can be expected.  

It should be noted that soil-atmosphere interaction (precipitation and evaporation) affects the 

pore water pressure (PWP) distribution through embankment fill over time. This leads to the 

evolution of the effective stress fields that consequently affects the LFS field. The changes in 

effective stress field can be estimated by calculating the suction stress based on single stress state 

variable framework of Lu and Likos (2006) as described earlier in this chapter.  
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Figure 2.1 Illustration of definition of τ* and τ for a given Mohr circle stress state (Adopted 
from Lu et al., 2012) 

  

 

The LE method is known to be an effective and reliable method of slope stability analysis. 

Although theoretically there is no limitation on depth of failure in LEM, it is a common practice 

to specify a minimum sliding mass depth in limit equilibrium analyses to not consider shallow slip 

surfaces. This minimum slip depth is usually defined around 1.0 to 1.5 m. Failures shallower than 

such assumptions are generally considered too shallow that would affect operation and 

maintenance procedures. In addition, LEM typically seeks a single stability indicator for the entire 

slope. Thus, even considering lower value for minimum sliding mass depth, LEM cannot provide 

local failure zones that might be the location of initial future global failures (Lu et al., 2012). 

Therefore, one can see the importance of employing LFS method for slope stability analysis that 

can assess the impact of precipitation on embankment stability especially the shallow initial 

failures. 

Yeh and Tsai (2018) analyzed the effect of soil hydraulic conductivity anisotropy on slope 

stability using a coupled hydromechanical framework. They investigated the effect of rainfall and 

transient seepage on stability of the top of the slope, along the slope and at the toe of the slope. 
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They concluded that rainfall infiltration and slope safety can be assessed using a coupled 

hydromechanical framework. They declared that their study shows advantages of LFS method 

because the impact of rainfall on slope stability variation at each point was evaluated “with space 

and time”. Moreover, it was concluded that limit equilibrium methods (e.g., Bishop’s simplified 

method, the Morgenstern and Price method, etc.) can be used to easily calculate the safety factor 

of a slope by assuming failure surface, whereas to identify location the slope failure initiation and 

the real failure surface LFS method is the appropriate approach of slope stability analysis. 

In conclusion, one can see the relatively new LFS method has many advantages over 

conventional slope stability analysis methods including but not limited to identifying the initial 

pattern of a slope failure, accurate slip and failure surface and recognizing the impact of 

precipitation on slope stability.  
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Chapter 3:  Climate Data and Design Storms 

3.1 Introduction  

The highway embankments are exposed to the atmospheric conditions and are influenced 

by the changing climate conditions. Process of water exchange across the soil-atmospheric 

boundary of embankments results in changes in the embankment water storage. The suction 

element of soil shear strength decreases when the pore water pressure increases within the  

unsaturated (vadose) zone of embankments and can potentially cause slope instabilities 

(Fredlund et al. 2012). In addition to the geometry of soil embankment slope, the slope 

stabilities are dependant on the soil unit weight, hydraulic parameters, and shear strength 

parameters, and the incipient moisture condition of the embankment at the start of an extreme 

precipitation event. As can be seen on Figure 3.1, embankment slopes are exposed to the 

atmosphere and the water exchange occurs through the soil-atmospheric boundary.   

 

 

Figure 3.1 Embankment Soil-Atmospheric Interaction (modified from Lee et al., 2009) 
 

Increased 
degree of 
saturation 
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In this chapter, procedure used in this study for the selection of climate data is presented. 

This includes the use of historical and future climate data for three different locations across 

southern Ontario. The short-term climate data (i.e., extreme events) and long-term design 

climates for slope stability assessments carried out by Baninajarian (2020) and Bashir et al. 

(2021) are reviewed and appropriate selection of data for this research is presented in this 

chapter. Extreme precipitation introduces significant amount of water to the embankments that 

have already contained some moisture content due to expected long-term climate condition. To 

assess the soil embankment stability under the extreme precipitation effects, appropriate 

existing moisture content (i.e., initial moisture content) using the long-term climate data was 

considered in this research. 

 

3.2 Climate Data 

In general, the climate data used in this research is compiled from the research carried out 

by Baninajarian (2020) and Bashir et al. (2021). From their studies, the long-term and extreme 

precipitation climate data for the cities of Niagara Falls, London and Ottawa was extracted, 

analyzed and used in the analysis of slope stability assessments. 

 

3.2.1 Historical and Future Long-Term Climate Data 

Historical climate data (baseline climate) is used to assess the probable changes in the 

future climate. This data was collected from the Environment and Climate Change Canada data 

portal (Environment  and Climate Change Canada 2018). This dataset comprised of the daily 

values of precipitation, maximum and minimum temperature, and relative humidity, windspeed 
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and net radiation values for ten different locations across Ontario. The dataset covers a period 

of 30 years spanning from 1980-2010. Other pertinent details of this dataset such as the relevant 

weather stations can be found in Bashir et al. (2021) report.  

Future climate data obtained from Ontario Climate Change Data Portal (OCDP) published 

by the Laboratory of Mathematical Parallel System (LAMPS) at York University 

(https://lamps.math.yorku.ca/OntarioClimate/index.htm). Pk et al. (2018) and Bashir et al. 

(2021) and have indicated that the modeling done by OCDP predicts the historical climate data 

better than similar attempts by others, i.e., Canada Climate Change Data Portal (CCDP), 2018. 

Therefore, climate data from Ontario Climate Data Portal (OCDP) was used in current research. 

The OCDP dataset spans a period from 1980 to 2100. It is understood that OCDP dataset 

contains four climate variables, i.e., daily values of precipitation and minimum, maximum, and 

average temperatures. This data is available for a 10×10 km grid across Ontario. This data is 

available for many GCMs and all four representative concentration pathways (RCPs), i.e., RCPs 

2.6, 4.5, 6.0, and 8.5. Previous studies by Pk et al. (2018) and Bashir et al., (2020) have indicated 

that among all the GCMs, CCSM4, GFDL-ESM2M, Had GEM2_ES, and NorESM1-M show 

better performance in predicting the historical data. Therefore, data for these four GCMs for all 

four RCPs were used in this research.  

The climate data from four above mentioned GCM and all four RCPs, resulted in 48 case 

studies of thirty-year climate datasets for each of the cities under consideration (Baninajarian , 

2020). Each climate dataset corresponds to a particular GCM, RCP and one of three future time 

periods, representing the start, middle and end of the century (2011-2040, 2041-2070, 2071-

2100). Baninajarian (2020) carried out a detailed assessment of the whole dataset using the soil-

atmosphere modeling to identify the dataset which could potentially produce most detrimental 
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conditions in terms of the stability of the slopes. The details of this assessment can be found in 

Baninajarian (2020). Table 3.1 presents the details of the identified detests for the cities of 

Ottawa, London, and Niagara Falls. 

 

Table 3.1 Identified datasets for the regions under consideration 
City GCM RCP Time Period 

Niagara Falls GEM2-ES 2.6 2011-2040 

London GFDL-ESM2M 6.0 2011-2040 

Ottawa GEM2-ES 2.6 2011-2040 

 

3.2.2 Climate Classification 

Climate classification provides a general view and guidance about water availability and 

weather setting that can be very useful for a geotechnical engineer for a particular site. The 

Thornthwaite climate classification system (Thornthwaite, 1948, Thornthwaite & Hare, 1955) 

is an empirical method of climate classification used for engineering purposes. The system was 

developed from climatic data collected in the United States based on the calculation of the 

annual moisture index and requires estimates of annual precipitation and potential evaporation. 

The annual moisture index is defined as follows (Thornthwaite & Hare, 1955): 

 

Im = 100 � 𝑃𝑃
𝑃𝑃𝑃𝑃

 − 1�             Equation 3.1 

 

where 𝐼𝐼𝑚𝑚 is the annual moisture index, 𝑃𝑃 is the total annual precipitation, and 𝑃𝑃𝑃𝑃 is the total 

annual potential evaporation. 
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Equal values of annual precipitation (P) and the potential evaporation (PE) result in 𝐼𝐼𝑚𝑚 

value of zero, which signifies net neutral water availability conditions at the ground surface. A 

positive 𝐼𝐼𝑚𝑚 value implies a surplus of the water availability, and the climate conditions could 

range from moist humid to perhumid. While a negative 𝐼𝐼𝑚𝑚 value indicates a scarcity of the water 

availability, and the climatic conditions could be from dry subhumid to arid. The annual 

moisture index (𝐼𝐼𝑚𝑚) is shown on

  

 

Figure 3.2 in the form of box and whisker plots for the cities of Niagara Falls, London, and 

Ottawa. These historical and future climate datasets described above were used in assessment 

Perhumid
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of climatic conditions at these locations. From this figure, it can be observed that in general 

wetter climate conditions can be expected at these three locations in the future.   

  
 

Figure 3.2 Climate Classification for Historical and Future Climate Datasets 
3.2.3 Extreme Precipitation Events 

Future changes in intensity and frequency of precipitation are expected to vary depending 

on the region and time of the year. This is in contrast to the temperature changes that are 

expected to increase in all locations and seasons. Considering the embankment’s soil hydraulic 

properties, extreme precipitation events can adversely and rapidly impact the stability of slopes 

as large quantities of meteoric water in a short period of time can cause large increases in pore 

pressures within the slopes over a short period of time. The intensity and frequency of such 

events are expected to increase in many regions across Canada, including the southern portion 

Perhumid
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of province of Ontario (CCCR, 2019). The rainfall intensity–duration–frequency (IDF) curves 

are graphical representations of a mathematical function that relates the rainfall intensity with 

its duration and frequency of occurrence. The IDF curves can be used for many engineering 

purposes such as deriving design storms for slope stability assessments. 

Detailed studies on historical and future IDF curves for ten different locations across 

Ontario have been carried out by Baninajarian (2020) and Bashir et al. (2021). These studies 

were reviewed in detail and relevant climate data for the cities of Niagara Falls, London and 

Ottawa were obtained and analyzed as part of the current research effort. Historical IDF curves 

for the cities of Niagara Falls, London and Ottawa were obtained from Environment and 

Climate Change Canada. IDF curves are available for these locations from two different 

sources. These two sources are the Ministry of Transportation Ontario (MTO 2018), and 

Ontario Climate Change Data Portal (CCDP 2018). Both sources use different methodologies 

for the prediction of the future IDF curves. The IDF curves are available for different return 

periods (2, 5, 10, 25, 100 year) and durations (5, 10,15, 30 minutes, and 1, 2, 6, 12, 24 hours). 

Predictions from CCDP are available for both the fourth (AR4) and fifth Assessment Report 

(AR5) of the IPCC (IPCC 2007, IPCC 2013). A detailed review of the data by Baninajarian 

(2020) indicates that in general higher intensities for shorter return periods are expected towards 

the end of the century. Moreover, predictions from CCDP (CCDP 2018) appear to be of higher 

intensities than those from MTO (MTO 2018). Therefore, in order to conduct a more 

conservative analysis, predictions from CCDP were analyzed further. A detailed review of the 

projections from CCDP indicated that the predictions for the emission scenario RCP 8.5, carried 

out using the regional climate model RegCM presents a worst-case scenario and was therefore 

selected to be used in subsequent hydrological and geotechnical modeling.  
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Figure 3.3 presents the historical and future intensities for the cities of Niagara Falls, 

London and Ottawa. These intensities are for six-hour storms for fifty- and hundred-year return 

periods. As described above, the historical data is from environment and climate change Canada 

and future predictions are from CCDP for the emission scenario RCP 8.5. It can be observed 

that for all the cities under consideration a considerable increase in intensities of the storms can 

be observed. Figure 3.4 present the percent change in historical and future intensities for the 

six-hour events for the three cities. It can be observed that the largest change in intensities can 

be observed for the City of Niagara Falls followed by the cities of London and Ottawa. The 

percent change in intensity for the City of Niagara Falls is expected to be as high as 140 percent. 

From this figure, it can also be observed that the expected increase for hundred-year event is 

expected to be slightly higher than the fifty-year event for the cities of Niagara Falls and 

London. For the City of Ottawa, the percentage increase in the future in comparison to historical 

value is similar for fifty- and hundred-year events.  

 

Figure 3.3 Historical and Future Precipitation Intensities for 6 hours event duration 
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Figure 3.4 Change in Precipitation of 6-hr Precipitation Events for 50 yr and 100 yr Return 
Periods 

 

3.3 Design Storm 

Ideally, actual storms should be used in a hydrologic analysis (MTO, 1997). However, 

actual storm records are not usually available for every location. In addition, such approach is 

not applicable when the effects of future climate are to be studied. Therefore, establishment of 

synthetic storm hyetographs was considered in this study. There are several methods for 

generating design storm hyetographs in the literature. In some methods, a simple distribution 

shape is considered for a single point of the IDF curves. The simplest form is rectangular 

hyetographs, where a uniform intensity is used throughout the storm duration (Prodanovic & 

Simonovic, 2004). However, this method has been reported to underestimate the total 

precipitation volume of rainfall events for some hydrological analyses (Veneziano and Villani, 



31 
 

1999). Alternatively, geometric forms such as triangular hyetographs (e.g., Yen and Chow 

(1980)) or linear/exponential hyetographs (e.g., Watt et al. (1986)) have also been proposed. As 

an alternative of using a single point on an IDF curve, methods have been proposed that use the 

entire set of duration-intensity values for a particular return period and duration (e.g., Keifer 

and Chu (1957) and USACE (2000)). Among these methods, method proposed by Keifer and 

Chu (1957), known as the Chicago design storm, has been widely incorporated in Canadian 

practice, because it can be readily derived from available rainfall IDF relationships and partly 

because of limited alternative approaches (Marsalek, 1982; Marsalek & Watt, 1984). This 

method has also been suggested by Ministry of Transportation of Ontario to be applied for 

assessment of the storm impacts on the drainage systems (MTO, 1997). In this study, the 

Chicago method was applied for providing intensity distribution over time for historical and 

future extreme precipitation events.  

The Chicago method’s equations can be analytically derived from an IDF analytical 

expression: 

 

𝑖𝑖 = 𝑎𝑎
(𝑏𝑏+𝑡𝑡𝑑𝑑)𝑛𝑛         Equation 3.2 

 

where 𝑖𝑖 is the rainfall intensity, 𝑡𝑡𝑑𝑑 is the duration, 𝑎𝑎, 𝑏𝑏 and 𝑛𝑛 are the constants that represent 

local conditions and the return period and are dependent on the units employed, the volume 

equation associated with the intensity of IDF for each duration can be given by: 
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𝑉𝑉𝑡𝑡 = 𝑎𝑎𝑡𝑡𝑑𝑑
(𝑏𝑏+𝑡𝑡𝑑𝑑)𝑛𝑛                      Equation 3.3 

 

Assuming 𝑖𝑖𝑡𝑡 is the intensity as a function of time (instead of duration), the integration of 𝑖𝑖𝑡𝑡 

over time is equal to rainfall volume: 

 

∫ 𝑖𝑖𝑡𝑡𝑑𝑑𝑑𝑑
𝑡𝑡𝑑𝑑
0 = 𝑉𝑉𝑡𝑡 = 𝑎𝑎𝑡𝑡𝑑𝑑

(𝑏𝑏+𝑡𝑡𝑑𝑑)𝑛𝑛         Equation 3.4 

 

Therefore, 𝑖𝑖𝑡𝑡 can be analytically derived from the above equation as: 

 

𝑖𝑖𝑡𝑡 = 𝑎𝑎[𝑡𝑡(1−𝑛𝑛)+𝑏𝑏]
(𝑏𝑏+𝑡𝑡)𝑛𝑛+1           Equation 3.5 

 

According to the Chicago method, the asymmetry of the hyetograph can be adjusted by a 

parameter r (where 0 < 𝑟𝑟 < 1) which represents the ratio of the time of peak intensity (t𝑝𝑝) 

divided by the storm duration (td). As a result, the it = a[t(1-n)+b]
(b+t)n+1

    

      Equation 3.5 can be rewritten for before and after intensity peak 

as follows: 

 

𝑖𝑖𝑡𝑡,𝑏𝑏 =
𝑎𝑎[
𝑡𝑡𝑏𝑏
𝑟𝑟

(1−𝑛𝑛)+𝑏𝑏]

 �𝑏𝑏+𝑡𝑡𝑏𝑏𝑟𝑟 �
𝑛𝑛+1                       (𝑡𝑡𝑏𝑏 = 𝑡𝑡𝑝𝑝 − 𝑡𝑡            0 ≤ 𝑡𝑡 ≤ 𝑡𝑡𝑝𝑝)  Equation 3.6 
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𝑖𝑖𝑡𝑡,𝑎𝑎 =
𝑎𝑎[ 𝑡𝑡𝑎𝑎1−𝑟𝑟(1−𝑛𝑛)+𝑏𝑏]

 �𝑏𝑏+ 𝑡𝑡𝑎𝑎
1−𝑟𝑟

�
𝑛𝑛+1                 (𝑡𝑡𝑎𝑎 = 𝑡𝑡 − 𝑡𝑡𝑝𝑝            𝑡𝑡𝑝𝑝 ≤ 𝑡𝑡 ≤ 𝑡𝑡𝑑𝑑)  Equation 3.7 

 

The value of 𝑟𝑟 is usually derived from existing rainfall records. The method involves 

calculating the mean values of mass antecedent rainfall and the mean location of the peaks for 

various rainfall durations for a series of excessive rainfall events. The process is lengthy and 

subject to interpretation. A r value of 0.38 has been suggested for all of the province of Ontario 

(MTO, 1997). 

Figure 3.5 shows an example of the design storms developed based on future IDF curve 

for a 100-year return period and 6-hour duration for the City of Niagara Falls. The values of 

constants 𝑎𝑎, 𝑏𝑏 and 𝑛𝑛 are 718.92, 2.65 and 0.66 for Historical and 1943.94, 7.30 and, 0.72 Future 

storms respectively. It should be noted that using a very small-time step with the Chicago 

hyetograph can result in an unrealistic high peak rainfall intensity. Herein, time step between 1 

to 10 minutes were applied for developing different design storms. The design storms were 

developed for six-hour durations for the 50- and 100-year return periods based on the historical 

and future IDF curves. 
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Figure 3.5 IDF Curves - Historical and Future Storm - 6 hours Duration - Niagara Falls 
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Chapter 4:  Numerical Modeling Details  

4.1 Introduction 

Numerical simulation of climate change impact on slope stability requires a multi-disciplinary 

approach. This includes a climate model to provide high-resolution future climate dataset as well 

as a hydrological model to simulate variably saturated flow with soil-atmosphere interaction. 

Further, a proper geotechnical model is required for slope stability assessment considering the 

effects of suction on the shear strength of the soil.  

In this chapter, the geometry of the models used in the case studies and relevant unsaturated 

hydraulic and geotechnical parameters, are presented. Details of the initial and boundary 

conditions of the numerical models are also presented.  

The main focus of this research is on the Local Factor of Safety (LFS) assessment, as described 

in Chapter 2:  . Therefore, methodology of stability assessment using the field of LFS (Lu et al., 

2019) is discussed in this Chapter. In this study, HYDRUS (2D/3D) (Šimŭnek et al. 2006) was 

used for analyzing the variation of water distribution in the embankment subjected to historical 

and future climate data. To compute the field of LFS, Cube module of the HYDRUS (2D/3D) 

software package was used. This supplemental module computes the soil stresses under gravity 

(i.e., moist unit weight) and effective stress (i.e., suction stress). For two-dimensional analysis this 

module uses finite element formulation for linear elasticity analysis. The pore pressure distribution 

obtained from HYDRUS (2D/3D) seepage analysis is used in Cube to calculate the effective 

stresses and the field of LFS, as discussed in Chapter 2:  . 

In addition to the above-mentioned coupled hydro-mechanical model, conventional LEM, 

FEM-based LEM, and elasto-plastic FEM are also briefly described. It should be noted that the 

elasto-plastic FEM method that employed in this research, can assess the potential failure area 
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within the slope and stress-strain behaviour of soils is not modeled. These approaches were used 

for the validation of the LFS method. All the models in this research use hydro-mechanical 

coupling. In other words, pore pressure distribution obtained from the seepage analysis at each 

step is introduced in the geotechnical models to assess the stability of the embankment slope. 

 

4.2 Hydro-Mechanical Models 

4.2.1 Variably Saturated Flow Analysis 

HYDRUS (2D/3D) is a finite element software that numerically solves the Richards’ equation 

for analysis of water flow in the variably saturated soils. The software utilizes a system-dependent 

boundary condition that controls the maximum amount of water that can either evaporate or enter 

the soil-atmosphere boundary to estimate actual evaporation and the resulting influx of meteoric 

water into the embankment surface. HYDRUS (2D/3D) (Šimŭnek et al. 2006) was employed to 

analyze the long-term variation of slope moisture conditions. This software is capable of 

simulating the movement of water, heat, and multiple solutes in the variably saturated media using 

the finite element method. HYDRUS 2D is computationally efficient and is capable of running 

long-term simulations in manageable time frames in an efficient manner (Pk et al. 2018). 

4.2.2 Slope Stability Analysis – LFS Method 

The effect of climate change on the stability of embankments was quantified by estimating a 

field of LFS using a coupled finite element in-situ stress analysis and a variably unsaturated flow 

analysis. The precipitation will cause variation in the soil embankment moisture content and soil 

suction. The Cube module of the HYDRUS (2D/3D) can couple the variably saturated flow and 

the in-situ soil stress in the field of FEM, at the same time (Lu et al., 2019).  This approach 

determines the field of local factor of safety based on elastic finite element analysis. The method 
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can be used not only to identify the slope instabilities, but also to determine the distribution of the 

zones with lower factor of safety within the slope.  

The slope stability assessment using LFS can be summarized, as follows: 

• In situ stress analysis, using a two-dimensional finite element formulation;  

• Calculation of pore water distribution within the slope for each time step from the seepage 

analysis in HYDRUS (2D/3D); 

• Calculation of field of suction stress for each time step using the Cube Module based on 

pore pressure distribution;   

• Estimation of field of LFS based on minimum and maximum principal effective stresses 

and soil strength parameters, as described in the Chapter 2:  ; and, 

• Calculation of total area of Local Factor of Safety (ALFS) using a purposely written Fortran 

code.  

Although LFS contour maps produced by the Cube Module present a general display of slope 

stability conditions, a quantitative LFS indicator is required particularly when the variation of LFS 

over time is of interest. Bagheri et al. (2019) defined a slope stability indicator based on the area 

of LFS below a certain threshold in the model cross section. The LFS contours with relevant factor 

of safety can be assessed in Cube module. The area of embankment in which LFS is less than unity 

(ALFS<1) can be considered as the indicator of the potential failure mass. The variation of ALFS<1 

over time was estimated using a Fortran code (Bagheri , A., 2019). This code imports the mesh 

coordinates and nodal values of LFS in a user selected area of the embankment over the course of 

the entire simulation. The code has the capability to sum up the area of the embankment in which 

the LFS is less than or equal to a user defined threshold value such as 1.0. This greatly enhances 

the analysis, as the temporal changes in area of failure mass can be tracked.  
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4.2.3 Other Slope Stability Methods  

The use of finite element methods for slope stability analyses is becoming increasingly 

common. One of the main advantages of the finite element method is that stress and strain fields 

can be calculated without simplifications that are normally used in the conventional limit 

equilibrium method (LEM) of slices. In the conventional LEM methods, the sliding surfaces are 

assumed, and the initiation of failure cannot be studied, as discussed in the Chapter 2:  of this 

thesis. The finite element method, apart from estimating stress and strain field, can also be used to 

estimate a factor of safety which is a widely used indicator for slope stability assessments. Some 

of the common approaches to determine factor of safety based on the conventional and finite 

element analysis are as follows:  

• The widely used limit equilibrium software SLOPE/W together with seepage software 

SEEP/W was also used in this research. Both of these programs are modules of a software 

suite called GeoStudio (Geo-Slope International Ltd. 2016) and can be coupled easily. The 

coupling ensures the continuous calculation of FOS of slopes by SLOPE/W for each time step, 

for which pore pressure distribution is available from the seepage analysis by SEEP/W. 

Morgenstern-Price method (Morgenstern and Price 1965) that considers both the static force 

and moment equilibrium in limit equilibrium analyses was used in this research. The strength 

due to suction in unsaturated soil was estimated based on two stress state variables approach 

using the method by Vanapalli et al. (1996) as discussed in Section 2.3. 

• Finite Element Limit Equilibrium Method: The finite element limit equilibrium analyses 

were carried out in this research by coupling the SIGMA/W and limit equilibrium software 

SLOPE/W. Both software are modules of GeoStudio (Geo-Slope International Ltd. 2016) and 

can be coupled easily. For this type of analysis, the stress distribution calculated by SIGMA/W 
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which is a stress-strain finite element module of the widely used commercial software package 

GeoStudio (Geo-Slope International Ltd. 2016).is used in SLOPE/W to determine the safety 

factors along the potential slip surfaces. In this method, shape and location of the critical slip 

surface corresponding to the minimum FOS can be identified. In contrast to conventional 

LEM, the field of stresses is calculated by using finite element analysis (Fredlund and Scoular, 

1999; Liu et al., 2020). 

• Elasto-plastic Finite Element Analysis: Local instabilities may not necessarily lead to 

global failures that are routinely identified by the LEM. Instead, local instabilities can be 

identified from yield points by carrying out an elasto-plastic finite element analysis. In this 

method, slope stability is assessed by taking into consideration stress concentration without 

assumptions or identification of potential failure surfaces. Elasto-plastic finite element 

analyses were carried out using SIGMA/W, Mohr-Coulomb yield criterion was used in these 

analyses. The Mohr-Coulomb parameters had the same values as used in limit equilibrium 

analysis. 

For validation purposes, the results of LFS method were compared to these three different 

approaches i.e., LEM, finite element limit equilibrium analyses and elasto-plastic finite element 

analyses. 

 

4.3 Embankment Geometry and Material 

A typical Ontario highway embankment profile as shown on Fig. 4.1 has been considered for 

this study. According to OSPD 202.010, embankments without berm, can be constructed to a 

maximum height of 8m in the province of Ontario. Therefore, in this research, the height of 

embankment is considered to be 8 m with side slopes of 2 horizontal to 1 vertical (2H:1V). 
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Moreover, a 3m wide unpaved shoulder on the top of embankment is also considered. Due to 

symmetrical geometry of the typical highway embankments, only one half of the embankment 

profile is simulated in the numerical models. In order to minimize the influence of the side 

boundary conditions, the model horizontal length was extended three times the embankment 

height, to the right of toe of the slope.  This is in line with the recommendation by Rahardjo et al. 

(2010). The water table is conservatively assumed at the natural ground surface that is 4 m below 

the level of slope toe (i.e., at the embankment base).  

 

 
 

Figure 4.1 Geometry of the Highway Embankment used in the hydrological and geotechnical 
modeling 

 

It is understood that select subgrade material (SSM) is often used in embankment construction 

across Ontario (Bashir et al., 2021). Silty sand and sandy silt materials are considered as the 

embankment fill in this study. Hydraulic properties, namely soil water characteristic curves 

(SWCC) and the unsaturated hydraulic conductivity function (HCF) are required to simulate flow 

in variably saturated conditions (Lu & Kaya, 2013). The SWCC relates matric or total suction 
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(soil-water potential) to water content and can be used to predict the HCF of the unsaturated soils. 

The HCF provides the relation between hydraulic conductivity and soil water content (Mualem, 

1976). The mathematical model suggested by van Genuchten (1980) was used to represent the soil 

water characteristic curve (SWCC). This function is as follows: 

 

𝜃𝜃 =  (𝜃𝜃𝑠𝑠− 𝜃𝜃𝑟𝑟)
[1+(|𝛼𝛼ℎ|)𝑛𝑛]𝑚𝑚 + 𝜃𝜃𝑟𝑟        Equation 4.1 

 

This function relates soil volumetric water content (θ) to matric suction (h) for a given 

saturated (θs) and residual water content (θr). The value of θs is equal to the soil porosity for no air 

entrapment. The empirical coefficients used as the fitting parameters (i.e., α and n), are related to 

the inverse of the air entry value and soil pore-size distribution and 𝑚𝑚 = 1 − 1
𝑛𝑛

 is related to the 

asymmetry of the van Genuchten model (Taban et al., 2017). Measurement of hydraulic 

parameters is usually limited to small number of laboratory or field tests, due to cost and schedule 

constraints (Bashir et al., 2020). The van Genuchten (1980) soil hydraulic parameters for the sand 

silt materials considered in this research are presented in Table 4.1 and resulting SWCCs are 

plotted on Figure 4.2. These parameters were estimated by Baninajarian (2020) and Bashir et al. 

2021 and the estimation details can be found in these references. It should be noted that the HCF 

was determined from SWCC using the van Genuchten-Mualem approach (Mualem 1976, and,  van 

Genuchten 1980) as follows:  

𝐾𝐾(ℎ) =  𝐾𝐾𝑠𝑠𝑆𝑆𝑒𝑒ℓ �𝐼𝐼 − �1 −  𝑆𝑆𝑒𝑒
1 𝑚𝑚� �

𝑚𝑚
�
2
      Equation 4.2 

ℓ is commonly assumed to be 0.5 and the effective saturation, Se, is computed as follows: 
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 𝑆𝑆𝑒𝑒 =  𝜃𝜃− 𝜃𝜃𝑟𝑟
𝜃𝜃𝑠𝑠− 𝜃𝜃𝑟𝑟

                             Equation 4.3 

, 

Table 4.1 van Genuchten (1980) SWCC Parameters and Saturated Hydraulic Conductivity 
Values for Sand and Silt 

 

Material θs θr α (1/cm) n Ks(cm/hour) 

Sand 0.32 0.05 0.06 1.53 3.6 

Silt 0.45 0.07 0.02 1.41 0.45 

 

 

Figure 4.2 Soil Water Characteristics Curves for Selected Material 
 

The Embankment fill materials for MTO, and majority of transit and transportation projects 

in Ontario are to be placed and compacted in accordance with the provincial standards, OPSS 206 

and OPSS 501 (Baninajarian 2020). An effective friction angle of 34° and 32° is assumed for 

compacted sand and silt materials, respectively. For finite element analyses using Cube, the value 

of Poisson’s ratio that controls the development of horizontal stresses is assumed to be 0.3 and 
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0.35 for the sand and silt, respectively. The selected values for dry unit weight, porosity and 

saturated unit weight are presented in Table 4.2. These values were selected based on the MTO 

specification and a detailed study carried out by Bashir et al. (2020).  

 

Table 4.2 Dry and Saturated Unit Weights, and Porosity 

Material 
Dry unit weight 

(kN/m3) 
Porosity 

Saturated unit weight 

(kN/m3) 

Sand 17.5 0.33 20.7 
Silt 14.7 0.44 19.0 

 

4.4 Initial Conditions 

It is a common practice to assume hydrostatic pore pressure distribution as the initial condition 

for the numerical simulation of a slope subjected to rainfall (e.g., Robinsonet al. 2017; Pket al. 

2018). However, the hydrostatic conditions are a special and rare case in reality at the field scale 

when thermodynamic equilibrium is reached (Lu and Godt, 2013). Initial modeling results 

suggested that for a typical embankment considered in this research, assuming the hydrostatic 

condition results in saturation within slope area to be equal to 30% and 45% for sand and silt 

materials respectively.  

Baninajarian (2020) and Bashir et al. (2021) used HYDRUS 2D for analyzing the long-term 

variation of slope moisture conditions under historical and future long-term climatic conditions. 

For each location, historical and future long-term climate data, as described in Chapter 3 was used 

for soil–atmosphere modelling of embankments with sand and silt materials. A statistical analysis 

on the daily variation of average water content in the slope area of the embankment was carried 

out by Baninajarian (2020). Different percentiles of the slope moisture conditions estimated for 
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sand and silt embankments were extracted for the cities of Niagara Falls, London and Ottawa and 

were used in the current research effort. 

In this research, degrees of saturation corresponding to the 50th and 90th percentiles (P 50% 

and P 90%) were considered as representatives for the normal range and above-normal range of 

saturation. These percentile saturations were used to define the initial conditions in slope stability 

analysis for extreme precipitation events. The degree of saturation corresponding to the 50th and 

90th percentiles for the cities of Niagara Falls, London and Ottawa for sand and silt embankments 

are shown in Table 4.3 and Table 4.4, respectively. It can be observed that for many instances the 

intermediate percentile values of P 50% and P 90% are expected to increase in the future. It should 

also be noted that in almost all instances the maximum saturations are expected to be higher in the 

future than the historical values (Baninajarian 2020). 

 

Table 4.3 Degree of Saturation - Sand Embankments 

Location 

50th Percentile used for Initial 

Condition (IP 50%) 

90th Percentile used for Initial 

Condition (IP 90%) 

Historical Future Historical Future 

Niagara Falls 57.3 56.9 64.7 64.9 
London 57.5 57.3 65.7 67 
Ottawa 56.9 57.6 64.8 66.5 

 

Table 4.4 Degree of Saturation - Silt Embankments 

Location 

50th Percentile used for Initial 

Condition (IP 50%) 

90th Percentile used for Initial 

Condition (IP 90%) 

Historical Future Historical Future 

Niagara Falls 73.9 74.1 82.3 81.8 
London 75.5 75.2 84.38 85.1 
Ottawa 74.1 75 82.2 83.6 
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4.5 Boundary Conditions  

4.5.1 Hydraulic Boundary Condition 

The boundary conditions for the hydrological model are shows on Figure 4.3. It can be 

observed that a no-flow boundary condition was applied at the pavement, on the left-hand side, 

and bottom of the embankment model. On the right-hand side of model, constant head boundary 

corresponding to the depth of 4 m below the toe of the slope was applied. The remainder of the 

right-hand side boundary was assumed to be seepage face. A flux boundary consisting of design 

storm records was applied at the soil-atmosphere interface. The relevant location of the boundary 

conditions can be seen on Figure 4.3. 

 

Figure 4.3 Hydraulic Boundary Conditions 
 

4.5.2 Mechanical Boundary Condition 

To compute the field of in situ stresses, Cube module of the HYDRUS 2D/3D software 

package was used. In situ stress analysis was carried out with the left and right boundaries free to 

move in the vertical direction, while the bottom boundary is fixed in both vertical and horizontal 

directions as shown on Figure 4.4. 
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Figure 4.4 Mechanical Boundary Conditions 
 



47 
 

Chapter 5:  Findings and Discussion 

5.1 Introduction 

In this chapter, the findings from Local Factor of Safety (LFS) analyses for typical sand and 

silt embankments under historical and future climate conditions for the cities of Niagara Falls, 

London, and Ottawa in the province of Ontario are discussed. Results for embankments in the City 

of Niagara Falls for historical and future extreme precipitation events are discussed in detail. The 

similar results for London and Ottawa are presented in Appendix B, and the comparison of results 

for all the three cities are summarized in Section 5.6. 

The effect of climate change on the stability of earth fill embankments is quantified by 

estimating the field of Local Factor of Safety (LFS). For estimation of LFS, a coupled hydro-

mechanical model equipped with soil atmospheric boundary condition using variably saturated 

flow formulation is used. The effect of moisture content variation on the effective stress and shear 

strength is considered and simulated using the suction stress state concept within the unsaturated 

soil mechanics framework. 

Moreover, the results from LFS model are validated against three other slope stability 

methods, namely, conventional limit equilibrium method (LEM), elasto-plastic finite element 

method (FEM), and finite element based LEM.  For the finite element based LEM, the stress 

distribution (linear elastic) within the slope is computed for the gravity load and is used for 

calculation of the factor of safety. In the finite element analysis with the elasto-plastic approach, 

the area of the yielded mass is compared with the area within the slope mass with LFS<1. The 

validation results are presented for both sand and silt embankments for the City of Niagara Falls. 

Embankment’s response to the historical and future extreme events, are studied using the LFS 

method. The results are presented in terms of changes in moisture content and suction stress at 



48 
 

selected times. Furthermore, the LFS evaluation of sand and silt embankments due to the impact 

of climate change in three cities of Niagara Falls, London and Ottawa is presented in terms of 

temporal variation of slope area with LFS<1 from the start of the storm to 18 hours following the 

end of the extreme precipitation event. 

 

5.2 Numerical Model Validation 

For the LFS method validation and comparison, the stability of sand and silt embankments 

was assessed based on a 6-hour future design storm for the City of Niagara Fall with a 100-year 

return period. The results from LFS method are then compared to the results of three other slope 

stability analysis approaches i.e., the conventional LEM, the finite element LEM, and elasto-plastic 

finite element analysis. In general, all classical LEM methods calculate ratio of the available shear 

strength to the shear stress required for equilibrium along the prescribed failure surfaces. 

In a conventional LEM approach such as Morgenstern & Price (1965), the forces acting on 

each slice are determined, such that all slices are in force equilibrium and moment equilibrium and 

have the same factor of safety (Krahn et al., 2003). The defined stress distribution along a slip 

surface is not completely accurate because the field of stress-strain relationship is not considered 

in conventional LEM to calculate factor of safety Finite (GEO-SLOPE International Ltd.). 

In finite element LEM, the stress field is determined through a finite element analysis, which 

in this study has been carried out using SIGMA/W and then the stresses are inputted to SLOPW/W 

to calculate the safety factors.  

Figure 5.1 and Figure 5.2 present the critical slip surface and the minimum global factor of 

safety using conventional and finite element limit equilibrium methods for sand and silt 

embankments, respectively. It should be noted that for both the analyses, pore pressure distribution 
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at the end of 6 hr storm simulated using SEEP/W, was inputted into the SLOPE/W and SIGMA/W. 

It can be observed that minimum factors of safety are greater than one for both sand and silt 

embankments using the conventional and finite element method based LEM.  It can also be 

observed that for both sand and silt embankments, the finite element method based LEM predicts 

lower factor of safety at shallower depth comparing to the conventional LEM FS results.  

In limit equilibrium analyses, global factor of safety (FOS) represents the stability condition 

of the entire slope. The limit equilibrium approach is not effective in identification of potential 

local instabilities which is a typical failure mechanism in slopes subjected to extreme precipitation 

events (Pk et al. 2018). Potential local instability can be identified using finite element analysis 

with elasto-plastic constitutive models. For this purpose, a set of adjacent yield points from a 

stress-strain analysis can be utilized to characterize the local instabilities. Figure 5.3 and Figure 

5.4 illustrate the results of elasto-plastic finite element analysis for the sand and silt embankments 

respectively. Consistent with LEM analyses described above, these results are also for pore 

pressure distribution at the end of the 100-year future extreme precipitation event. Set of adjacent 

yield points are identified on these figures. 
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Figure 5.1 Conventional vs Finite Element LEM- Sand Embankment 
 

 

Figure 5.2 Conventional vs Finite Element LEM- Silt Embankment 
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It can be observed that for both the sand and silt embankments, a shallow area of yield points 

can be clearly seen in the slope area of the embankment. It should also be noted that in the 

assessments using the elasto-plastic material, the plastic points are not necessarily an indication of 

the slope failure mechanism.  For example, a local zone of plastic points obtained from numerical 

analysis can be kinematically stable and may not necessarily cause progressive slope failure. 

In the LFS method, a local factor of safety is calculated for every point in the domain. Thus, 

a map of LFS contours, that trace lines of equal LFS values can be obtained. This method can be 

used to estimate the potential local instabilities by mapping the contour of LFS=1.0. Figure 5.3 

and Figure 5.4 also show the contour of LFS=1.0 for sand and silt embankments, respectively. A 

review of these figure indicates that the LFS contours appear to be in good agreement with the 

yield points zone obtained from elasto-plastic finite element analysis. The results illustrated on 

Figure 5.3 and Figure 5.4 also confirm that shallow surficial failures that are not identified by 

either the conventional or finite element LEM based analysis can be captured by utilizing the local 

factor of safety approach. It should be noted that LFS method can be used to develop contour map 

for any desired LFS value. As an example, the contour map of LFS=1.3 are also shown on Figure 

5.3 and Figure 5.4 for sand and silt embankments, respectively.  



52 
 

 

Figure 5.3 LFS field vs Yield points- Sand Embankment 
 

 

Figure 5.4 LFS field vs Yield points- Silt Embankment 
.   
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5.3 Embankment Response to Extreme Events  

In this section, the response of sand and silt embankments in the City of Niagara Falls to 

extreme precipitation events is presented and discussed.  The response is presented in terms of 

temporal variation of suction stress, moisture content, and field of LFS at the start middle and end 

of the extreme precipitation events. The initial conditions corresponding to 50th percentile of long-

term slope moisture conditions are used, as described in Chapter 4:  .  The analysis is carried out 

for the 6-hour future extreme event with a 50-year return period. The following results are 

presented at the initiation of the precipitation event, end of precipitation end (6 hours after the 

initiation) and 18 hours following the end of the extreme precipitation event. 

5.3.1 Moisture Content Variation During an Extreme Precipitation Event 

 Figure 5.5 shows the moisture content distribution within the slope area of embankment at 

the start, end, and 18 hours after the extreme precipitation event (i.e., Time 0, 6 and 24 hrs.). It can 

be observed that at the onset of the extreme precipitation event, the water content in the near 

surface sloped area of the embankment varies between approximately 15% and 17% which is about 

50% of complete saturation (i.e., θs=32%) for sand. It can also be observed that at the end of 

extreme precipitation event, an almost completely saturated region develops in the top part of the 

slope area. The depth of this completely saturated region is approximately 1.25 metres and appears 

to be uniformly distributed over the top of slope area. This leads one to conclude the depth effected 

by extreme precipitation event at the end of the event is limited to approximately 1.25 m. The 

moisture content distribution, 18 hours after the end of precipitation event shows that the moisture 

content is now reduced to 22% within the 0.2 m of slope surface.  However, higher moisture 

content from 0.2 m below slope surface to approximately 1.25 m below ground along the slope 

surface can still be observed. Farther from the toe of the slope, higher saturation within depth can 
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be observed indicating that from the end of precipitation (i.e., Time 6 hrs) until 18 hours after the 

end of extreme event, higher saturation of approximately 25% has penetrated to a depth of 

approximately 2m below ground surface. 

The moisture content variation for the same extreme precipitation event for silt embankment 

is illustrated on Figure 5.6. All other conditions such as initial condition and return period are 

similar to the sand embankment conditions as described above. Based on results presented on 

Figure 5.6, at the start of the extreme precipitation event, the top 0.35m of slope area is at a 

moisture content of 20%. This translates to a saturation, close to 50%, as the saturated water 

content of silt is assumed to be 45%. The moisture content distribution at the end of the extreme 

precipitation event indicates that the a near saturated zone of 0.35m develops near the surface. In 

this zone the moisture ranges from approximately 42% to 45%.  

The comparison of moisture content distribution for sand and silt embankments indicates that 

the depths of moisture penetration, at end of extreme event are not similar for sand and silt 

embankment (Figure 5.5 (b) and Figure 5.6 (b)). This is related to the difference in hydraulic 

properties of sand and silt materials i.e., soil material conduction and retention properties. Water 

retention of soils is related to the soil particle-size composition that increases from sandy to more 

fine sized soils, (Bolotov et al., 2019). Water conduction is also related to the soil particle-size 

composition and decreases from sandy to more fine sized soils. Silt has lower hydraulic 

conductivity and generates more runoff for a storm of similar intensity, resulting in lower net 

infiltration.  
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Figure 5.5 Moisture Content -Sand Embankment -Niagara Falls – Fut. IP 50% - T50 yr. Time 
0, 6 and 24 hrs. 
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The soil's capacity to retain moisture is also related to particle size, and fine soils, such as silty 

soils, can retain larger amount of moisture (Leeper et al., 1993).  This is evident from that fact that 

silt has a higher porosity value which means, larger volume of water is required to reach saturation 

in comparison to sand. Therefore, a thicker saturated region near the surface develops for the sand 

embankment in comparison to silt embankment.   

Figure 5.6 Moisture Content -Silt Embankment -Niagara Falls – Fut. IP50% - T50 yrs. 
  Time 0, 6 and 24 hrs 
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The comparison of moisture content profiles for sand and silt embankment at 24 hours 

indicates a larger recovery toward the initial moisture content for sand embankment than for silt 

embankment (Figure 5.5 (c) and Figure 5.6 (c)). This is also related to the difference in conduction 

and retention properties of sand and silt materials. Silt has higher retention (more capillarity) and 

lower conduction resulting in less gravity movement of water than sand over the same time period. 

In contrast to sand embankment, the slope toe area remains nearly saturated 18 hr after end of 

precipitation. 

 

5.3.2 Suction Stress Response  

In this section, the impact of moisture content distribution on the suction stress within the 

unsaturated surficial section of sandy and silty embankments is discussed. The evolution of suction 

stress for sand and silt embankments in Niagara Falls for the extreme precipitation event is 

illustrated on Figure 5.7 and Figure 5.9.  In the sand embankments the suction stress varies from 

3.8 kPa to 0 kPa from beginning of the precipitation until the end of the extreme event and then 

recovers to 2.2 kPa at the end of assessment (i.e., Time 24 hrs). 

Figure 5.7 a), b), and c)., specifically show the suction stress at the beginning of precipitation 

(i.e., Time 0), end of precipitation (i.e., Time 6 hrs) and 24 hours after the commencement of 

precipitation, respectively. At the Time 0, for initial condition, a suction stress of approximate 3.8 

kPa within the top 0.7 m of slope surface can been observed. After the 6 hours, suction stress 

reduced to 0 kPa, within this region, this is consistent with the moisture content distribution, 

presented and discussed earlier. It can also be observed that the suction stress after 24 hours, 

recovers to an approximate value of 2.2 kPa. This can be attributed to the decrease in moisture 

content from Time 6 hrs (i.e., end of the precipitation) to Time 24 hrs (i.e., end of analysis).  
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Figure 5.7 Suction Stress - Sand Embankment - Niagara Falls - Fut. IP 50% - T50 yr. Time, 0, 
6 and 24 hours 
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 The suction stress distribution for the same climatic conditions for silt embankment is 

presented on Figure 5.9. Similar to sand embankment, suction profiles are for start, end and 18 

hours following the extreme precipitation event. A review of this figure indicates that during the 

precipitation event the suction stress decreases from 12.7 kPa to 0 kPa in the top portions of the 

slope area (Figure 5.9 a and b). The depth of this zone is consistent with depth of moisture content 

increase as discussed earlier. It can also be observed that within this area, the suction stress 

recovers to 5.5 kPa after the redistribution of moisture content at the Time 24 hrs (Figure 5.9 (c)).  

That is an indication of increase in moisture content distribution with depth which results in 

decrease in saturation and increase in suction stress at shallower depth at the end of precipitation 

event.  

The dependency of suction stress variation to the evolution of moisture content distribution 

can be observed for both the sand and silt embankments, as presented above. In general, the 

temporal and spatial distribution of suction stress for both sand and silt embankments are 

consistent with the temporal and spatial distribution of moisture content for these embankments. 

However, the differences in suction stress distribution between the sand and silt embankment are 

also a function of differences in suction stress characteristic of these materials. This is in addition 

to the differences in the soil hydraulic properties for these materials which primarily control the 

spatial and temporal distribution of the moisture content. Figure 5.8 shows the suction stress 

characteristic curves (SSCC) for sand and silt materials, considered in this research. The X axis 

shows the effective saturation, and the Y axis is suction stress for sand and silt in kPa. It can be 

observed that the silt has larger suction stress than sand at similar values of effective saturation. 

This is attributed to the finer particle size distribution of silt that results in finer pore size 

distribution. As can be seen on Figure 5.7 and Figure 5.9, (a) and (c), the sand embankments will 
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gain approximately 60% and the silt embankments will gain approximately 43% of initial suction 

stress values, within the surficial depths of the slope, 18 hours after the end of precipitation.  This 

is consistent with the respective redistribution of the moisture for sand and silt as described earlier. 

It should be noted that in general, the evolution of suction stress is a function of the hydraulic 

behavior that is influenced by hydraulic parameters such as SWCC and hydraulic conductivity. As 

disscussed in Section 5.3.1, sand has low retention, therefore, draining starts at lower suction value 

(AEV) and more significant quntaties of moisture drains over a smaller suction range. Both sand 

and silt soils have different saturated hydraulic conductivites and pore size distribution. Therefore 

reduction in hydraulic conductivites will be different over similar suction range for both types of 

soils. In silt embakments it will take longer for suction stress to recover in comparsion to the sand 

embankments, where redistribution of moisture occurred more rapidly due to higher conduction.  

 

 

Figure 5.8 Suction Stress vs Effective Saturation - Sand and Silt 
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Figure 5.9 Suction Stress – Silt Embankment -Niagara Falls – Fut. IP 50% - T50 yr. 
Time 0, 6 and 24 hrs. 

  



62 
 

5.3.3 Field of LFS  for Sand and Silt Embankments 

In this section the field of LFS for sand and silt embankments in Niagara Falls is presented. 

Similar to the results presented above these results are for  an initial condition of IP 50%, and 

future storm of  six hours with a 50 year return period. 

The evolution of ALFS<1.0 and 1.3 for sand and silt embankments, is presented on Figure 5.10 

and Figure 5.11, respectively under similar initial and climactic conditions. In silt embankment, 

increase of ALFS<1 at the toe of slope is observed and 18 hours after the precipitation increased, 

the different response observed for sand and silt embankments is consistent with hydraulic 

parameters and shear strength of these two materials, as described in this chapter.  

 

5.4 Changing Climate Impact on Embankments (Field of LFS) 

5.4.1 Quantification of LFS Evolution under Changing Climate 

Although LFS contour maps provide a general display of slope stability conditions (as 

demonstrated in Section 5.3.3), a quantitative indicator for LFS is required, particularly when the 

variation of LFS over time is of interest. Bagheri et al. (2019) defined a slope stability indicator 

based on the area of LFS (ALFS) corresponding to a particular numerical value for the model cross 

section, as discussed in the Chapter 4:  . For example, the value of ALFS<1 is the area of the zone 

in which LFS is less than unity. This represents the mass of potential local failure zone in the 

model domain. This indicator was employed in this study. 
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Figure 5.10 Local factor of Safety - Niagara Falls - Sand Embankment - IP 50% - T=50 yr.  

Sand 0 hrs. 

 

Sand 6 hrs. 

 

Sand 24 hrs. 
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Figure 5.11 Local factor of Safety - Niagara Falls - Silt Embankment - IP 50% - T=50 yr.  
 

Silt 0 hrs. 

Silt 6 hrs.

 

Silt 24 hrs. 
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Figure 5.12 summarizes the temporal variation of ALFS<1 for sand and silt embankments in 

the City of Niagara Falls. Embankments were assessed for initial conditions corresponding to both 

IP 50% and IP 90%, as described in Chapter 3:  . The results presented on this figure are for 

historical and future 6-hr extreme precipitation events, for 50 and 100-year return periods. The 

assessment is carried out for a 24-hour duration, where 18 hours redistribution period is simulated 

following the 6-hour extreme precipitation events. Moreover, in both sand and silt embankments 

under IP 90% initial condition, the decrease in ALFS<1, from the peak to the end of assessment is 

more significant comparing to the obtained results under IP 50% condition.   

The surficial portion of sandy embankments experiences significant amount of stress change 

due to infiltration whereas, this stress change extends to several meters in silty slopes. This fact is 

an important factor in slope instability under the precipitation extreme events due to the expected 

climate changes. The pore pressure distribution and resultant effective stress field in the studied 

embankments is transient and swayed by different factors such as intensity and duration of extreme 

events, the slope geometry, soil hydraulic parameters and initial water content distribution. The 

ALFS<1 results presented on Figure 5.12, indicate that for sand embankments, increase in ALFS<1 

can be observed approximately one and half hour after the start of the precipitation event. This is 

in contrast to the results for silt embankments where increase in ALFS<1 started immediately after 

the commencement of rainfall. 
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Figure 5.12 Area of LFS <1 (m2) vs Precipitation time (6 hours) and assessment time (24 
hours) Niagara Falls Sand and Silt Embankment – Initial Condition IP 50% and 90% 

 

The above noted differences are related to difference in soil hydraulic properties as well as 

the dissimilar initial degree of saturations for sand and silt embankments. It should be noted that 

in this study, the silt embankments were at higher initial degree of saturation in comparison to the 

sand embankments. It can be seen that for the sand embankments, majority of ALFS<1 increase, 

occurs within 1.5 to 4 hours of the start of precipitation event. In contrast, silt embankment shows 

immediate but more gradual increases in the development of ALFS<1 zone. The immediate increase 

in ALFS<1 for silt embankments is related to the higher initial degree of saturation in comparison 

to sand embankment. Similarly, more gradual increase is related to lower conduction and higher 
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retention of silt in comparison to sand, which results in lower infiltration and slower water 

migration within the embankment.   

In terms of climate change all results are indicative of more extensive potential instabilities in 

the future. This is in line with the climate change predictions as more intense weather events are 

expected in the future. The results indicate potentially larger increase in areas of instability for 

sand embankments as opposed to silt embankments. In fact, the increase in areas of instability due 

to changes in extreme precipitation events appear to be quite modest for silt embankments. This 

might seem surprising as more drainable materials are generally considered to perform better for 

embankment construction. However, these results are consistent with results from others. Pk et al. 

(2018) and Baninajarian (2020), who have reported that the sand embankments are more prone to 

instabilities for shorter duration, higher intensity precipitation events, while silt embankments are 

more prone to instabilities under longer duration, lower intensity precipitation events. This is 

related to the lower hydraulic conductivity of silt materials, where longer duration, lower intensity 

precipitation events result in larger infiltration as opposed to shorter duration, higher precipitation 

events which generate more runoff. Since, in the current research the evaluation is for extreme 

precipitation events, therefore the results are consistent with those reported by Pk et al. (2018) and 

Baninajarian (2020).   

 

5.5 Effect of Storm Distribution on LFS Results    

As described in section 3.3, actual storm distributions for historical extreme events are rarely 

available and no methods for estimation for such distribution of future events has been reported in 

the literature. In this research the use of Chicago method for distribution of historical and future 

extreme events is proposed and implemented. Previous studies by others (Robinson et al. 2017, Pk 
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et al. 2018) have used storms of constant intensity. In order to quantify the effect of storm 

distribution on LFS results additional simulations were carried out. These simulations were carried 

out for sand and silt embankments in the City of Niagara Falls. The initial condition for these 

simulations were of IP 50% and historical extreme events with 50-year return periods were 

considered. The intensity over the six-hour extreme events was considered to be constant. Figure 

5.13. and Figure 5.14 compare the temporal distribution of ALFS <1 for storms with constant and 

variable intensity for sand and silt embankments respectively. Results indicate that assumption of 

constant intensity extreme events results in slightly higher estimates of ALFS <1. The difference 

between the constant intensity and Chicago storms are more pronounced for silt embankment. 

Therefore, it can be concluded that the assumption of constant intensity storms results in more 

conservative estimates of ALFS <1. 

 

Figure 5.13   Comparison of ALFS <1 for Sand Embankment for Storms of Constant and 
Variable Intensity 
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Figure 5.14 Comparison of ALFS <1 for Silt Embankment for Storms of Constant and Variable 
Intensity 

 

5.6 Comparison of ALFS<1 for the Cities of Niagara Falls, London, and Ottawa 

In this section the effect of climate change on embankments in the cities of Niagara Falls, 

London and Ottawa is compared. This comparison is presented in the form of percentage increase 

in ALFS<1 in the future relative to the historical conditions. In total forty-eight simulations for the 

cities of Niagara Falls, London and Ottawa were carried out. The embankment geometry was same 

for all these simulations. Soil hydraulic and geotechnical properties were representative of sand 

and silt materials as described earlier. For each city, simulations were carried out for IP 50% and 

IP 90% initial conditions for the historical and future periods as described in section 4.4. Similarly, 

for each city, historical and future extreme precipitation events with 50- and 100-year return 

periods as described in section 3.3 and Appendix A were used.    
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Figure 5.15 and Figure 5.16 present the comparison for sand and silt embankments 

respectively. From the results it can be expected that the area of embankment with LFS < 1will 

increase in the future. An increase can be expected for all the three cities considered in this 

research, irrespective of the initial conditions and return period of the extreme events. These 

increases observed approximately 3 hours and 9 hours after beginning of the extreme events for 

sand and silt embankments, respectively and ranged from 1.4% to approximately 8 %. For sand 

embankments, with one exception, extreme precipitation events with 100-year return period 

generally result in higher increases in ALFS< 1 in the future. Surprisingly, lowest increase in ALFS< 

1 can be observed for silt embankments in the City of Niagara Falls, although percentage change 

in the future intensity (Figure 3.4) is expected to be larger than the cities of London and Ottawa. 

This might be counter intuitive, however, as also mentioned earlier, that owing to lower 

conductivity of the silt material, larger increases in precipitation intensities can potentially result 

in larger quantities of runoff with minimal increases in infiltration. Similar observations have been 

made by Pk et al. (2018). 
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Figure 5.15 LFS Comparison Chart - Sand 
 

 

 

Figure 5.16-LFS Comparison Chart – Silt 
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Chapter 6:  Summary, Conclusions, and Recommendations for Future 

Research 

6.1 Conclusions 

In this study, the effect of climate change on the stability of typical, sand and silt 

embankments, in cities of Niagara Falls, London and Ottawa are investigated in changing climate. 

The assessment is done by estimating the field of local factor of safety. A variably saturated 

seepage model equipped with soil-atmosphere boundary condition was employed to calculate the 

soil moisture distribution within the embankments. The effect of water content variation on the in-

situ effective stress field was taken into consideration using the suction stress state concept within 

the unsaturated soil mechanics framework. 

In the method employed, the in-situ stress field is calculated based on an elastic finite element 

analysis employing the concept of Local Factor of safety (LFS). The area of zone in which LFS is 

less than unity (ALFS<1) was considered as the indicator of the potential failure mass. The contour 

of LFS<1 was compared with yield points obtained from an elasto-plastic finite element analysis. 

The comparison is also made with both the conventional and finite element limit equilibrium 

methods. The variation of ALFS<1 over time is investigated for silt and sand embankments 

subjected to historical and future, 6-hr extreme precipitation events.  

Results of the assessments are presented in the form of temporal variation of ALFS<1 over the 

course of extreme precipitation events and 18 hours following the extreme event. Results for future 

extreme events are compared with those for historical events. Relative differences in climate 

change effects on slope stability, among the cities of Niagara Falls, Ottawa and London are also 

presented. 
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6.2 Research Contribution  

The research carried out in this thesis, presents the first study to quantify the effect of climate 

change on the stability of highway embankments using the concept of Local Factor of Safety 

(LFS). This is also the first study to provide a systematic comparison of LFS approach to other 

well-established methods such as finite element limit equilibrium method and finite element 

analyses using an elasto-plastic model. The finding of this research has been presented in Canadian 

geotechnical annual conferences and are published in the conference proceeding as follows: 

1. Bagheri F., Ghassemi A. and Bashir R. (2019). Assessment of the Effects of Climate 

Change on Slope Stability using Local Factor of Safety, 72nd Canadian Geotechnical Society 

Annual Conference, St. John's, Newfoundland, Canada. 

2. Bagheri F., Ghassemi A. and Bashir R. (2020). Assessment of Local Factor of Safety Field 

for Variably Saturated Embankments due to Climate Change Using In-Situ Stress Finite Element 

Analysis, 73rd Canadian Geotechnical Society Annual Conference, GeoVirtual, Canada. 

 

6.3 Recommendations for Future Research 

As described in this thesis, priority in the current engineering assessments was to check the 

feasibility of LFS approach in quantifying the effect of climate change on the stability of 

embankment slopes for select locations in the province of Ontario.  The Cube module of Hydrus 

2D/3D used for the current research is not capable of carrying out deformation assessments within 

the unsaturated soil mechanics framework. In this research, the LFS analysis carried out using 

HYDRUS (2D/3D) program version 3.01.1360. A new version of Cube (version 3.04) has been 

released in May 2021 and is now capable of carrying out deformation assessments within the 

unsaturated soil mechanics framework. It is recommended that the deformation assessments for 
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embankments slopes should be considered for future studies. It is also recommended that the 

similar evaluations should be carried out for other cities in the province of Ontario. It is also 

recommended that extreme precipitations events of different durations should be considered in 

future assessments. The soil parameters considered in this research are for typical sand and silt 

materials used in embankment construction in the province of Ontario. It is recommended that the 

variability in hydraulic and geotechnical parameters should be considered within a probabilistic 

framework. 
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Appendix B: Area of LFS vs Precipitation time and assessment time  

Area of LFS <1 (m2) vs Precipitation time (6 hours) and assessment time (24 hours) 
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