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Abstract

Changes in climatic conditions have been observed since about 1950. Climate change is expected
to increase the magnitude and frequency of extreme events as well as long-term changes in average
climatic conditions. The stability of earth embankments plays a critical role in transportation
infrastructure sustainability. The stability of embankments is susceptible to water infiltration as a
result of intense rainfall events. The primary objective of this research is to quantify the impacts
of future climate change on the stability of typical highway soil embankments across Ontario.
These quantifications have been done by making use of numerical modelling techniques.
Furthermore, a probabilistic approach has been considered to evaluate the probability of slope
failures.

The results indicate that a higher probability of slope failure is expected under extreme
precipitation events with longer return periods. Moreover, in silt embankments, the annual
probability of failure in the future is greater than the historical ones. However, in the sand
embankment, only Toronto and Kenora would experience higher values of the annual probability
of failure in the future compared to the historical period. In addition, embankments constructed
with fine-grained materials have the potential of triggering slope failure in comparison to those
constructed with coarse-grained materials. The maximum expected value of the annual probability
of failure is 1.2% for the sand embankment. However, the maximum estimated value is 8% for
the silt embankment. The comparison between general and shallow failure shows that shallower
failures are more susceptible to climatic events with considerable increase in the annual probability

of shallow failure in many locations in the future.
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Chapter 1: Introduction
The Intergovernmental Panel on Climate Change (IPCC) has reported that the climate change
process would continue over the next century (IPCC 2013). Climate change is associated with
considerable alteration of important climate variables such as precipitation, potential evaporation,
and intensity and frequency of extreme weather events. These changes can affect the geotechnical
infrastructure in many different ways. For example, an increase in the intensity of extreme
precipitation may intensify soil erosion, increase the mobility of contaminants, or trigger hydro-
mechanical failures in slopes.
Ministry of Transportation Ontario (MTO) manages approximately 17,000 km of highways in the
province of Ontario, Canada. Embankment fills comprised of different soils, and rock types make
up a significant portion of the highway infrastructure. Infrastructure sustainability is a provincial
highway management priority in the province of Ontario. Due to the continuous exposure to the
environment, the stability of embankments can be affected by many different climate variables.
The most critical climate parameter that affects the stability of soil embankments is the
precipitation. Meteoric water can seep through the embankment soil mass. As a result, the effective
stress and shear strength of the soil, which are dependent on the quantity of water in the soil pores,
are affected. This can adversely affect the stability of the embankment slopes. Therefore, any
changes in the intensity, duration, and frequency of the precipitation events due to climate change
have the potential to affect the stability of the embankments.
1.1.  Thesis objective
The primary objective of this research is to quantify the impacts of future climate change on the

stability of typical highway soil embankments across Ontario. These quantifications have been



done by making use of numerical modelling techniques. Furthermore, risk assessment of possible

instabilities using a probabilistic approach has also been considered in this research.

Numerical simulation of climate change impact on the stability of embankments requires a

multidisciplinary approach. The innovative multidisciplinary approach that has been employed in

this research pursuits four different but related sub-objectives for this research:

» Construction of an appropriate long-term design climate for slope stability assessments;

» Estimation of long-term variation of slope moisture conditions;

» Assessment of long-term performance of embankments under changing climate;

» Evaluation of effects of uncertainties in soil properties and extreme rainfalls on the slope
stability.

Figure 1.1 shows a summary of the applied procedure and the objective of this research. As can be

seen from this flowchart, in this study, a 30-year historical climate dataset (i.e., 1981-2010) and

sixteen 90-year (i.e., 2011-2100) future climate datasets were compiled. Long-term variation of

soil moisture conditions under different future climate scenarios was investigated using 1D

transient variably saturated seepage finite-element (FE) simulations, considering two different soil

types, with distinctively different hydraulic properties. Long-term variations of the spatial and

temporal distribution of pore water pressure (PWP) within the embankments were obtained using

2D transient variably saturated seepage finite-element (FE) models, with consideration for both

precipitation and actual evaporation using the soil-atmosphere boundary. Assessment of slope

stability overtime during extreme precipitation events was carried out by exporting PWP spatial

distributions from the hydrological model into the limit equilibrium slope stability models. The

models were able to take into account the contribution of matric suction on the soil strength.
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Figure 1.1 A flowchart summary of the strategy of this research



The soil-atmosphere boundary for the hydrological model was prepared using Chicago storm
hyetographs based on historical and future Intensity-Duration-Frequency (IDF) curves. Based on
the obtained results, the impact of future climate change was quantified by comparing the future
stability condition of embankments with their historical performance for ten different locations
across the province of Ontario. Then, the uncertainties in soil properties and extreme rainfall
characteristics were taken into consideration using reliability analyses. In the reliability analyses,
the annual probability of slope failure was evaluated as the principal representative index showing
the estimated probability that the slope failure would occur during a year.

1.2.  Thesis outline

This thesis has been organized into eight chapters:

e Chapter 1 presents the objective and summary of the procedures adopted in accomplishing
the desired objectives;

e Chapter 2 provides a review of the previous related studies and their limitations;

e The selection of the embankment materials and the estimation of soil geotechnical and
hydraulic parameters are discussed in Chapter 3;

e Inchapter 4, climate data investigation is presented. This includes an overview of historical
and future climate data compilation and analyses. The overview is then followed by the
construction of an appropriate long-term design climate for slope stability assessments.
This chapter concludes with the evaluation of rainfall IDF curves and selection of design
IDF curves for slope stability assessments under extreme rainfall events for various
locations across Ontario;

e In Chapter 5, the estimation of long-term variation of slope moisture conditions based on

the time history of soil-atmosphere interactions is presented. First, an innovative approach



is employed to generate sub-daily data for the soil-atmosphere boundary for the HYDRUS
2D models. Then, the evaluation of spatial and temporal variation of moisture distribution
within the embankment using statistical analyses is presented. This chapter concludes with
the identification of average and extreme slope moisture conditions for historical and future
climatic conditions;

Chapter 6 presents the methodology and results of slope stability assessments under
historical and future extreme rainfalls. The temporal variation of the factor of safety with
two different initial conditions and under different extreme rainfalls is presented in this
chapter. The comparison of the critical factor of safety of all locations under consideration
for three different durations of extreme rainfall concludes this chapter.

The probabilistic analyses are discussed and presented in Chapter 7. The results of the
analyses are presented in the form of fragility curves and the annual probability of failure
for the embankments. This chapter concludes by presenting the annual probabilities of
failure for all locations.

In Chapter 8, the summary and conclusions of this research are presented. It also includes

the discussion on the contribution of this research and recommendations for future work.



Chapter 2: Literature review

2.1.  Climate change

According to the Intergovernmental Panel on Climate Change (IPCC), changes in climatic
conditions have been observed since about 1950. Changes in many extreme kinds of weather and
climatic events, including an increase in warm temperature extremes, a decrease in cold
temperature extremes, an increase in sea levels, and an increase in the number of extreme
precipitation events in several regions have been observed since the mid-twentieth century (IPCC
2015). It is now recognized that global warming may change the hydrological cycle, with
increasing either the frequency, or magnitude, or both of these characteristics of the extreme
rainfall events (Fowler and Hennessy 1995).

Fowler and Hennessy (1995) investigated the potential effect of global warming on the frequency
and magnitude of extreme rainfalls in Australia, Europe, India, China, and the USA. They
reviewed physical and empirical evidence and results derived from enhanced-greenhouse
experiments using global climate models (GCMs). They observed the consistency between them
and concluded that global warming might result in a more intense hydrological cycle. These results
were derived from enhanced-greenhouse experiments using global climate models and the physical
and empirical arguments. They also observed substantial increases in the frequency and magnitude
of extreme precipitation based on the analysis of output from three different GCMs.

In another study, Whetton et al. (1993) also investigated the potential impacts of climate change
on extreme rainfall events in Australia. They reanalyzed 28-30 years of historical data under
doubled CO: conditions. The modelling results indicated an increase in the frequency of extreme
rainfall events and associated flooding. Goswami et al. (2006) have reported a rising trend in the

frequency and magnitude of the extreme rainfall events in India. They noticed that despite the



considerable year-to-year variability, there were significant increases in the frequency and
intensity of extreme rainfall events in central India over the past half-century.

Muzik (2002) examined the change in the frequency and magnitude of peak flood flows in a
midsize subalpine watershed on the eastern slopes of the Rocky Mountains in Alberta, Canada,
under the doubling of CO,. He considered two scenarios of likely most severe changes. The first
scenario is based on a 25% increase in the mean and standard deviation of Gumbel distribution of
rainfall depth for storm durations of 6- to 48-hour. The second scenario only considers a 50%
increase in the standard deviation. He generated synthetic flood frequency curves for the watershed
by employing hydrologic rainfall-runoff watershed models in Monte Carlo simulations. Then, he
compared the derived flood frequency curves to the derived synthetic flood frequency curve for
the present climate. He noticed that both flood flow would increase under both scenarios. It was
also reported that although scenario 1 is more critical than scenario 2, however, even small to
moderate increases in rainfall intensity has the potential to impact flood flows.

In another study, Peck et al. (2012) assessed the Intensity-Duration-Frequency curve changes
under changing climatic conditions for the City of London, Ontario, Canada. They collected nine
daily maximum rainfall datasets (5, 10, 15, 30 minutes, 1, 2, 6, 12, and 24 hours) from the London
Airport station between 1961 to 2002. These datasets were used as input for a weather generator
(WG) algorithm to create a long-time series of weather data. By comparing the estimated future
IDF curves with historical IDF curves reported by Environment Canada, they reported an increase
in intensity and frequency of future extreme rainfalls.

Pk (2017) reviewed and quantified the temporal changes in the climate variables over the next 90

years for Toronto, Ontario, Canada. He reported a rising trend for annual precipitation and extreme



rainfall events in the future. He also indicated that not only would be intensity increases, but the
number of extreme events could potentially double from the historical period.

2.2.  Slope stability

Changes in extreme rainfall patterns due to climate change have the potential to affect the stability
of both natural and constructed slopes. Highway embankments, as an example, are likely to
experience rainfall-induced slope failures because of their continuous exposure to changing
atmospheric conditions. A considerable amount of water exchanges takes place at the soil-
atmosphere boundary. Prevailing atmospheric conditions at the ground surface can change the
water storage in the slope. Increased water storage can cause an increase in the pore water pressure
and a decrease in the suction component of the shear strength. These changes in pore pressure and
shear strength can lead to slope instabilities (Fredlund et al. 2012). However, it is difficult to
predict the changes in climate and determine their related impact on the geohydrological hazards,
including landslides (Gariano and Guzzetti 2016). Following is the review of the literature on
reported relationships between climate change and slope instabilities.

In 1999, a European project titled "The temporal stability and activity of landslides in Europe
concerning the climatic change (TESLEC)," was carried to study the interrelationship between
landslides and climate over time. The study areas of this project included eight different sites
located in five different European countries. These countries are England, France, Italy, Portugal,
and Spain. The main criteria for the selection of these test sites were related to (1) the existence of
ongoing research with landslide monitoring and historical data, (2) site-specific hazard potential,
(3) high recent landslide activity, and (4) different landslide types. The TESLEC project pursued
three main objectives: (a) development of criteria for the recognition of landslides, (b)

reconstruction of past distributions of landslide incidence related to the change of various climate



parameters, and (c) development of a hydrological and slope stability modelling framework for
the prediction of landslide activity in a changing climate. This project concluded that the
establishment of a single "universal law" all of Europe is impossible because the relationships
between climate and landslides are quite complex. However, a cumulative rainfall-duration
threshold for the reactivation of landslides was developed based on some areas as part of this
project. Furthermore, the analysis of hydrological and slope stability models indicated that
physically based models are not always the best solution because of the model complexity and
data requirements. They recommended that future model development should consider sudden
changes in permeability, larger landslide volumes, and complex landslide topography (Dikau and
Schrott 1999).

Collison et al. (2000) assessed the potential impact of predicted climate change on landslides in
southeast England. They used downscaled GCM (the second generation of the UK Hadley Centre
GCM) output and modelled a 4 km section of a slope using a hydro-geotechnical simulation. The
model was based on a geographical information system (GIS). Their results demonstrated that
climate change would not cause frequent massive landslides; however, water storage in shallow
depths could potentially increase, which may change the frequency and periods of instability.

In a later study in 2004, Schmidt and Dikau studied the effect of historical climate variability on
slope stability. They assessed the stability of hillslopes under changing climate by coupling proxy-
derived climate series with a groundwater/slope stability model. The model was applied to three
hillslopes near Bonn (Germany). Their results showed that the stability of landslides is sensitive
to climatic changes. The found out that sensitivity to climate change is dependent on the internal

configuration of the landscape, such as topographical and structural convergences, and the location



of sensitive soil layers. They also found that the modelled climate scenario with a higher frequency
of intense rainfall events was generally more effective in increasing slope instability.

The International Conference on Landslides and Climate Change was held in Ventor, UK, in 2007.
The purpose of the Conference was to understand the relationship between climate change and
increased landslide hazards, landslide management, and risk mitigation. Three steps were
identified to be fundamental to studying the possible effects of climate change on the landslides.
These steps are: knowing the causes of critical behaviour, the potential impact of climate change
on the landscape and vegetation cover, and determining the real behaviour of landslide movements,
particularly during the pre-failure phases (Mclnnes et al. 2007).

Dixon and 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 lies
approximately 10 km southwest of Mam Tor and obtained monthly precipitation predicted from
the UKCIP 2002 report based on HadCM3 model, downscaled to a 50-km resolution. They
indicated that Mam Tor could be more vulnerable to the predicted winter rainfall and could
experience a shorter return period for slope movements due to the wetter conditions. This was due
to changing rainfall frequency from 4 to 3.5 years in winter. However, they observed a decreasing
trend for annual rainfall over 1961-2080 and noted this might have a positive effect on landslide
stability.

In 2010, Rahardjo et al. 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 typical, driest, and
wettest periods. They also considered four different rainfall intensities of 9, 22, 36, and 80 mm/h.

The soil properties were selected based on two main residual soils found in the area, the Bukit
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Timah Granite and the Sedimentary Jurong Formation. They reported that the position of the
groundwater table in reference to the ground surface during rainfall did not significantly affect the
factor of safety. This was attributed to the 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 would lead to a higher air-entry value, a lower soil permeability, and a rapid
decrease in the factor of safety. They also noted that the minimum factor of safety might not occur
at the end of the rainfall event, but several hours after the rain would stop because the rainwater
has not percolated to the critical slip surface depth by the end of the rainfall. They also mentioned
that different slope geometries and soil properties would have different values for the minimum
factor of safety.

Coe and Godt (2012) identified fourteen technical approaches for assessing the impact of climate
change on landslide activity. They classified them into three groups, including 1) long-term
monitoring of climate change and landslide activities, 2) retrospective approaches that establish a
connection between climate data and landslide activity based on historical records, and 3)
prospective approaches that develop patterns between historical landslide activity and climate
records and then use these patterns with downscaled climate projections to predict future landslide
activity. They concluded that predicting the frequency and magnitude of extreme short-term storms
is difficult; therefore, the prediction of shallow landslides under these storms have the most
significant uncertainty. However, the results of predicting the landslide considering air
temperature, sea-level rise, or seasonal/annual rainfall show a lower uncertainty, as there is less
difficulty in their prediction.

Comegna et al. (2013) evaluated the potential changes in climate variables and predicted the future

behaviour of an active, slow-moving earthflow in the Basento River valley in southern Italy. Their
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methodology was based on the coupling the climatic scenarios and geotechnical analyses. It
embodied three steps: 1) calibration of a model linking weather parameters to the pore water
pressure regime, (2) establishing a relationship between pore water pressure and landslide
movement, and (3) assessment of the long-time behaviour of the landslide based on available
climate scenarios. They obtained climate variables by solving the differential equations
implemented in the COSMO-CLM regional model and validated the simulated data by comparing
it with monitoring data over the time interval of 2005-2007. Their analyses show a reduction of
6-8 mm per decade in the groundwater level due to the expected increase in temperature and
decrease in precipitation. They estimated the displacement rate of the earthflow and implied that
the expected change in climate is not an influential factor in the dynamic behaviour of the slow
landslide in clay. They reasoned that the moderate decrease in annual precipitation and the increase
in temperature do not alter the evaporation and groundwater levels enough to be of any
significance.

In 2014, Rianna et al. investigated the long-term behaviour of Orvieto clayey landslide behaviour
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 took advantage of historical climate data
with high-resolution (up to 8 km) and climate data provided by COSMO-CLM based on two
different emission scenarios, RCP4.5 and RCP8.5. They predicted the slope displacement until the
end of 2100 and concluded that the predicted climate changes could cause a significant landslide
movement.

Ciabatta et al. (2016) assessed the impact of climate-change scenarios on landslide occurrence 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
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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 future. They also observed that there is not a simple relation between
climate parameters and the number of landslides, and suggested soil moisture conditions should
also be taken into consideration as well. They found that during the warm-dry season, decreasing
soil moisture leads to an unchanged number of landslide occurrences. Contrarily, during the cold-
wet season, the number of landslide events increased considerably because of the significant
increase in soil moisture. They also pointed out that the type of GCM, downscaling method, and
climate data resolution could influence the results.

Batali and Andreea (2016) investigated the slope stability considering the unsaturated soil
condition above the water table. They investigated the slope stability of a landslide located in Cluj-
Napoca city, in the center of Romania using SVSlope software (SVOffice 2009), considering
various unsaturated shear strength values predicted by different models. They also evaluated the
effect of a drainage system on the slope stabilization for the case study. They noted that the models
based on Fredlund and Xing (1994) show acceptable performance for the estimation of the
unsaturated condition. This conclusion was based on the comparison of the results with measured
values of suction obtained from the site. They also concluded that more realistic results could be
obtained if unsaturated properties are considered for the soil above the groundwater table. 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 for analyzing the historical and future IDF curves. Future precipitation data were obtained
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from the coupled model intercomparison project phase 5 (CMIP5) simulations. 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 boundary condition. Their
results indicate that the increase in rainfall intensity could result in increasing the pore water
pressure that would adversely affect the stability of the embankment slope.

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 highway embankment in Southern Ontario, Canada. They considered two
different embankment fills, sand and silt, and compared the stability results of historical climate
with future climate data sets. 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
cumulative annual net infiltration in the future 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 the fill materials play a critical role in the embankment’s stability under changing
climatic conditions. The highly permeable sand embankment was found to drain water quickly
without any significant effect on stability. On the other hand, embankments constructed with low
permeability finer materials such as silt showed a lower factor of safety (FOS) owing to their
ability to retain water and conduct it slowly.

2.3.  Probabilistic stability analysis and fragility curves for geotechnical structures
Reliability analyses offer an option for evaluating the uncertainties and estimating their effects on
the performance of slopes using probabilistic concepts. Through such analyses, assigning a

probability distribution function to input parameters allows engineers to evaluate the probability
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of the desired level of performance. Fragility curves are an appropriate tool for reliability-based
analysis of slope stability. They are an attractive tool for carrying out risk assessments of large
systems, such as major transport networks (Martinovi¢ et al. 2018). To date, most research on
vulnerability assessment of slopes has focused on slope performance under earthquake loading,
and only a few researchers have presented fragility curves for slope stability under extreme rainfall
events. A brief review of these studies is presented as follows.

Otalvaro and Cordao-Neto (2013) performed probabilistic analyses of slope stability under
infiltration conditions. They used the Finite Element Method (FEM) to analyze the seepage
problem and the Limit Equilibrium Method (LEM) to determine the factor of safety. They applied
the First Order Second Moment (FOSM) method to quantify the influence of mechanical and
hydraulic parameters on the factor of safety of slope. They concluded that in the initial time step,
the effective angle of internal friction and effective cohesion influence the factor of safety, so
hydraulic parameters should not be considered as the variables with the most significant impact on
the mean value of the factor of safety. However, after the start of the infiltration, hydraulic
parameters have the most influence on the factor of safety.

Park et al. (2013) evaluated the probability of failure using an infinite slope model linked to GIS.
A coupled hydrogeological model with an infinite slope model was their tool to evaluate changes
in pore water pressure caused by rainfall. They took advantage of a GIS-based environment since
it provided spatial data-processing capacity over a vast area. The probabilistic analyses were
carried out using the Monte Carlo simulation method. They compared the results of the
probabilistic analyses with the landslide inventory available in the GIS environment. This

comparison indicated the acceptable performance of the probabilistic method. Their results
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showed that proper consideration and understanding of uncertainties are necessary for an accurate
prediction of susceptibility to shallow landslides.

Calamak and Yanmaz (2014) analyzed the slope stability of earth-fill dams using a probabilistic
approach. They considered hydraulic conductivity, unit weight, cohesion, and internal friction
angle of the soil as the random variables. They used two different software, using the finite element
method and limit equilibrium methods for seepage and stability analyses, respectively. Their
results show that the factor of safety could vary between 19 to 25%. This range is considerable
and might lead to lower values of factor of safety and a higher probability of failure. They also
investigated the effect of material variability through the slip surface. They highlighted the
importance of spatial variation of hydraulic conductivity in probabilistic stability analyses.
Martinovi¢ et al. (2016) assessed the susceptibility of Irish rail network earthworks to climate
change. They obtained geometric information from the existing Irish Rail LIDAR scans of the
entire network and compared them to walkover assessment data. They also performed a statistical
analysis on the LiDAR geometry data (slope heights and slope angles) to understand the
differences between the aged railway infrastructure and modern earthworks designs on this
network. They noticed that the visual assessment is not reliable because it overestimated both the
slope height and the angle. Moreover, they developed fragility curves for rainfall-triggered shallow
landslides for transport networks to see the effect of slope angles on the vulnerability of slope.
Their results show that the probability of failure would increase by increasing the slope angle and
rainfall durations.

According to Zhang and Huang (2016), a slope may have many potential slip surfaces, and the
consequence of slope failure along different slip surfaces could be quite different. The uncertainty

in soil parameters causes uncertainty in the location of the critical slip surface. They proposed a
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method for quantitative risk assessment of slopes considering a large number of potential slip
surfaces since the traditional equation is only suitable for slope failure along a given slip surface.
This method considers multiple slip surfaces in the risk assessment analysis since the most
probable failure is not necessarily the surface with the largest larger risk. They also suggested that
the risk associated with a slope as a system is different from the risk associated with a single slip
surface.

Tsubaki et al. (2016) investigated two well-documented events of railway embankment failures
during floods in Japan and generated fragility curves for risk assessment purposes. They developed
normal and log-normal fragility curves based on damage probability derived from the field records
and the estimated overtopping water depth. They evaluated their work by comparing calculated
probabilities with the actual damage records. At one location with recorded continuous washout,
the damage probability based on fragility curves agreed with the observed damage. However, the
model did not show an agreement with the available records in flat locations with level railway
crests. In such locations, variations in the simulated overtopping water depth were affected by the
small errors in the topographic data.

In 2017, Liu et al. evaluated the uncertainty in the soil-water Characteristic Curve on stability
assessment of an unsaturated slope under rainfall events. They took advantage of the Bayesian
approach and the Markov chain Monte Carlo (MCMC) method. They concluded that the
uncertainty in SWCC has notable effects on slope seepage and associated stability. They
highlighted the importance of uncertainties in SWCC parameters, which could lead to unreliable
predictions of pore-water pressure profiles leading to inaccurate values of factor of safety for the

slope under rainfall conditions.
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In 2017, Jasim et al. developed fragility curves for earthen levees subjected to extreme
precipitations. They numerically simulated the levee behaviour using a fully coupled 2D stress-
strain and a variably saturated flow finite element model. They developed the fragility curves for
the historical and future periods to compare the probability of levee's failure under both past and
future climate conditions. They concluded that a rainstorm for more than three consecutive days,
especially if its intensity is more than 27 mm/day would be determinal for the levee . They
demonstrated that climate change increases the probability of failure in levee systems for extreme
events. Their results also showed that the levee's probability of failure in the future would increase
by 12% compared to the baseline scenario.

Martinovi¢ et al. (2018) developed fragility curves for shallow landslides induced by rainfall on
the Irish Rail network. They concluded that the probability of shallow failure is increasing as a
result of more intense and longer duration rainfall events due to climate change. They used Monte
Carlo simulations, determined the change in reliability with rainfall duration, and developed the
fragility curves. The fragility curves show the changes in slope capacity and its vulnerability to the
rainfall. They also verified their result by back-analyzing historical failure at four sites and noted
a good agreement with the actual time of failure. Both historical data and fragility curves showed
that the failure events happened after a relatively long rainfall duration, not during the early
infiltration period. They recommended their methodology for assessing geo infrastructures such
as cuttings and embankments on the road, rail, and water transport networks. The also highlighted
that soil suction plays an important role in the occurrence of failure.

In another study, Sharma (2016) assessed the effect of the variability of soil properties on the
stability of a natural slope in district Bilaspur, Himachal Pradesh, India. Probabilistic and

deterministic analyses using Monte Carlo simulation and Geo-Studio respectively were carried
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out, and the comparison of the results obtained from the two approaches indicated their efficacy
for slope stability assessments. It was implied that the deterministic approach generally results in
conservative values of factor of safety since the assigned input parameters are single-valued, and
the spatial variation of them is not considered. The results obtained from the probabilistic approach
can be used to determine the probability of failure corresponding to a particular factor of safety,
and an allowable risk criterion can be used to establish a consistent target for the design process.
2.4.  Gaps and limitations of the previous studies

Generally, all previous studies indicate the climate is changing with an increase in temperatures,
melting of ice and snow, rising sea levels, changes in precipitation patterns, and increases in the
frequency and intensity of extreme events. These climatic changes have the potential to adversely
affect the stability of the slopes. However, it should be noted that these findings are dependent on
the various simplifications and assumptions that are made in the development of the numerical
models. Assumption of simple initial conditions for pore pressure distribution (e.g., Robinson et
al. 2017), selecting future climate data based only on hydrological aspects (e.g., Bo et al. 2008),
and considering uniform rainfall intensity during extreme events (e.g., Rahardjo et al. 2010) are
some the examples of these assumptions in previous studies. Moreover, most of the earlier studies
have focused on the effect of climate change on FOS values, and the probability of the predicted
stability condition has received less attention.

In studies to date, fragility curves have been established to estimate the probability of failure for
all feasible loads (herein rainfall events). However, the probability of load exceedance is not taken
into account explicitly. Hence, the probability of failure given by the fragility curves is indeed the
conditional probability of failure. This issue is fundamental to be addressed in the development of

fragility curves. However, most of the previous studies have focused on rainfall intensity and
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duration without taking into consideration the probability of event occurrence. For example,
Martinovi¢ et al. (2018) only addressed the conditional probability of failure under different
rainfall conditions, and the probability of rainfall reoccurrence was ignored in their study.

Moreover, Jasim et al. (2017) developed fragility curves for a case study, considering rainfall
durations of 1 to 7 days and recurrence intervals of 25, 50, and 100 years. In the developed fragility
curve, the rainfall intensity was set as the primary independent variable for fragility curves.
Although such fragility curves have the advantage of inclusion rainfall return periods, the

occurrence of rainfalls with more than 1-day duration with uniform intensity is rare.
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Chapter 3: Geotechnical and Hydraulic Parameters

To study the impact of climate change on the stability of a soil embankment, soil’s geotechnical
and hydraulic parameters must be known. In this chapter, the methodology for selecting the soil
properties for this study is presented. Material selection is based on the information provided by
the Ministry of Transportation, Ontario (MTQO). According to MTO, Select Subgrade Material
(SSM) is often used in embankment construction across Ontario. Figure 3.1 shows the range of
gradation for SSM, based on Ontario Provincial Standard Specification 1010 (OPSS 1010). This
figure shows that the SSM is in the range of silty sand to sandy gravel. The parameters of the

particle distribution for the average SSM curve are also shown in Figure 3.1.
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Figure 3.1 The range of gradation for Select Subgrade Material (modified from OPSS 1010)
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The high drainage capacity of materials such as gravel or coarse sands makes them the right choice
for the embankment fill because the embankments are expected not to be significantly affected by
the environmental loads. Therefore, silty sand material was considered as one of the embankment
fill types in this study. The hydraulic characteristics of silty sand are highly dependent on fine
material content, so the finer limit of allowable SSM range was conservatively assumed as the
gradation of the silty sand material. This material can be classified as silty sand (SM ), according
to the Unified Soil Classification System (USCS) or loamy sand (LS), based on the U.S.
Department of Agriculture (USDA) classification. In some instances, due to the unavailability of
coarser earth materials for embankment construction, some existing embankments across Ontario
have also been constructed using silty materials. Therefore, typical sandy silt (ML, according to
USCS, or SL (silty loam), according to USDA), was considered as another type of embankment
fill in this study.

3.1.  Geotechnical parameters

Unit weight, effective angle of internal friction, and effective cohesion are three primary
geotechnical parameters that control the stability of earth embankments. The effective cohesion is
assumed to be zero in this study since the materials used in the construction of embankments are
non-cementitious. Unit weight and effective angle of internal friction are discussed in the
following sections.

3.1.1. Unit weight

All embankment fill materials used in MTO projects are to be placed and compacted following
OPSS 206 and OPSS 501, respectively. These specifications require a relatively high degree of
compaction for the fill material. For sand material, maximum dry density (corresponding to

minimum void ratio) is dependent upon uniformity coefficient (Cy), as well as particle angularity
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(FHWA 2002). In this study, the estimation of dry unit weight of silty sand is based on the

correlation shown in Figure 3.2.
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Figure 3.2 Maximum dry density relationship with sand uniformity coefficient (FHWA 2002)

According to OPSS 206 and OPSS 501, the fill material must be compacted to a density of 95%
of the maximum dry density. Therefore, the dry unit weight of silty sand is estimated by
substituting the value of 2.75 for the uniformity coefficient in Equation 3.1.

Ya = 0.95 * ¥4 max = 0.95 * (1.65 + 0.52 % log(2.75)) = 1.78 g/cm® = 17.5 kN/m3 (3.1)
This value is in agreement with the values proposed by USDA (2018) for dense loamy sand (LS
zone in Figure 3.3) and the range proposed by Naval Facilities Engineering Command (NAVFAC,
1982) for dense SM (Figure 3.4).

For typical sandy silt, a dry density value of 14.7 kN/m3 (1.5 g/cm?®) was assumed. This value is

less than the value for silty sand since the dry density of compacted fine-grained material is
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generally less than coarse-grained material. This value is also within the suggested range for silty

loam by USDA (2018) and NAVFAC (1982) for ML.
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3.1.2. Effective angle of internal friction

The factor of safety for slope stability assessments is highly dependent on the soil angle of internal
friction (¢). The friction angle of cohesionless soils mainly depends on soil gradation, density, and
grain angularity, particularly for the coarse-grained soils. Table 3.1 from FHWA (2002) shows
friction angles of 34+1° and 32+2° for silty sand (SM) and inorganic silt (ML), respectively. The
values of geotechnical parameters considered in this research are shown in Table 3.2.

3.2.  Hydraulic parameters

The hydraulic behaviour of unsaturated soils is defined by the soil-water Characteristic Curve
(SWCC) and unsaturated hydraulic conductivity function (HCF). The stability performance of
variably saturated slopes has been shown to be dependent on the SWCC and HCF parameters (Pk
et al. 2018).

3.2.1. Saturated Hydraulic conductivity

Saturated hydraulic conductivity is a primary parameter that controls the water seepage through
the soil. It relies on the intrinsic permeability of the material and the density and viscosity of the
liquid. The last two factors can be assumed constant under normal operating temperatures.

There are several methods for predicting the saturated hydraulic conductivity of sandy soils in the
literature (e.g., Hazen 1911, Powers 1992, Carsel and Parrish 1988, Mbonimpa et al. 2002, USDA
2018). Figure 3.5 shows the range of hydraulic conductivity values corresponding to the soil
texture triangle from USDA (2018). This particular figure is for the soils with high bulk density.
This figure can be used together with the density diagram of the texture triangle shown in Figure

3.3 to estimate hydraulic conductivity.

25



Table 3.1 Values for dry density and shear strength parameters of various soils (modified from

FHWA, 2002)
Standard Proctor Compaction q
» (AASHTO T 99) Saturated  Friction
Unified Soil Type Maximum Dry  Optimum %Oonr:g:gﬁd Cohesion, Angel, ¢
Classification Density Moisture ' Caa(kPa)  (deg)
(KN/m*3)  Content (%) Co (kPa)
GW well graded clean gravels, gravel-sand >18.7 <133 * * > 38
mixture
GP poorly graded clean gravels, gravel- >17.3 <124 * * > 37
sand mixture
GM silty gravels, poorly graded gravel- >17.9 <145 * * >34
sand-silt
GC clayey gravels, poorly graded gravel- >18.1 <14.7 * * >31
sand-clay
SW well graded clean sands, gravely sands  18.7 £ 0.8 13.3+25 39+4 * 38+1
SP poorly graded clean sands, sand-gravel 17.3+0.3 124+1.0 23+6 * 37+1
mixture
SM silty sands, poorly graded sand-silt 179+0.2 145+04 51+6 207 34+1
mixture
SM - SC sand-silt-clay with slightly plastic 18.7+0.2 128+05 50+21 14+ 6 33+4
fines
SC clayey sands, poorly graded sand-clay  18.1 +0.2 147+04 75%15 11+6 31+4
mixture
ML inorganic silts and clayey silts 16.2+0.2 19.2+0.7 67x10 9x* 32+2
ML - CL mixture of inorganic silts and clays 17.1+0.3 16.8+0.7 63%17 22+ * 32+3
CL inorganic clays of low to medium 17.1+0.2 173+£03 87x10 13+2 28+2
plasticity
oL organic silts and silty clays of low * * * * *
plasticity
MH inorganic clayey silts, elastic silts 129+0.6 36.3+32 72+30 209 25+3
CH inorganic clays of high plasticity 148+0.3 255+12 103+34 11+6 19+5
OH organic clays and silty clays * * * * *

+ : 90% confidence limits of the average value,

* : insufficient data,

> greater than, <:lessthan
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Table 3.2 Geotechnical parameters considered in this research

Cohesion Dry unit weight Saturated unit weight Angle of internal friction Porosity

Material = = oy (KN/m?) (KN/m?) (degree) )
Siltysand 0 175 20.7 34 0.33
Sandysilt 0 14.7 19 32 0.44

0100

0 20 40 60 80 100
Sand Separate, %

Figure 3.5 Range of saturated hydraulic conductivity for dense soil (USDA 2018)

Carsel and Parrish (1988) have also suggested values of hydraulic conductivity for different soils
in the soil texture triangle, as presented in Table 3.3. There are also other correlations in the
literature that consider the effect of soil density and gradation on hydraulic conductivity. Figure
3.6 shows other relationships that can be used to estimate the hydraulic conductivity of dense sandy
soil based on Cu and Dsp (Powers 1992). The estimation of hydraulic conductivity based on the

abovementioned references for silty sand is summarized in Table 3.4,
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Table 3.3 Suggested values of hydraulic conductivity for different soils (modified from Carsel
and Parrish 1988)

Hydraulic Conductivity Ks (m/s)

Soil Type . ) oV -

Clay* 556x107  1.2x10°  210.3 114
Clay loam 7.22x107  1.9x10%  267.2 345
Loam 2.89x10%  51x10% 1746 735
Loamy sand 4.05x10°  3.2x10° 77.9 315
Silt 6.94x107  9.2x107  129.9 88

Silt loam 1.25x10°  3.4x10% 2751 1093
Silt clay 556x10%  3.1x107  453.3 126
Silty clay loam 1.94x107  5.3x107  288.7 592
Sand 8.25x10°  4.3x10° 52.4 246
Sandy clay 3.33x107  7.8x107 2341 466
Sandy clay loam 3.64x10°%  7.6x10°  208.6 214
Sandy loam 1.23x10°  1.6x10° 127 1183

x: Mean value, SD: Standard deviation, CV: Coefficient of variation (%), and n:
sample size. *Agricultural soil: less than 60%clay.

U.S. standard sieve numbers
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Figure 3.6 Hydraulic conductivity estimates for dense soils (Powers, 1992)
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Table 3.4 Estimated values of hydraulic conductivity for silty sand using different methods

Reference Density Hydraulic conductivity (m/s)
Hazen (1911) Loose 2.5x10°
Powers (1992) Dense 2x10° ~ 3x10°
USDA (2018) Dense 1x10% ~ 1x10°
Carsel & Perrish (1988) Porosity=0.41 4.05%x10°
Mbonimpa et al. (2002) Porosity=0.33 7x10°

Compared to sandy soils, the hydraulic conductivity of silty materials is expected to be much lower
because of the higher specific surface of the fine-grained soils (the surface area of soil grains in a
given volume of soil). The higher specific surface induces more resistance to water flow through
the soil. According to USDA (2018), on average, the hydraulic conductivity of silty loam is
expected to be in the range of one to two orders of magnitude less than loamy sand. Carsel and
Parrish (1988) have proposed an average value of 1.25x10° m/s for silty loam, with an average
porosity of 0.45, as can be seen in Table 3.3. The range of soil hydraulic conductivity may vary
over several orders of magnitude. As it is shown in Figure 3.7, for each soil type, hydraulic
conductivity is usually reported within a range of three to four orders of magnitude. Even for a
given soil, the coefficient of variation (COV) of measured data in the laboratory may exceed 100%
(Carsel and Parrish 1988). The values of saturated hydraulic conductivities and their range for silty

sand and sandy silt considered in this study are presented in Table 3.5.
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Figure 3.7 Range of hydraulic conductivity for different soils

Table 3.5 Values of hydraulic conductivity used in this study

Hydraulic conductivity (m/s)
Average Range
Silty sand 1.00x10°° 2.15x10° ~ 46.4x10°
Sandy silt ~ 1.25x10° 0.27x10° ~ 5.80x10°®

3.2.2. Soil-Water Characteristic Curve

In this study, van Genuchten (1980) function (VG) was used to describe the soil-water

Characteristic Curves (SWCC), as shown in Equation 3.2.

0= (Be- B) [—LE D
8- 6r= (65~ 0) [ (3.2)

This function describes the relationship between soil volumetric water content and matric suction

(¥) for given saturated water content (6s) and residual water content (¢r). There are also two
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empirical coefficients « and n in this function, which are related to the air entry value and pore
size distribution of the soil.

Parameters of soil-water Characteristic Curves can be determined through field or laboratory
measurements. The measurement of hydraulic parameters is a time-consuming and costly task.
Therefore, it is usually limited to a small number of tests. In the absence of measurements, VG
parameters can also be estimated from available databases. Carsel and Parrish (1988) used an
extensive database to obtain the saturated hydraulic conductivity and SWCC parameters for the
van Genuchten (1980) function using multiple regression techniques. Parameters and associated
statistics for all soil types in the USDA textural triangle have been presented by Carsel and Parrish
(1988) and are reproduced in Appendix A. As previously shown in Table 3.2, the average value of
porosity for dense sandy silt material is estimated at around 0.44, which is close to the values of
s proposed by Carsel and Parrish (1988). As there is no pre-defined gradation curve for this type
of soil considered in this study, therefore values of SWCC parameters proposed by Carsel and
Parrish (1988) for sandy silt material were used.

Additionally, the hydraulic parameters of soils can also be estimated from readily available soil
information using correlations, commonly known as pedotransfer functions (PTFs). The main
advantage of using PTFs is that the hydraulic parameters of soil can be estimated based on readily
available information such as soil gradation, porosity, density, organic content, etc. Table 3.6
shows the values of SWCC parameters for silty sand obtained by different pedotransfer functions.
Other details and the required inputs for these PTFs are presented in Appendix A. For silty sand
material, the mean value was calculated based on averaging the values given by different PTFs

presented in Table 3.6.
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Table 3.6 Estimated values of SWCC parameters for dense silty sand using different PTFs

Reference Or Os a (l/cm) n
Gupta and Larson (1979)  0.097 0.32 0.093 1.56
Rawls et al., 1982 0.042 0.32 0.027 1.54
Rawls et al., 1983 0.041 0.32 0.05 1.54
Schaap et al. (2001) 0.034 0.3 0.056 1.47
0.5
0.45 -]

[— Sandy silt
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Figure 3.8 Soil water characteristic curves used in this study

In this study, unsaturated hydraulic conductivity functions (HCF) for the materials were
determined from SWCC parameters using the van Genuchten-Mualem approach (Mualem, 1976;
van Genuchten, 1980). Soil-water Characteristic Curves for both silty sand and sandy silt are
shown in Figure 3.8. For the sake of brevity, selected values of SWCC parameters used in this

study are summarized in Table 3.7.

Table 3.7 Values of VG parameters used in this study

Os Or a (1/cm) n
Silty sand  0.32 (0.25~0.39)  0.05 (0.04~0.06)  0.06 (0.04~0.08)  1.53 (1.35~1.71)
Sandy silt 0.45 (0.37~0.53) 0.07 (0.05~0.08) 0.02 (0.01~0.03)  1.411.29~1.53)
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3.3.  Soil parameters uncertainty

In this study, the uncertainties in the values of six important soil parameters were considered.
These parameters include the angle of internal friction, saturated hydraulic conductivity, and all
four parameters of the van Genuchten (1980) function to describe the soil-water Characteristic
Curve. These parameters were considered to estimate the overall uncertainty in the slope stability
assessments.

For the angle of internal friction, the coefficient of variation (COV) between 2 to 13% has been
suggested by several researchers (e.g., Kulhawy 1992 and Harr 1984). In this study, COV of 7%,
and consequently, the standard deviation of two degrees was considered for the angle of internal
friction.

To establish a rational range of hydraulic conductivity values, a simple method called “three-sigma
rule” was used. This method was first suggested by Dai and Wang (1992), and its primary
assumption is that 99.73% of all the values of a normally distributed parameter usually fall within
plus or minus three standard deviations (three sigmas) from the average. Thus, an extremely low
value would be three standard deviations below the average, and an extremely high value would
be three standard deviations above the average. They suggested that, by estimating the extreme
low and high values, and dividing the difference between them by six, the standard deviation could

be estimated using the following equation (Duncan and Sleep 2018):

CV-LC
O':HV6LV (3'3)

Where HCV is the highest conceivable value, and LCV is the lowest conceivable value. It should
be noted that for a variable such as hydraulic conductivity that is log-normal distributed, the natural

logarithm of the parameters is used in the above equation.
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In this research, the standard deviation was calculated based on a range of four orders of magnitude
for both materials using the three-sigma rule. Then, based on the estimated standard deviation,
plus or minus one standard deviation values from the average were considered in sensitivity
analyses and probabilistic assessments.

The inherent heterogeneity of soils and errors in SWCC measurements and estimation procedures
warrant that uncertainty in parameters used to describe SWCC should also be considered in the
probabilistic analyses. The proposed coefficients of variation by Carsel and Parrish (1988) for
loamy sand (silty sand) and silt loam (sandy silt) were considered for SWCC’s parameters. The
mean values of soil parameters considered in probabilistic analyses and their mean =1 standard
deviation values for silty sand and sandy silt material are presented in Table 3.8. Hereinafter, silty

sand and sandy silt are named sand and silt, respectively.

Table 3.8 Values of soil parameters considered in this study for probabilistic analyses

*

Parameters Mean value +SD -SD
Sand Silt Sand Silt Sand Silt
Q@ 34 32 36 34 32 30
Kege (M/S)"  1x10° 1.25x10° 4.6x10° 5.8x10° 2.2x10° 2.8x107
Os 0.32 0.45 0.38 0.53 0.25 0.37
or 0.054 0.067 0.068 0.081 0.040 0.053
a (1/cm) 0.056 0.020 0.076 0.033 0.036 0.007
n 1.53 141 1.71 1.53 1.34 1.29

* SD: Standard deviation; The log scale was used for K,;.
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Chapter 4: Design Climates

The surface of the embankment is the boundary between the soil and the atmosphere, and it is
continuously exposed to changing atmospheric conditions. Figure 4.1 shows a typical embankment
surface boundary subjected to various surface-atmosphere processes. A considerable amount of
water exchange takes place between the soil-atmosphere boundary. Prevailing atmospheric
conditions at the ground surface can change the water storage in the slope. Increased water storage
in the soil would increase pore pressures and change the suction component of soil shear strength.
Depending on the soil type and current potential conditions, increased pore water pressure can
decrease the suction strength and cause slope instabilities (Fredlund et al. 2012).

In this chapter, climate data investigation is presented, including an overview of historical and
future climate data compilation and analyses. This is then followed by the construction of an
appropriate long-term design climate for slope stability assessments. Finally, this chapter
concludes with the evaluation of rainfall Intensity-Duration-Frequency (IDF) curves and the

selection of design IDF curves for slope stability assessments under extreme rainfall.

Precipitation

‘—————
[ ——

e

e

J .
~~.__ Infiltration
- N

Water table

Figure 4.1 Climatic parameters and their interaction with the embankment (modified from Lu
and Godt, 2012)
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4.1. Compilation and classification of climate data

Quantification of climate change impacts requires a detailed compilation and review of the
historical and future climate data. In this research, the climate compilation and review were carried
out to come up with design climates that can be used in the soil-atmosphere models. Historical
climate data for the period 1981-2010 and future climate data for the period 2011-2100 were
collected from different sources for ten different locations across Ontario. These locations are large
urban centers in the five administrative regions of the Ministry of Transportation, Ontario (MTO).
The five administrative regions of MTO are shown in Figure 4.2. Kenora and Thunder Bay are in
the northwestern region, Timmins and North Bay are in the northeastern region, Ottawa and
Kingston are in the eastern region, London and Windsor in the western region, and Niagara Falls

and Toronto are in the central region.

Northwest

Figure 4.2 Five administrative regions of the Ministry of Transportation, Ontario (modified
from Ontario Regions Map, 2011)
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4.1.1. Historical climate data

Historical climate data, namely baseline climate (BC), is used as a datum to assess the possible
changes in the future climate. Historical weather records were collected from the Environment and
Climate Change Canada portal (Environment and Climate Change Canada 2018). Baseline climate
data for each location was compiled from the weather station that had the most complete daily data
for the period 1981-2010. In some instances, multiple stations were used. The details of the weather
stations are presented in Table 4.1. The compiled climate datasets comprised of the daily values
of precipitation, relative humidity, temperature, wind speed, and net radiation. The compiled
climate datasets were statistically analyzed to compute historical averages, maximum and
minimum values, and other pertinent information for various climate variables over the 30 years.
This was accomplished for all the ten locations. Following is a brief presentation of the complied

climate data set for the city of Niagara Falls, ON. Details of these datasets for other locations are

available in Appendix B.

Table 4.1 Weather stations for different locations

Location Weather Station (WMO ID or Station I1D)
Ottawa Ottawa MacDonald International A (71628)
Kenora Kenora Airport (71850)
London London International Airport (71623), London CS (71622)
Windsor Windsor A (71538)
North bay North Bay Airport (71731)

Thunder Bay A (4055), Thunder Bay AWQOS (71749), Thunder Bay Burwood
(N/A), Lakehead University (4018), Thunder Bay CS (71667)

Niagara Falls NPCSH (4659), Welland Ontario (4712), Niagara Falls International

Thunder Bay

Niagara Falls Airport (N/A), NY US (N/A), St Catharines A (4683)
Kingston Kingston Pumping (4300), Kingston climate (71820), Hartington IHD (71621)
Toronto Pearson International airport (71624)
Timmins Victor Power Airport weather station (N/A)
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Figure 4.3 shows the compiled climate data for the city of Niagara Falls for the period 1981 to
2010. A review of the precipitation data presented in this figure reveals that the average annual
precipitation over this period is 929 mm. It can also be observed that over the 30-year period,
precipitation events of 40 mm/day or more occurred 27 times. However, the number of
precipitation events equal to or higher than 30 mm/day is 74 during the same period. The highest
daily precipitation of 85 mm was recorded on August 30, 2005.

Temperature data presented in Figure 4.3 indicates that the highest daily mean temperature over
the 30-year period was 30.3°C, which was recorded on July 25, 2005. The coldest mean
temperature was recorded to be -21.3°C on January 1 of 1994. The temperature records also
indicate that the average positive and negative mean temperatures over the 30-year period were
13.2°C and -4.9°C, respectively.

The review of the historical daily relative humidity data shows that the average of daily mean
relative humidity is 72% over the historical period. The lowest daily mean relative humidity value
of 31.7% was recorded in 1999, while the highest mean relative humidity value of 100% was
recorded in the years 1986, 1992, 1994 - 1996, and 2000.

For the wind speed data, the highest wind speed of 35.59 km/hr was recorded on November 11 of
2003. It can also be observed that there was no wind in some days in the historical period. The

average daily wind speed for the historical period can be estimated at 10.97 km/hr.
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Figure 4.3 Historical climate data for Niagara Falls

4.1.2. Seasonal considerations

Ontario's climate, in general, consists of a warmer summer and a colder winter for several months.
During the winter months, the ground could remain frozen for an extended period, and
precipitation is mostly in the form of snow. Therefore, partitioning of yearly climate into active

and inactive periods can significantly simplify the estimation of water balance at the ground

39



surface. In the active period, the ground condition remains thawed, and water can enter the ground
surface and can move vertically and laterally. During the inactive period, the ground surface
remains frozen, and the precipitation comes in the form of snow and accumulates on the ground
surface. It is commonly assumed that in the inactive period, little to no water enters the ground,
and there is minimal to no flow in the subsurface (Fredlund et al. 2012, Bashir et al. 2016, and Pk
2017). The inactive period starts with the date of freeze and ends with the date of thaw. In order to
reduce the computation time and unnecessary complexities related to ground freezing,
development, and thawing of the snowpack, the inactive periods could be ignored in soil-
atmosphere modelling. This approach has been used by others, e.g., Fredlund et al. (2012), Bashir
et al. (2016), and Pk (2017). In these studies, water activity throughout the active period was used
to estimate the water balance at the ground surface.

The freezing and thawing dates can be identified by analyzing the air temperature records for the
area of interest. The 30 years' maximum, minimum, and mean air temperature data were analyzed
to estimate the freezing and thawing dates for all locations. Figure 4.4 (a) and (b) show the result
of analysis for the city of Niagara Falls for the period 1980-2010. It can be observed from Figure
4.4 that the freezing dates can start as early as the first week of December. However, December
11 was found to be the average of freezing dates for the historical period. Similar to the freezing
graph, the thawing graph shows thawing dates can vary over an 8-week period starting as early as
February 25. It can also be observed that the thawing dates for more recent years (after 2000) are
within the last week of March, and the average thawing date of March 24 can be selected for the
city of Niagara Falls. In short, for the city of Niagara Falls, the active period starts from March 24

and ends on January 2. Accordingly, the inactive period is from January 3 to March 23.
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Figure 4.4 (a) Freezing and (b) Thawing dates for the past 30 years of Niagara Falls climate

Figure 4.5 illustrates a comparison between active and inactive periods for all ten locations under
consideration. For Niagara Falls, the active period climate comprises of 247 days. Windsor, with

250 days, experienced the longest active period in comparison to the other locations under

Dates

2010

(b} Thawing Dates

2008 4
2006
2004 4
2002 4

2000 { @

1998 4
1996
1994 4
1992 4
1990 4
1988
1966
1984
1982
1960

*

*

L N

*

?O'FQ,&? ?¢$bswﬂrfzﬂfq: g“ﬂfar‘-?s%reﬂﬂr stdﬂr
Dates

consideration. In contrast, Timmins had the shortest active period of 185 days.
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Figure 4.5 Active and inactive periods for all location in the past 30 years
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Figure 4.6 presents the distribution of measured precipitation and estimated potential evaporation
(PE) over the active and inactive periods for the city of Niagara Falls. It can be inferred from this
figure that the average of cumulative precipitation for the 30-year historical period during the
active periods is 747.8 mm, while the value during the inactive period is 181.46 mm. It also shows
that the precipitation during the active period is around 80% more than precipitation during the
inactive period. A similar assessment was carried out for other locations, and corresponding graphs

are available in appendix B.
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Figure 4.6 Precipitation during active and inactive periods, and PE during the active period for
Niagara Falls

4.1.3. Climate classification

Climatic classification provides the geotechnical engineer with general guidance regarding the
water availability at a particular site. It is based on the water balance calculation in reference to

the ground surface (Fredlund et al. 2012). Climate classification presents a general view of weather
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setting for a location under consideration. The Thornthwaite climate classification system
(Thornthwaite 1948; Thornthwaite and Hare 1955) can be used for climate evaluation for
engineering purposes. This system is empirical and was developed from climatic data collected in
the United States (Thornthwaite 1948). It is based on the calculation of the annual moisture index
and requires estimates of annual precipitation and potential evaporation. The annual moisture
index can be expressed after Thornthwaite and Hare (1955) as:

In=100 (= — 1) (4.1)
where Im is the annual moisture index (Thornthwaite and Hare 1955), P is the total annual
precipitation, and PE is the total annual potential evaporation.

An I, value of zero indicates that the annual precipitation and the potential evaporation are equal,
and net neutral water balance conditions can be expected at the ground surface. A positive Im value
implies a surplus of the net water, and the climate condition could be from Moist Humid to
Perhumid. While a negative Iy value indicates a scarcity of the net water, and the climate could be
from Dry Subhumid to Arid.

4.1.4. Estimation of potential evaporation

Thornthwaite and Hare (1955) climate classification requires the estimation of the ratio between
annual precipitation and potential evaporation. Precipitation is usually measured at most weather
stations. Potential evaporation can be estimated by several different methods, such as Thornthwaite
(1948), Penman (1948), Blaney and Criddle (1950), and Priestley-Taylor (1972). The details of
these methods can be found in Fredlund et al. 2012. All of these methods require some weather
variables such as relative humidity, air temperature, wind speed, and net radiation to estimate
potential evaporation. For example, Penman's (1948) method requires all five variables mentioned,

while Thornthwaite (1948) method only requires temperature measurements to estimate potential
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evaporation (Tegos et al. 2015). Although all of the climate variables are usually available for
historical data, only reliable predictions for precipitation and temperature data are available for the
future climates. Therefore, for the estimation of potential evaporation for future climates, a method
that requires minimal climate data is preferred.

Pk (2017) and Ahmad (2018) used Pereira and Pruitt's (2004) method, which is a modification of
the Thornthwaite (1948) method, to estimate PE for the cities of Toronto and Timmins,
respectively. They found that the estimated values were similar to those estimated from the
Penman (1948) method. In this research, Pereira and Pruitt's (2004) method was used to estimate
PE for all ten locations across Ontario. Figure 4.7 shows the comparison of historical PE estimates
from these two methods for the city of Niagara Falls. It can be observed that estimates from them
are very similar. A similar comparison for all locations was carried out, and results were found to

be satisfactory.
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Figure 4.7 Comparison of cumulative PE calculated using Penman (1948) and Pereira and Pruitt
(2004) methods
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4.1.5. Climate classification results

The climate classification for the 30-year historical period for the city of Niagara Falls is shown
in Figure 4.8. As can be seen in this figure, on average, the climate of Niagara Falls is in the moist-
humid category with an average I value of 13. The standard deviation of the I, for Niagara Falls
was estimated to be 25. The mean plus one standard deviation gives a moisture index of 33
(humid), while the mean minus one standard deviation gives -7.2 (dry subhumid). For the 11 years
of the 30 years under consideration, the climate can be classified as humid, and the climate of 9
years is in the moist-humid range. The lowest I was estimated for the year 2007, which falls
within the dry subhumid range. It can be observed that there are 9 years in the dry sub-humid
regions as well. For the majority of the years, the availability of the water is higher than the
evaporative demand. The year to year variability in climatic conditions highlights the importance
of consideration of multi-year climate datasets so that year to year variation in the climate can be

taken into consideration for engineering analyses and designs.
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Figure 4.8 The climate classification for the city of Niagara Falls for the period 1981-2010
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A similar climate classification was carried out for all the ten different locations under
consideration. The results of all these locations are summarized in Figure 4.9 in the form of box
and whisker plots. This figure compares the availability of moisture at the ground surface for all
of these locations over a 30-year period from 1981-2010. It can be observed that for all the cities
under consideration, North Bay has the wettest climate and thus the highest moisture availability.
It can also be seen that Toronto has the driest climatic conditions and thus the lowest moisture
availability over the 30-year period. Other notable observations are that the city of North Bay
experienced the maximum year to year variation, while the city of Ottawa experienced the

minimum year to year variation in climate over the historical period.
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Figure 4.9 Climate classification for all location over the period 1981-2010
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4.2.  Future climate data

Future climate prediction is an attempt to estimate the actual evolution of the climate. Global
Climate Models (GCMs) are the primary tool used for understanding and attribution of past climate
variations and future predictions. Simulations by climate models provide the response of the
climate system to emission or concentration scenarios of greenhouse gases or radiative forcing
scenarios (IPCC 2007, 2013). The pathways of total radiative forcing or cumulative measure of
human emissions of greenhouse gases from all sources are termed Representative Concentration
Pathways (RCPs) (van Vuuren et al. 2011). Four different RCPs (RCP 2.6, RCP 4.5, RCP 6.0, and
RCP 8.5) are suggested in the fifth assessment report of IPCC (2013). Every RCP number
expresses a different cumulative radiative forcing by the year 2100. The increasing number in RCP
indicates more accumulation of radiative force; the RCP 2.6 represents the best-case scenario with
the lowest concentration of radiative forces by the end of 2100, whereas RCP 8.5 shows the worst-
case scenario where the concentration of radiative forces would be the highest at the end of 2100.
4.2.1. Data sources and compilation

The future climate (FC) data for all locations was obtained from published sources in the public
domain. The available sources are the Ontario Climate Change Data Portal (CCDP) published by
the Institute of Energy, Environment and Sustainable Communities (IEESC), University of
Regina, and the Ontario Climate Change Projections (OCCP) published by the Laboratory of
Mathematical Parallel System (LAMPS), York University.

A previous study (Pk et al. 2018) indicated that the climate data from OCCP is superior in the
sense that the climate models used by OCCP do a better job in back predicting the historical
climate. Therefore, climate data from OCCP was used in this study. The OCCP datasets cover the

period from 1980 to 2100 and contain four climate variables, namely precipitation, maximum,
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average, and minimum temperatures over a 10x10 km grid for the whole of Ontario. This data is
available for 33 different GCMs and all four RCPs (i.e., 2.6, 4.5, 6.0, and 8.5). Previous studies
(e.g., 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 for the cities of Toronto and Timmins. Therefore, data for these four GCMs for all

four RCPs was downloaded from the OCCP website (www.occp.lamps.yorku.ca). To assess the

performance of the OCCP predictions, predicted mean temperature and precipitation data for the
period 1981-2010 based on various GCMs and RCPs were compared to the climate normals
reported by (Environment and Climate Change Canada 2019) for all locations. The results for the
city of Niagara Falls for GCM Had GEM2_ES and RCP 8.5, are shown in Figure 4.10 (a) and (b).
The review of these figures indicates that both the precipitation and temperature data show a good

agreement with the historical climate normals.

L
©

110
Climate Normals

100 -|
_ [_] HadGEM2-ES- RCPB.5 @ (b)
E 90—
E

80 — —
$ g
T 70 o
‘o 2 -
T 60 s 17
2 a
% 50 E 5 - - - HadGEM2-ES - RCP8.5
] = —— Climate Normals
T 40— § - - - Climate Normals + 1STDV
2 30 = 0 - - - Climate Nermals - 1STDV
c
= .5 -

10 —

0- — -0 T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec & P - T - > O o
Monthe SR O R A I AP

Month

Figure 4.10 Comparison between climate normals and predicted (a) precipitation, (b)
temperature for Niagara Falls for GCM HadGEMZ2-ES and RCP 8.5

The climate data for each GCM and RCP was compiled into thirty-year periods. These periods
correspond to the start (2011-240), middle (2041-2070), and end (2071-2100) of the current

century. This resulted in 48, thirty-year climate datasets for each of the locations under
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consideration. Each thirty-year climate dataset can be referred to as a climate ensemble. Each of
these ensembles corresponds to a particular GCM and RCP and is representative of the climatic
conditions in one of the 30 year period of the current century. Considering the historical 30 year
period (1981-2010) as an additional ensemble, the total number of ensembles for each of the
location becomes 49. A schematic of the ensembles is shown in Figure 4.11. It should be noted
that compilation of the historical and future climate data resulted in 49 thirty-year climate datasets

for each of the 10 locations resulting in 490 thirty-year climate datasets in total.
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Figure 4.11 Flow chart showing baseline and future climate ensembles
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4.2.2. Review and analysis of future climate data

Descriptive statistics of the future climate data was carried out to analyze the trend in precipitation,
temperature, potential evaporation, and annual moisture index data for all locations. The results
from these analyses are presented in the form of box and whisker plots.

Figure 4.12 presents the graph for total annual precipitation for Niagara Falls for all climate
ensembles. This graph shows that for Niagara Falls, there is an increase in maximum annual
precipitation for most climate ensembles. Ensemble 8 shows the most significant increase in
maximum annual precipitation. This ensemble corresponds to the first 30 years of the future period

(2011-2040) under GCM Had GEM2-E5 and RCP 2.6.
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Figure 4.12 Box and whisker plot for annual precipitation of Niagara Falls

According to Figure 4.12, the future median values show an increasing trend for most ensembles.

The only exception is the last 30-year of the future period under GCM CCSM4, and RCP 2.6
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(ensemble 4). The maximum increase in median precipitation was observed for ensemble 49,
which corresponds to GCM Nor ESM1-M, RCP 8.5 for the third part of the current century.
Similarly, the minimum annual precipitation for most climate ensembles also shows an increasing
trend; the only exceptions are climate ensemble 4 and 15, which show an appreciable decrease in
minimum annual precipitation.

From the review of the precipitation data for the city of Niagara Falls, it can be concluded that
future precipitation has an increasing trend. It also becomes evident that there would be a
considerable increase in maximum yearly precipitation and modest to a considerable reduction in
minimum yearly precipitation values. Accordingly, it can be concluded that the availability of
meteoritic water would increase in the future.

Selected results from all descriptive statistical analyses for the ten locations across Ontario are
summarized in Figure 4.13. This graph presents the box and whisker plots of the baseline ensemble
and a selected future climate ensemble. This future ensemble was selected considering the most
significant change in the average 30 years precipitation.

From this figure, it can be observed that for all locations, the median value of average yearly
precipitation is expected to increase more than the 75" percentile historical value. For the city of
Kingston, the median future annual precipitation could be even more than the maximum historical
value. The results presented in Fig. 4.13 also show that maximum and minimum yearly values are
expected to increase for all locations as well.

It can be also be observed that Windsor has the highest value of maximum future precipitation,
and the lowest maximum precipitation would occur in Thunder Bay. For Ottawa and Thunder Bay,
there is a slight increase in precipitation in comparison to the baseline values. Thunder Bay also

has the lowest value of minimum future precipitation in comparison to all locations under
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consideration. Ottawa has experienced the minimum year to year variation in the past; however,
in the future, it is expected to see a huge increase in the year to year variation in average yearly
precipitation. In conclusion, this graph makes it evident that wetter climatic conditions compared

to the baseline climate are expected in the future for all cities under consideration.
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Figure 4.13 Annual precipitation for the past and the selected future ensemble for all locations

Similar to precipitation, descriptive statistical analyses were also carried out for temperature data
for all of the locations under consideration. After review of these analyses, future climate
ensembles with the maximum change in the average of mean annual temperature in comparison to
the baseline were identified. These selected future ensembles and the baseline ensemble for all ten

locations are presented in Figure 4.14.
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Figure 4.14 Annual mean temperature for the baseline and the selected future ensemble for all

locations
Base on this figure, it is clear that the last thirty years of the century would experience the warmest
conditions across Ontario. This increase in temperature would occur under RCP 8.5, which is the
worst scenario in terms of greenhouse gas emissions. It can also be observed that the GCM Had
GEMZ2 predicts the highest increase in temperature for most of the locations. A review of the
baseline information indicates that among all locations, the city of Windsor has experienced the
warmest historical period, while, during the same period, the city of Timmins had the lowest values
of average annual temperatures. The graph also indicates that the future temperature of all ten
locations could be noticeably higher when compared to the historical period, with cities of Thunder

Bay and Niagara Falls are expected to see the largest changes.
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It should be noted that in all ten locations, even the minimum values of temperature are higher
than the maximum values of the historical period. For many of these cities, the minimum yearly
future temperature is four degrees above the maximum of historical yearly average temperature.
Based on the above analysis and review, it is quite clear that Ontario would experience warmer
days in the future. For the city of Windsor, which shows the lowest expected increase in
temperature, the average yearly temperature could still see an increase by up to five degrees in the
future.

In order to assess the water availability for the future climates, annual moisture indices were
estimated for all ensembles using the Thornthwaite and Hare (1955) method. The results of
Niagara Falls are presented in Figure 4.15. This figure compares the availability of moisture at the
ground surface over 30 years of the historical period for all future climate ensembles. It can be
observed that the median water availability for many future climate ensembles is less than the
historical value. For a few of the future climate ensembles, the median I values are similar to
historical value. This observation at first might seem surprising as precipitation increase is
expected for almost all future climate ensembles for the city of Niagara Falls. However, it should
be noted that a predicted considerable increase in temperature would also result in a proportional
increase in potential evaporation and hence would offset the increased water availability. In terms
of wetter condition, ensemble #8 indicates much wetter conditions than historical conditions, with
a similar median value for I, and higher values for the 75" percentile and maximum. It should be
noted that ensemble #8 corresponds to the GCM HadGEMZ2-ES5 for RCP 2.6 for the period 2011-
2031. In general, the moisture indices for most of the years fall within the dry sub-humid to humid;

therefore, the future climate of Niagara Falls would be classified as moist-humid similar to the

55



baseline climate. A similar analysis was carried out for all the locations under consideration, and

the results are available in Appendix B.
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Figure 4.15 Yearly variation of the annual moisture index for Niagara Falls

Considering that the wetter climatic conditions can potentially be more detrimental to the stability
of the embankment slopes, the annual moisture indices from wettest future climate ensembles are
compared to the baseline conditions for all cities in Figure 4.16. It can be observed that among all
the cities under consideration, North Bay is expected to have the wettest climatic conditions and
hence the highest moisture availability in the future. In contrast, Thunder Bay would have the
driest climatic conditions and the lowest moisture availability over the future 90 years.
Furthermore, similar to the historical period, the city of North Bay could experience the maximum
year to year variation while the city of Ottawa is expected to experience the lowest year to year

variation in climate.
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Figure 4.16 Climate classification for all locations in the past and future

4.2.3. Changes in seasonal considerations

The 90 years' future air temperature data was analyzed to estimate freezing and thawing dates in
the future. The descriptive statistics of the future climate data is presented in the form of box and
whisker plots to analyze the duration of active and inactive periods. These analyses were carried
out for all ten locations, and corresponding graphs are available in Appendix B.

After review of these analyses, future climate ensembles with the maximum change in the median
freezing and thawing dates in comparison to the baseline were identified. Figure 4.17 and Figure
4.18 show the baseline ensembles and selected future ensembles for freezing and thawing dates,

respectively, for all ten locations.
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It can be seen that for the cities under consideration, Niagara Falls would have a significant shift
in both future freezing and thawing dates compared to the historical period. Based on this graph,
this city would have a longer active period. Therefore, it is expected that in the future, the ground
condition may remain thawed for a longer period, and potentially larger quantities of water can
enter the ground surface.

By looking at the change in the freezing and thawing dates of all locations, it can be concluded
that late freezing and early thawing conditions are expected across all locations under
consideration. This would result in a longer active period in the future, which may cause more
water to enter the ground surface and can be a potential influence on the embankment water

balance.
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Figure 4.17 Comparison of historical and future freezing dates of all locations
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Figure 4.18 Comparison of historical and future thawing dates of all locations

4.3. Long-term design climate

As described earlier, forty-nine climate ensembles were assembled for each of the ten locations,
as part of the future climate data compilation. Each of these ensembles contains daily climate data
for a thirty-year period. This is rather a large number of projections based on various models and
emissions scenarios. Ideally, all of these ensembles should be considered for the impact's studies,
but for the current application, computational demands necessitate that only a limited set of
ensembles be considered. It has been pointed out that selection can be based on two different
criteria. The first is to select models that accurately depict the historical climate of the region of
interest, and second, to select scenarios that span broad a range of future climate change as a much
larger ensemble would (Salathe et al. 2007, and Lutz et al. 2016). As discussed earlier, the climate
ensembles included in this study are from models that accurately depict the historical climate.

Therefore the first criterion is met explicitly. The second criterion makes sense form a perspective
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if one wants to see the range in probable impacts due to climate change. However, in the current
study, the aim is to identify if the changing climate would result in a reduction of the factor of
safety less than the allowable value against slope failure and to quantify this reduction. Therefore,
the criterion needs to be somewhat adjusted. The factor of safety against slope failure is a function
of pore pressure distribution within the embankment. Wetter climatic conditions, in general, result
in higher pore pressure distributions and reduced suction strengths, resulting in lower factors of
safety. Therefore, the criterion for the selection of climate ensembles should be to select ensembles
that would produce wetter conditions in the embankment. A similar strategy has been used
previously by Pk et al. (2018).

Wetter climatic conditions can be related to an increase in water availability at the ground surface.
The water availability at the ground surface is a function of the availability of meteoric water and
evaporative demand. Figure 4.19 shows the changes in precipitation and potential evaporation for
the city of Niagara Falls. The values presented in this figure are based on the change in annual
averages in relation to the baseline climatic conditions. An increase in precipitation values and a
reduction in evaporative demand are expected to result in wetter conditions. A review of this figure
indicates that the maximum increase in precipitation is expected for ensemble #49 associated with
GCM NorESM1-M for RCP 8.5 for the later part of this century (2071-2100). One can select this
ensemble, just based on this observation. However, there are other factors that also need to be
considered. First, the data presented in Figure 4.19 (a) is the ensemble average; if one is to take
into consideration the variation within each of the ensembles, a different selection can be made.
For example, a review of Figure 4.12 indicates that although the median value of ensemble #49
has the largest increase from the baseline value, the largest overall increase and largest increase

for the 75" percentile can be observed for ensembles #8 and #43, respectively. Secondly, the
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availability of water at the ground surface is not only dependent on the availability of meteoric
water but also on the evaporative demand. A wetter climate in relation to the baseline would entail
a maximum increase in precipitation and minimal increase or decrees in potential evaporation for
the future in reference to the baseline conditions. A review of ensemble averages for potential
evaporation in Figure 4.19 (b) indicates that, in general, there is an increasing trend in the PE for
all ensembles when compared to baseline conditions. It can also be observed that increases are
larger for higher radiative forcing and at later dates in the current century. The smaller increases
in the amount of potential evaporation are all associated with RCP 2.6. However, these smaller
increases in the amount of potential evaporation do not correspond to larger increases in
precipitation values. Therefore, it is warranted that changes in precipitation and potential
evaporation need to take into consideration in tandem. As described earlier, the annual moisture
index is based on the ratio of precipitation and potential evaporation; therefore, a larger value of
Im for an ensemble would be representative of a wetter climate taking into consideration both the
changes in precipitation and potential evaporation.

A similar approach was used by (Pk et al. 2018), where climate ensembles with the highest increase
in precipitation and In values were selected as design climates to quantify the effect of climate
change on embankment stability. However, this approach has two inherent shortcomings. First,
the use of water availability as a criterion for scenario selection assumes that water balance at the
ground surface is only based only on water availability dictated by atmospheric conditions.
Numerous studies have shown that the water balance at the ground surface is also a function of
hydraulic properties of the soil materials (e.g., Bashir et al. 2016 and Pk et al. 2018). The second
shortcoming is related to the temporal scale at which one considers the water balance at the ground

surface. As shown in the previous section, the identification of critical climate change scenarios is
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dependent on whether one considers yearly or ensemble average. In reality, the water balance at
the ground surface is a function of a sub-daily temporal scale. The intensity and frequency of the
precipitation, together with the water-holding and conduction properties of the soil materials,
would dictate the actual amount of water that enters the ground surface. For example, if one is to
consider a daily resolution of precipitation data for water balance evaluation, the actual amount of
water that enters the ground surface would be different if the sub-daily resolution of precipitation
data is used. This is related to the infiltration capacity of the soil, which is a function of the
hydraulic properties of the soil. Therefore, estimates of water balance are a function of temporal
resolution of meteorological data, as also pointed out by others (Bashir and Pastora Chevez 2018,

and Pk et al. 2018).
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Taken into consideration the shortcomings mentioned above and the fact that there are no other
guidelines for climate change scenario selection for geotechnical problems, an alternative
methodology was used in the current research. This methodology is based on the water balance
assessment using soil-atmosphere modelling and is presented in the following sections.

4.3.1. One-Dimensional water balance modelling

In this research, HYDRUS 1D was used to analyze the long-term variation of moisture in the soil
embankment for different climatic conditions. HYDRUS 1D is a one-dimensional variably
saturated finite element flow and transport model. The assessment was carried out by using the
soil-atmosphere boundary with 30-year historical climate data and sixteen 90-year future climate
datasets considering the selected soil materials that were discussed in detail in Chapter 3. This is
to identify the design climates that can be applied in the 2D soil-atmosphere models.
One-dimensional simulations were carried out considering a 4 m high soil column. The column
height was chosen based on the results of sensitivity analyses. These analyses were carried out to
investigate the variation of moisture with depth by modelling a series of soil columns with different
heights subjected to long term climate records. These simulations were performed for both types
of materials, presented in chapter 3, and indicated that only the moisture in the upper 3 m depth of
the soil column was affected by the soil-atmosphere boundary.

The groundwater level was applied at the bottom of the soil column using a constant head boundary
(equal to zero). At the top of the soil column, a system-dependent boundary condition was applied
to simulate the soil-atmosphere interaction at the ground surface. This boundary condition is
capable of estimating actual evaporation, net infiltration, and surface runoff using climatic records
of precipitation and potential evaporation together with model predicted transient soil-moisture

conditions.

63



Thirty years of historical climate data and ninety years of future climate data, comprising of daily
values of precipitation and potential evaporation, was applied as the soil-atmosphere boundary at
the top of the soil column. In the numerical models, the daily precipitation records were uniformly
distributed over the day. However, a sinusoidal shape distribution function was used for potential
evaporation records to simulate the peak evaporation in the middle of the day (usually warmest
hours of a day). The initial conditions for the models were assumed to be hydrostatic. This is a
reasonable assumption, as numerical results indicated that the effect of the initial condition was
minimal in the realm of long-term simulations.

4.3.2. Selection of appropriate design climate

Various outputs are available from HYDRUS 1D simulations. These include, but not limited to,
the time history of pressure head and water content at each node, net infiltration, runoff and actual
evaporation at the ground surface, outflow at the bottom boundary, and changes in water storage
in the domain. For this study, the results of the numerical simulations in terms of the average
degree of saturation through the soil column, time histories were found to be the most relevant.
Average volumetric water content through the soil column can be simply obtained by calculating
the water storage per unit volume of the domain. The degree of saturation can then be calculated
as the ratio of volumetric water content to the saturated volumetric water content of the soil. In
this study, the output time series were set to be reported on a daily basis. The results of the
numerical simulations were analyzed in terms of variation of saturation over time for each location.
The maximum degree of saturation during historical and future time periods was identified. In
order to compare the long-term effects of different future climate scenarios, the frequency of high
saturation occurrence (the number of days that saturation of the soil exceeds the maximum degree

of saturation experienced during the historical period) was also determined.
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Figure 4.20 shows the results of analyses for Niagara Falls. As can be seen, the maximum historical
saturation for sand is 80%, while this value is 97% for the silt. This figure also indicates that the
future climate data based on the GCM GFDL and RCP 2.6 has the highest values of saturation for
both sand and silt materials. It can also be observed that for the same scenario, the number of
events when this saturation occurs is also very high. Based on these observations, this scenario

was chosen as the critical scenario for Niagara Falls.
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Figure 4.20 Maximum degree of saturation and frequency of high saturation occurrence in sand
and silt material for Niagara Falls
Similar to Niagara Falls analyses, some analyses were also carried out for the nine other locations,
which are available in Appendix C. Comparing the results for all locations shows that Kenora is
the location with the largest increase in the saturation of the sand material. The city of Windsor

appears to be the only location that the saturation for sand is above 90% for multiple climate
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change scenarios, and even it is approximately equal to 100 % for one of the scenarios. For silt
material, all locations would have a degree of saturation close or equal to 100% except Thunder
Bay, with a saturation of 97%. Other notable observations are that the smallest increase in the
future saturation relative to the maximum value in the historical period for the sand material would
occur in the cities of Kingston and Niagara Falls for the selected scenarios; while, Toronto would
have the smallest increase in saturation for the silt material.

Regarding the number of events for the selected scenario, London is the location with the most
significant increase in the number of events for sand, while Windsor is the location with the lowest
increase based on the selected scenario. On the other hand, Niagara Falls is the location with the
lowest number of events for silt material, while Thunder Bay shows the greatest number.

Figure 4.21 and Table 4.2 present the summary of selected scenarios of all locations. It can be
observed that climate scenarios under GCMs Had GEM and GFDL with RCP 8.5 have more

potential to create the wettest conditions in the soil embankments compared to other GCMs and

RCPs.
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Figure 4.21 Result of analyses to determine the design climate for all locations
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Table 4.2 Selected scenario for long term simulations of all locations

Selected scenario

Location '\s/lletlij(.rar;:f)tr? r(loﬁsl Sand Silt s;;tTJCr;iiaoSr? 2&)) No. of events
embankment embankment
Sand Silt GCM RCP GCM RCP  Sand Silt Sand Silt
Niagara fall 80.3 952 GFDL 2.6 GFDL 2.6 7.9 4.4 18 11
London 80.6 96.3 Had 8.5 Had 8.5 145 3.8 77 134
Kingston 80.5 97.5 Had 6.0 Had 6.0 8.4 25 33 31
Thunder Bay  77.6 90.8 GFDL 2.6 GFDL 2.6 25.5 7.2 25 141
North bay 79.9 97.6 Had 8.5 Had 8.5 13.2 25 117 70
Windsor 81.0 96.3 Nor 8.5 Nor 8.5 21.8 3.8 10 32
Ottawa 80.6 95.9 GFDL 4.5 GFDL 4.5 15.3 3.7 27 71
Toronto 78.0 95.6 Had 8.5 Had 2.6 19.0 1.4 24 17
Kenora 76.8 91.0 GFDL 8.5 GFDL 8.5 26.3 9.9 32 126
Timmins 79.5 965 CCSM 45 CCSM 45 12.2 3.6 20 15
4.4.  Design climate for extreme events

The Intergovernmental Panel on Climate Change (IPCC) has reported that as a result of the
changing climate, it is expected that the frequency and intensity of the extreme precipitation events
in North America would increase (IPCC 2013). Rainfall intensity-duration-frequency (IDF) curves
express the probability of occurrence of extreme precipitation in a region and are a practical tool
for the hydrological design of infrastructure. In Ontario, IDF curves are used as one of the
significant criteria for designing infrastructure subjected to storms by regulatory organizations
such as the Ministry of Transportation (MTQO), Ministry of the Environment (MOE), Conservation
and Parks, and Conservation Authorities (Coulibaly et al. 2016 and Switzman et al. 2017).

For assessment of climate change impact on future IDF curves, a baseline climate consisting of 30
years of historical climate data (i.e., 1981-2010) was considered as the datum in this research.
Historical IDF curves for the province of Ontario can be obtained from Environment Canada
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(Environment and Climate Change Canada 2014). Future IDF curves for Ontario are available
from two different sources. Ministry of Transportation, Ontario (MTO 2018), and Ontario Climate
Change Data Portal (CCDP 2018) provide future IDF curves for the province using different
methodologies. Intensity-duration-frequency (IDF) curves by MTO have been developed by
spatial and temporal interpolation techniques based on statistics of several weather stations within
150 km of Ontario (MTO 2018). Ontario Climate Change Data Portal provides future IDF curves
for the province of Ontario based on both the fourth (AR4) and fifth Assessment Report (AR5) of
the IPCC (IPCC 2007, IPCC 2013).

The IDF curves from CCDP have been developed based on two regional climate models, namely
PRECIS and RegCM. They are driven by boundary conditions from the global climate model
HadGEM2-ES considering three different emission scenarios, SRES A1Bfrom AR4, and RCP4.5,
and RCP8.5 from ARS. Intensity-Duration-Frequency curves are available for the return periods
of 2-year, 5-year, 10-year, 25-year, 50-year, and 100-year with durations of 5, 10,15, 30 minutes,
and 1, 2, 6, 12, 24 hours (CCDP 2018). Figure 4.22 shows different sources that were used for

compiling IDF curves for future climate.

Future IDF Curves —

Ontario

CCDP |

AR4

A1B-50% A1B-90%
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Figure 4.22 Future IDF Curves
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4.4.1. Design IDF curves for Ontario
A review of both MTO and CCDP future IDF curves of all ten locations indicated that the most
significant increase in future extreme precipitation is expected to occur during the last 30 years of
this century (i.e., 2071-2100). Therefore, predicted IDF curves for this period were considered in
the current study. The future IDF curves from CCDP and MTO for the city of Niagara Falls are
shown in Figure 4.23, and Figure 4.24 shows the difference between the precipitation intensities
for 60-minute and 24-hour durations. It can be observed that intensities for the A1B scenario for
the 90" percentile are the highest. The only exception is, that in some instances, for durations less
than 10 minutes, and shorter return periods of 2 and 5 years, the MTO predicted IDF curves report
slightly higher values than IDF curves from CCDP for the A1B scenario for the 90" percentile.
However, if emission scenarios from the latest assessment report (AR5) and the predictions from
MTO are considered, the following observations can be made:
e For the majority of cases, the predictions from RCP8.5-RegCM predict higher intensities;
e For the 60-minute duration, the predictions for RCP8.5-RegCM are higher in 62% of the
instances; and
e Forthe 24-hour duration, the predictions for RCP8.5-RegCM are higher in 87% of the instances.
Based on the above observations and for the sake of brevity, future IDF curves from CCDP based
on RCP8.5-RegCM were selected for the city of Niagara Falls to investigate the effect of extreme

rainfalls on the slope stability.
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Figure 4.23 Comparison between future IDF curves-MTO (2085) and CCDP (2071-2100)

70



24 hour duration

20 — 10 — [l wTo
. vro I RCP3.S-PRECIS
9 — [ RCP&.S5-RegCM
g0 — I RCP2S-PRECIS
I RCP2.5-RegCM I RcP45-PRECIS
70 I RCP4.5-PRECIS _ & — [0 RCP4.S-RegCM
~| | B Rcras-Regcm £ N Ate-P50

[ A18-P50 £ 7— NN AisP0

N -ie-Fo0

2yr Syr 10 yr 25 yr 50 yr 100 yr
2 yr Syr 10 yr 25yr S0yr 100 yr

Figure 4.24 Future precipitation intensities for 60 minutes and 24 hours duration for the city of

Niagara Falls
A similar evaluation was carried out for the other nine other locations across Ontario. Similar to
the assessment for Niagara Falls, it was observed that the future IDF curves from CCDP for the
A1B-P90% scenario predict higher intensities than all the other IDF curves for most durations and
return periods. Also, for AR5, the predictions from RCP8.5-RegCM predicted higher intensities
in most instances. Figure 4.25 shows the percentage change in intensities between the future
predictions under RCP8.5-RegCM and the historical period for return periods of 2, 10, and 100-
year intervals and durations of 1, 6, and 24 hours for all locations. This figure illustrates that a
higher percentage change for most locations can be observed for 6- and 24-hour durations. It also
shows that apart from the city of Kenora, the intensity of the extreme events is expected to increase
for all other locations. The highest increase can be observed for Niagara Falls, where the 24-hour
storm with the return period of 100 years could potentially increase in intensity by around 160%.
It can also be observed that even for a one-hour rainfall event with a 2-year return period, a
potential future increase of 30% can be expected. A similar observation can be made for the city

of Kingston, where 24 hr storms with return periods of 2, 10, and 100 years could have an intensity
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increase of around 120%. It is also worth noting that for both of these cities, a substantial increase

in intensities for 1-hour and 6-hour storms is also predicted.

RCP8.5-RegCM-1 hr RCP8.5-RegCM-6 hr
160

[RCP8.5-RegCM-24 hr |

B 2YR
B 10YR
I 100YR

Figure 4.25 Percentage change in precipitation for 2071-2100 based on RCP8.5-RegCM

The predicted extreme precipitation intensities for all locations for the period 2071-2100 are shown
in Figure 4.26. This graph shows that Niagara Falls would experience extreme rainfalls with higher
intensity compared to other locations. For instance, this city would face rainfall with a 30 mm/hr

intensity over 6 hours with a return period of 2 years.
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Figure 4.26 Extreme precipitation intensity for 2071-2100 based on RCP8.5-RegCM

73

[ 2vrR
B 10YR

I 100YR




Chapter 5. Model Setup for Numerical Modelling of Long-term Variation of
Slope Moisture Conditions

Extreme precipitation events have the potential to destabilize manmade and natural slopes leading
to slope failures. The destabilization effect depends on not only the intensity and duration of the
extreme precipitation event but also the incipient soil moisture conditions within the slope at the
onset of extreme events. For example, an initially dry slope can remain stable under high intensity
and long duration extreme precipitation events. However, an event of similar intensity and duration
can cause slope failure in a relatively wet slope. Therefore, a reasonable estimation of the slope’s
initial moisture condition just before the occurrence of the extreme event is required to assess their
stability during the extreme precipitation events. In this part of the research, the estimation of long-
term variation of slope moisture conditions was considered based on the time history of soil-
atmosphere interactions.

Due to continuous exposure to the environment, slope moisture conditions are continuously
affected by climate variables such as precipitation and evaporation. Consequently, an appropriate
soil-atmosphere model is required to evaluate the water balance at the surface of embankments.
This model should be capable of simulating two-dimensional variably saturated flow to determine
the pore water pressure distribution within the embankment over time.

In this research, HYDRUS 2D (Sejna and Van Genuchten 2018) was employed for analyzing the
long-term variation of slope moisture conditions. This software is capable of simulating the
movement of water, heat, and multiple solutes in variably saturated media using finite element
methods. Further, HYDRUS 2D also supports a soil-atmosphere boundary to estimate actual
evaporation and the resulting influx of meteoric water into the embankment surface. 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).
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For each location, thirty years of historical climate data and ninety years of future climate data
based on the selected scenario for that location (see Chapter 4) were used for soil-atmosphere
modelling of embankments with two different materials. An innovative approach was employed
to generate sub-daily data for the soil-atmosphere boundary in the HYDRUS 2D model. The results
included a spatial and temporal variation of moisture distribution within the embankment. Then,
statistical analyses were conducted on the daily variation of average water content in the slope
area. Based on the results, average and extreme slope moisture conditions were estimated for sand
and silt embankments across Ontario.

5.1. Geometry and material

The embankment profile considered in this study represents a typical highway embankment in
Ontario. Since the problem is symmetrical, only one-half of the domain, as shown in Figure 5.1,
was simulated. The height of the embankment was considered to be 8 m. This height is the
maximum allowable height for an earth-fill embankment without a berm in Ontario (OPSD
202.010). Side slopes of the embankment are 2H:1V, and a 3 m wide unpaved shoulder was
considered at the top of the embankment. The distance between the slope toe and the right side of
the model was set to be more than three times the height of the slope to minimize the influence of

the side boundary condition (Rahardjo et al. 2010).
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Figure 5.1 Design profile of the highway embankment
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Two types of material have been considered in this study, silty sand and sandy silt, which are
named sand and silt, respectively, after this. The hydraulic and geotechnical properties of these
materials have already been presented in Chapter 3.

5.2. Finite element mesh

The finite element mesh in Hydrus 2D models was constructed by dividing the flow region into
the quadrilateral and triangular elements. The program automatically subdivides the quadrilaterals
into triangles, which are then treated as sub-elements (Siminek and Sejna 2018). The finite
element mesh used in this study is shown in Figure 5.2. The global element size was targeted to
be around 1 m. However, smaller mesh dimensions were considered at locations where large
hydraulic gradients were expected. For instance, the finer mesh was generated in unpaved soil
surface areas and the slope surface to provide an appropriate resolution within the infiltration zone.
The mesh consists of a total number of 11146 elements.

It should be noted that the calculation of slope moisture content in this study was based on the
water volume within the slope area, which is highlighted by red lines in Figure 5.2. Therefore, a

corresponding sub-domain was considered in the mesh generation.

Figure 5.2 Finite Element Mesh used in HYDRUS 2D simulations

5.3. Boundary condition
The boundary conditions adopted in the finite element models are shown in Figure 5.3. A no-flow

boundary was assigned to the left side and bottom of the domain. At the right-hand boundary, the
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groundwater table was considered using a constant head boundary. At the top of the embankment,
a no-flow boundary condition and soil-atmosphere boundary condition were assigned for the
pavement and unpaved areas, respectively. Then, the runoff from the pavement was distributed
over the soil embankment using the appropriate method described in section 5.4.

Thirty years of historical climate data and ninety years of future climate data based on the selected
scenarios were considered as the soil-atmosphere boundary. Also, since the desired climate data is
only available at the daily temporal resolution, an innovative approach was used to estimate sub-
daily precipitation and potential evaporation data based on regional IDF curves. The details of this

approach are presented in Section 5.6.
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Figure 5.3 Boundary conditions of the embankment

5.4. Effect of pavement

The pavement surface is usually considered impermeable, and therefore a no-flow boundary
condition can be used to model the pavement in numerical models of flow. The accumulated water
at the paved surface can be modelled as runoff and distributed over the permeable part of the
embankment adjacent to the impermeable pavement. It is essential for a conservative assessment
of water balance at the ground surface (Pk 2017). This method has been successfully applied before
by Coutinho et al. (2016) and Pk (2017) for simulating impervious materials in hydrological

77



models. The intensity of the rainfall imposed on the soil embankments (lIsg) is the actual rainfall
intensity (Irain) increased by the ratio of the total length of paved area of the embankment (TLE)
to the total length of the embankment (TLSE). Equation 5.1 shows total rainfall applied on unpaved

areas of embankment:

Ise = Irain (== + 1) (5.1)

5.5. Initial conditions

The initial condition can affect the moisture content and pore water pressure in the embankment,
which can influence the stability of the slope. In this study, several simulations were done to
investigate the effect of initial condition on the moisture condition of the slope area. Comparison
between the results of simulations with the hydrostatic condition above the water table and
different initial conditions implied that since the simulations were run for 120 years, the effect of
initial condition on the moisture condition of the slope area diminishes after a short period.
Therefore, the hydrostatic condition above the water table was assumed as the initial condition for
all 2D unsaturated flow simulation.

5.6. Climate data

Generally, historical and future climate data such as precipitation is only available at daily
temporal resolution. However, previous research has shown that water entering the ground
estimated by soil-atmosphere models is sensitive to the resolution of input climate data and can
remarkably affect the performance of geotechnical structures (e.g., Pk 2017). Therefore, to have a
realistic evaluation of the entering water, it is necessary to consider a sub-daily resolution for

precipitation and potential evaporation.
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5.6.1.Potential evaporation

Temperature is one of the main factors influencing the potential evaporation; therefore, it is
reasonable to assume a distribution function for the potential evaporation during a day, which
shows a peak in the middle of the day (warmest hours of a day). Fayer (2000) proposed a function
for the distribution of potential evaporation based on this assumption. He considered that the
potential evaporation value remains constant between the hours 00:00 to 06:00 and 18:00 to 24:00,
and the total amount is about 11% of the total daily value. For the rest of the day, the distribution
of the potential evaporation has a sinusoidal function. These functions are as follows and were

used in this study:

T,(t) = 0.24T, t < 0.264d, t > 0.736d (5.2)

T,(t) = 2.75T, sin ( ant E) 0.264d < t < 0.736d (5.3)

lday 2

Where T_p is the daily value of potential evaporation.

5.6.2.Precipitation

Some functions similar to the distribution of potential evaporation have been proposed for the daily
distribution of precipitation (e.g., Simunek et al. 2009). However, since the actual duration of the
precipitation can vary from a few minutes to hours, and it may occur at any time during the day,
these functions might not appropriately represent the irregular nature of precipitation intensity and
initiation. On the other hand, the intensity of the extreme precipitation events over a long period
should be compatible with the intensity-duration-frequency (IDF) relationships. Given that IDF
curves are estimated based on the long-term precipitation information for a region, using IDF
curves for the generation of sub-daily data from an available time history of daily precipitation
data is a viable approach. The probable number of rainfall events of equal duration with the

intensities higher than a given value can be estimated from IDF curves. Further, as can be seen in

79



Figure 5.4, the general rule of IDF curves is that for a given duration, precipitation would be more
intense as its frequency of exceedance decreases. In other words, for a constant duration, the
intensity would increase as the return period increases (Musy et al. 2010). Considering these
concepts, sub-daily data was generated based on the maximum precipitation value in the available
daily data and using the well-known Sherman’s equation (Equation 5.4) for the analytical

representation of the IDF curves (Ghassemi, A. Personal communication, 2019).

i = kT?
T (t+o)b

(5.4)
where i represents the intensity, T is the return period, t is the corresponding duration, and k, a, b,
c are adjustment parameters which their values depend on the units considered for the other

parameters.

Return Period

Intensity

Figure 5.4 Schematic illustration of IDIEU(;ZT\)/';S, modified from (Musy et al. 2010)
5.7. Evaluation of moisture condition in the slope
Previous studies have shown that the factor of safety for slope stability is inversely related to the
moisture content and depends on pore water pressure distribution (e.g., Pk 2017). In this research,
the average degree of saturation within the slope area was calculated to assess slope moisture
conditions. It was estimated by using cumulative water storage, which refers to the total amount

of water in the slope area and is provided from Hydrus 2D results. Then, statistical analyses using
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daily values of average saturation were conducted to determine the average and maximum
moisture conditions in the slope to identify critical times at which pore water pressure (PWP)
distribution puts the slope at risk because slope stability assessment for all times over the 120-year
period is not practical. The results of slope stability analyses are presented in Chapter 6.

Using percentiles is common in hydrological studies. A percentile indicates the percentage of the
distribution of degree of saturation below or equal to a specific value. In general, a percentile
between 25 and 75 shows the normal value of the given data, a percentile higher than 75 (P75%)
considered as above-normal value, and percentile P99% usually represents the extreme values.
The values of historical and future daily degree of saturation of various percentiles for both sand
and silt embankment in Niagara Falls are shown in Figure 5.5.

This figure shows that for intermediate percentiles (P50% and P75%), the historical data are
slightly higher than the future. Conversely, the extreme saturation values (P99% and maximum)
in the future are higher than historical. The differences between the historical and future data are

more prominent in the sand rather than the silt embankment for the city of Niagra Falls.
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Figure 5.5 Historical and future saturation for sand and silt embankment in Niagara Falls
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Figure 5.6 and Figure 5.7 illustrate the change in saturation of P50%, P75%, P90%, and maximum
percentile in the future for sand and silt embankment, respectively. These figures indicate that the
normal condition of slope moisture content (P50% or P75%) is not significantly influenced by
climate change. It can also be observed that the degree saturation for the 90 percentile would
increase by around 5%. This observation is valid for both sand and silt slopes, for most instances,
in the future time period. For the sand embankment, the extreme future degree of saturation could
potentially increase up to 25% for some of the locations. However, for silt embankments, a 5%
change in the future extreme degree of saturation can be expected for most locations.

In this research, degrees of saturation corresponding to the 50" and 90" percentiles (P50% and
P90%) were considered as representatives for the normal range and above-normal range of
saturation to define the initial conditions in slope stability analysis under extreme rainfalls. It
should be noted that the P90% condition was favoured over maximum saturation because the
occurrence of the extreme event at the time when the embankment is at maximum saturation is

less probable.
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Figure 5.8 and Figure 5.9 show the degrees of saturation for 50 and 90™ percentiles in different
locations for sand and silt embankments, respectively. It can be observed from Figure 5.8, that for
both historical and future time periods, the saturation of the sand embankment in North Bay is
higher compared to all other locations, while Thunder Bay has the lowest values. This figure also
shows that the maximum change in 50" and 90™ percentile saturations for the sand embankment
can be expected for the cities of Toronto and North Bay, respectively. Generally, it can be seen
from this figure that the average saturation of sand embankment within the slope area is in the

range of 55% to 70%.

70 70
P50% P30%

&
&

Saturation Degree (%)
& 3
Saturation Degree (%)
@
(=]

55
[[] Historical
B Future
50 b

50

) o(\ \o‘(\ e,s\ 0 Q\Q <0 0{@ \‘\?

Ny efi\ b°° \oo 0@‘\ ) &~ &0 & -\o q;o &
& L & > <7 o & & & &
FEFE T IS PO
° <8 S

Figure 5.8 Historical and future saturation of P50% and P90% for sand embankment in different
locations

According to Figure 5.9, similar to the sand, silt embankment has the highest saturation in North
Bay and the lowest value in Thunder Bay for both historical and future time periods. The maximum
change in the degree of saturation for P50% and P90% would occur in North Bay for both historical
and future periods. Furthermore, the range of 70% to 90% for the degree of saturation in silt

embankment can be observed from this graph.
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Figure 5.9 Historical and future saturation of P50% and P90% for silt embankment in different
locations

Finally and most importantly, the answers to the following three main questions were pursued in
this chapter:

e Is it more likely that for future extreme events, the initial conditions would be wetter?

e How does the saturation change in embankments during the historical and future climates?

e |s there a clear indication that some of the locations would see greater changes in saturation than
then others?

Results presented above lead one to conclude that for some locations and certain percentiles, lower
values of saturation in the future in comparison to historical conditions can be expected. However,
in most instances, the future degree of saturation is expected to be higher than their historical
counterparts. The most notable change in the future is expected for sand embankments for
maximum saturation conditions. This change is expected for all the locations considered in this
research. Of all the locations considered in this research, North Bay is expected to see large

changes in the 50" and 90" percentile values of saturation.
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Chapter 6: Slope Stability Analysis

As mentioned in the previous chapters, continuous exposure of the embankment to the
environment can change the water balance in the embankment and affect the slope stability. Due
to water seepage caused by meteoric conditions, the matric suction in the unsaturated soils could
decrease, leading to shear strength reduction and subsequent slope instability (Fredlund and
Rahardjo 1993; Rahardjo et al. 1995). Hence, it is necessary to consider the contribution of matric
suction on the soil strength parameters in the slope stability analyses.

This study used limit equilibrium based software (SLOPE/W) using the Morgenstern-Price method
(Morgenstern and Price 1965) for geotechnical models, and finite element seepage software
SEEP/W for hydrological models. Both SLOPE/W and SEEP/W are modules of a software suite
called GeoStudio (Geo-slope International Ltd. 2019) and are coupled. This coupling ensures that
the factor of safety by SLOPE/W can be estimated for each time step for which pore pressure
distribution is made available from the seepage assessment by SEEP/W. The factor of safety is
defined as the ratio of available shear resistance along a potential plane of failure compared to the
activating shear forces along the same plane.

6.1.  Suction strength

From a classical soil mechanics perspective, lower shear strength is expected for fully saturated
soils with positive pore water pressures. So, the increase in the degree of saturation could result in
slope instability. For this reason, the average degree of saturation within the slope area was selected
as the primary index to assess slope moisture conditions in this study, as discussed in Chapter 5.
Vanapalli et al. (1996) have proposed the following relationship for the shear strength of

unsaturated soils:

T=c'+ (0 —uy)tang’ + [%]( u, — Uuy)tane’ (6.1)
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where ¢’ is effective cohesion, ¢’ is the effective angle of internal friction, and (¢ —u,) and
(u, — u,,) are the net normal stress and the soil suction, respectively. The second term of Equation

(6.1) defines the suction strength of soils as:

06, l
es_er]( ua - uW)tan(‘p (6'2)

T_suction = |

It can be seen from this equation that

the shear strength of unsaturated soils can be affected by the presence of negative pore water
pressure (soil suction). Considering the presence of negative pore pressures within the
embankment, the likelihood of instability due to soil-atmosphere interaction may either increase
or decrease depending on the degree of saturation.

The contribution of suction in the soil strength for a range of soil saturation was estimated in the
present study. For this purpose, the relationship between suction strength and degree of saturation
can be estimated using the SWCC function by van Genuchten (1980) and equation (6.2). It should
be noted that from a conservative perspective, it is desirable to not consider suction strength at low
saturation (50% in this study). This can be accomplished by assuming a higher value of residual
water content (6r) than the residual water content used in the SWCC function.

The relationship between saturation and suction strength, for the two soils considered in this
research, is depicted in Figure 6.1. This figure shows that for both sand and silt, the maximum
suction strength occurs around 70% saturation. From this figure, it is also quite clear that the
contribution of suction in soil strength in silt is much higher than that for sand. It should also be
noted that suction strength can play a significant role at shallower depths, as at these depths,

changes in saturation due to atmospheric conditions are more prevalent.
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Figure 6.1 Relationship between saturation and suction strength for sand and silt materials

6.2. Types of slope failures

The slope instability may develop within the soil embankment as local, surficial (shallow), general,
and deep-seated failure (Han et al. 2004). Figure 6.2 is a schematic of various failure types.
Embankments are typically designed to satisfy a minimum factor of safety (FOS) against general
(global) failures that would impact the operation of the roadway. On the other hand, the effect of
soil-atmosphere interaction is more likely to induce shallow surface failures (Pk et al. 2018).
Therefore, in this research, two types of failure were investigated. A minimum sliding mass depth
can be defined in the limit equilibrium analyses to consider the depth of failure. In the present
study, a minimum slip depths of 1m and 0.3m were assigned for general failure and shallow failure,
respectively. The criterion for FOS is the allowable FOS of 1.3, which is recommended by MTO

for the design of earth embankment slopes.
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Figure 6.2 Potential slope stability failures modified from (modified from Han et al. 2004)

6.3. Long-term performance of embankments under changing climate

Slope stability assessment for all time steps over the 120 year period is not practical. Therefore, in
this study, the results of statistical analyses on average saturation within the slope area were used
for assessment of the long-term performance of slopes. The results of statistical analyses, presented
in Chapter 5, indicated that the range of average saturation within the slope area is 55 to 70% for
sand and 70 to 90% for silt embankments. Several spatial distributions of PWP within the
embankments for the above-mentioned saturation range were exported from HYDRUS 2D to
SLOPE/W to examine the values of FOS in the range of degrees of saturation mentioned above.
The results are shown as the variation of the factor of safety over the degree of saturation in Figure
6.3 for sand and silt embankment. The reason for the different values of FOS for the same average
degree of saturation can be attributed to the different spatial distribution of pore water pressure
within the slope area. This is consistent with the observations that larger variation in FOS can be
observed for similar saturation values in the sand embankment at a lower degree of saturation.
This is related to the higher probability of differences in the spatial distribution of moisture in the

sloped area at lower degrees of saturation.
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Figure 6.3 also shows that for sand embankment, a rising trend in FOS with a degree of saturation
from 55 to 70% can be seen. This trend is consistent with the variation of sand suction strength
with saturation, as shown in Figure 6.1. On the other hand, the graph for silt embankment shows
a decreasing trend in FOS with that increasing saturation. This is also consistent with the reduction
in suction strength of silt with saturation in the range of 70 to 90%, which is consistent with the

results shown in Figure 6.1.
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Figure 6.3 Variation of FOS with the degree of saturation in sand and silt embankment

6.4. Slope stability under extreme rainfall events

Assessment of slope stability during extreme events requires a hydro-geotechnical model in which
the spatial distribution of pore water pressure from the hydrological model is consecutively
introduced into the geotechnical model. In this study, SEEP/W and SLOPE/W have been used for
the construction of coupled variably saturated flow and the limit equilibrium slope stability
models.

It can be seen in Figure 6.4 that a finite element mesh containing 3761 nodes and a combination
of 3551 quadrilateral and triangular elements was used in the SEEP/W models. A 1m global mesh
was applied to the whole domain with 0.1m refinement along the flux boundary at the ground
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surface. A no-flow boundary condition was applied at the pavement, on the left-hand side, and
bottom of the embankment. At the right-hand side, the groundwater table was assumed at 4 m
depth below the embankment surface, and the section above the groundwater table was considered
as no flow. A flux boundary comprising of design storm records was applied at the soil-atmosphere
interface. The details on the design storm are provided in section 6.4.2. A Non-ponding boundary
condition was applied to prevent excessive accumulation of rainfall on the slope surface.

For the simulation of slope under extreme rainfall events, the evaporation was not taken into
account. It is due to the fact that a large quantity of water is applied in a short period of 1 to 24
hours, and even the maximum evaporation over a 24-hour period is only a few millimetres.
Therefore evaporation has a negligible effect on water balance on the ground surface during
extreme rainfall events. This approach is similar to the one that has been used by Robinson et al.
(2017) and Pk et al. (2018). It should also be noted that the initial conditions in the SEEP/W models
were set up based on the long-term variation of moisture conditions within the slope, considering
both participation and evaporation. This approach is explained in the following section. The
hydraulic and geotechnical properties of the materials have already been presented in Chapter 3.

The details of the SLOPE/W models are the same as explained in the previous sections.

Pavement - No flow boundary

Groundwater table Flux boundary No flow boundary
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Figure 6.4 Meshing elements and boundary conditions for SEEP/W models
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6.4.1. 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 (Robinson et al. 2017). However, the
hydrostatic conditions are a particular and rare case in reality at the field scale if it is under
thermodynamic equilibrium (Lu and Godt, 2013).

In this research, the pore water pressure distribution corresponding to the saturation of P50% and
P90% percentiles were considered as the initial conditions for slope stability analyses under
extreme rainfalls. It should be noted that although different PWP distribution can exist for the same
average saturation within the slope, this assumption is more reasonable than the hydrostatic
condition, which does not commonly occur under average climate conditions.

According to Figure 6.3, the range of degree of saturation can be divided into three categories for
each type of embankment for all locations under consideration and is presented in Table 6.1. This
classification is based on the distribution of the FOS-Saturation relationship. A specific PWP
distribution, as represented with a special symbol in Figure 6.3, was selected for each range of

degree of saturation as the initial condition of stability analyses.

Table 6.1 Saturation classification for the initial conditions of slope stability analysis

Degree of saturation (%)

Category Sand embankment Silt embankment
1 <58 <76
2 58 - 63 76 - 83
3 >63 >83

The selected range of degrees of saturation for the initial conditions of slope stability assessments

for sand and silt embankments in all locations can be seen in Figure 6.5. This figure shows that for
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P50%, the initial condition for historical and future periods are in the same category. Additionally,

all of them except the initial condition of North Bay is in the first category. On the other hand, as

expected, all degrees of saturation for P90% are in the second or the third category. For most of

the locations, historical and future degrees of saturation are in the same range, excluding Toronto

and Kenora for the sand embankment and Thunder Bay and Ottawa for the silt embankment.
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6.4.2. Atmospheric boundary conditions (Design storm)

Using an actual rainstorm (extreme rainfall) pattern is an ideal approach for hydrologic analysis
(MTO 1997). However, actual storm records are not usually available for all locations. Also, such
an approach is not feasible for studying the effects of future climate effects, as in most instances,
the information on storm patterns is not available for future extreme events. Therefore, synthetic
storm hyetographs were considered in this study. Several methods for generating design storm
hyetographs have been reported in the literature (e.g., Prodanovic and Simonovic 2004, Yen and
Chow 1980, and Watt et al. 1986). Some of these methods suggest a simple distribution shape,
such as a rectangular hyetograph, for a single point of the IDF curve. For example, a uniform
intensity throughout the rainfall duration is used for the establishment of a rectangular hyetograph
(e.g., Prodanovic and Simonovic 2004). However, some hydrological analyses have demonstrated
that this method underestimates the total precipitation volume of the rainfall events (Veneziano
and Villani 1999). Geometric forms such as triangular hyetographs (e.g., Yen and Chow 1980) or
linear/exponential hyetographs (e.g., Watt et al. 1986) are other options for hyetograph that have
been proposed and have been used in previous studies. However, there are other different methods
that consider the entire set of intensity-duration values for a particular return period and duration
instead of a single point on an IDF curve (Keifer and Chu 1957 and USACE 2000). Among these
methods, the method proposed by Keifer and Chu (1957), known as the Chicago design storm, has
been widely used in the Canadian practice because it can be derived from available rainfall IDF
relationships (McKelvie 1982, Marsalek and Watt 1984). This method has also been recommended
by the Ministry of Transportation, Ontario, for the assessment of the storm impacts on the drainage
systems (MTO 1997). In the current study, this method was used to represent intensity distribution

over time for historical and future extreme rainfall events.
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Figure 6.6 is an example of the design storms developed based on future IDF curves for 1-hour
duration rainfall with the 100 years return period for the city of Niagara Falls. Historical and future
design storms of all ten locations under consideration were developed for 1, 6, 24, and 48-hour

durations with return periods of 2, 5, 10, 25, 50, and 100 years.
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Figure 6.6 Sample Chicago curve for a 1-hour extreme rainfall for the city of Niagara Falls

6.5. Results and discussion

6.5.1.Variation of FOS over extreme rainfall

In this study, the effect of climate change on the stability of slopes subjected to extreme events
was evaluated based on the critical (minimum) FOS overtime. For this purpose, the variation of
FOS under historical and future rainstorms with six different return periods of 2, 5, 10, 25, 50, and
100 years was quantified. The stability of the slope was investigated for sand embankment under
1, 6, and 24-hour rainfall durations. On the other hand, since the extended rainfalls can make the
low permeable soil embankment more vulnerable (Pk et al. 2018), 6, 24, and 48-hour durations
were selected for stability assessment of silt embankments. For all cases, the simulations were

continued beyond the duration of the rainfall event to ensure that the minimum FOS was obtained.
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Figure 6.7 presents the variation of global FOS of sand embankment overtime under 1, 6, and 24-
hour historical and future rainfalls for 1m minimum slip depth. These results are for the city of
Niagara Falls. The graphs on the left demonstrate the variation of FOS with initial condition
corresponding to P50%, and the graphs on the right correspond to initial conditions of P90%.
Comparing these two sets of graphs for the general failure condition shows that the initial FOS for
P90% is higher than P50%. One of the reasons could be the influence of water content on soil
suction strength, as explained in section 6.1.

Observation of temporal FOS for global failure in the slope also shows that for 1-hour rainfall,
there is a very minimal adverse effect on the FOS. The slight increase in FOS can be related to an
increase in the water content and positive effect of PWP on the suction strength compared to the
fairly dry initial condition. Additionally, this figure also shows that no reduction in FOS was
observed for P50% initial conditions under 6-hour historical rainfalls. However, under 6-hour
future rainfall, FOS decreases for P90% initial condition, although it is not a substantial decrease.
It can also be observed that the factor of safety for 24-hour rainfall remains constant at the
beginning of the rainfall event, but at about 10 hours into the 24-hour rainfall event, the FOS starts
to decline. This reduction is more noticeable for future extreme rainfalls as opposed to the
historical case, especially for P90% initial conditions.

Similar to Figure 6.7, Figure 6.8 shows the variation of global FOS of sand embankment overtime
under different historical and future extreme rainfalls with the difference that this figure is for 0.3m
minimum slip depth. This figure indicates that the reduction in FOS is higher and can be observed
at earlier times, in comparison to the 1m minimum slip depth. This is not surprising as the

shallower depth is expected to see larger changes in moisture contents over a shorter period of

96



time. Therefore, it can be concluded that the shallower depth of the slope is more affected by

extreme rainfalls.
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Figure 6.7 Temporal variation of FOS in the sand embankment for historical and future rainfalls
with different return periods considering 1m minimum slip depth
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Figure 6.8 Temporal variation of FOS in the sand embankment for historical and future rainfalls
with different return periods considering 0.3m minimum slip depth

Figure 6.9 and Figure 6.10 show the temporal distribution of FOS in silt embankment for historical
and future rainfall of various durations. The results are of the city of Niagara Falls, for 1 and 0.3m
minimum depths of failure, respectively. Similar to Figures 6.7 and 6.8, the graphs on the left are

for P50% initial conditions, while on the right are for P90% initial conditions.
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It can be observed from both the figures that 6-hour rainfall events do not influence the stability
of the silt embankment for both types of failure. It can be inferred from Figure 6.9 that 24-hour
rainfall would not change the PWP significantly for the minimum depth of 1m of the slope, with
lower initial saturation. However, it can induce a moderate decline in FOS of the slope with a
wetter initial condition, especially for future events, as the rainfall intensity is expected to be higher
than the historical period. Additionally, it can be seen in this figure that the 48-hour rainfall reduces
the FOS, even for P50%initial condition. It can also be observed that for wetter initial conditions
(P90%), the reduction in FOS is more drastic. On the other hand, Figure 6.10 shows that in
comparison to 1m depth, shallower depth of 0.3m is more adversely affected by 24-hour rainfall.
This observation is valid for both P50% and P90% initial conditions. Similar observations can
also be made for 48-hour rainfall events. This rainfall reduces the factor of safety in the silt
embankment significantly and keeps the embankment remains in this critical condition for a longer
time compared to other cases. Overall, it is evident that FOS reduction happens at earlier times for
0.3 m than for 1.0 m depth. This leads one to conclude that shallower depths seem to be more
prone to the effects of climate change. Another point that can be inferred from comparing the
graphs for sand and silt embankment is that reduction in FOS happens at later times in silt, which

is consistent with the low permeability of silt compared to sand.
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Figure 6.9 Temporal variation of FOS in the silt embankment for historical and future rainstorms
with different return periods considering 1m minimum slip depth
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Figure 6.10 Temporal variation of FOS in the silt embankment for historical and future rainstorms

Time (hr)

with different return periods considering 0.3m minimum slip depth

Based on the review of the results presented in Figure 6.7 to Figure 6.10, it can be concluded that
the extreme rainfalls with shorter return periods have less effect on the FOS, with rainfalls of 2-
year return periods having no effect at all. Moreover, it can be concluded that in some instances,
the FOS for both sand and silt embankments come close to the allowable value of FOS. However,

two points should be noted here: 1) The embankments are mostly designed under dry conditions
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that conservatively ignore the positive effect of suction on slope stability, and 2) The presented
results have been obtained based on analyses assuming the estimated mean values for the
geotechnical and hydraulic parameters. Therefore, the results presented here are only valid for the
safety of embankment slopes without the considerations for likely variations and uncertainties in
the soil parameters. For this reason, the effect of uncertainty in the values of hydraulic and
geotechnical parameters on the probability of failure is discussed later in Chapter 7.
6.5.2.Critical FOS under extreme rainfall

Figure 6.11 shows the variation of critical FOS in sand embankment with P50% and P90% initial
conditions under extreme rainfalls for different return periods. As described before, the critical
FOS is the minimum FOS calculated over time for a given extreme rainfall. It can be seen that
FOS changes only under future 24-hour rainfall events for the case of general failure. However,
for shallow failure depths, both 6 and 24-hour rainfall events seem to have an effect on the FOS.
It can also be observed that the FOS decreases with increasing return periods as the rainfall
intensity increases. This reduction is more pronounced for future events as opposed to the historical
rainfall events. It can also be observed that for shallower depth that FOS remains unchanged under
rainfall with the return periods greater than or equal to 10 years. This can be attributed to the lower
retention and higher conduction capacity of the sand. It is hypothesized that during the rainfall
event, water infiltrates into the sand embankment, but a limited portion of it is retained at the

shallower depth, and the remaining water drains to the deeper layers.
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Figure 6.11 Critical FOS for sand embankment under various extreme events in Niagara Falls

Similar to Figure 6.11, Figure 6.12 presents the changes in critical FOS for the silt embankment

with initial conditions of P50% and P90%, for extreme rainfalls with different return periods. The

variation in FOS for both 0.3 and 1m minimum slip depths are presented in this figure. This figure

shows that there are no changes in FOS for 6-hour rainfall events. This observation is valid for

both 0.3 and 1m minimum slip depths. However, for larger duration rainfall events, a considerable

decrease in the FOS can be observed. This observation is also consistent with results from others,

where it has been reported that events of larger duration result in more water entering the silt

embankment. This is due to lower intensities of shorter duration events and lower infiltration

capacity of the silt material (Pk et al. 2018). Additionally, similar to the sand embankment, FOS
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of silt embankment decreases with increasing the rainfall intensity, as it is evident that FOS

decreases with increasing the return period, with lower values for future events. It can also be

observed that the shallower depth of the slopes can be more affected by the extreme rainfall in

comparison to deeper depths.
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Figure 6.12 Critical FOS for silt embankment under various extreme events in Niagara Falls

Similar to Figure 6.7 to Figure 6.10, the variation of FOS over time was plotted for all other nine

locations, and critical FOSs under different rainfall events were obtained. Figure 6.13 and Figure

6.14 show these critical FOSs for sand and silt embankment, respectively. These results are for
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100-year extreme rainfall events of different durations. These figures present the critical FOSs for
both general and shallow failures with both P50% and P90% initial conditions.

Based on Figure 6.13, it can be concluded that 1-hour rainfall would not change the stability of the
sand embankment since the slope has almost similar values for critical FOS for both historical and
future time periods. This observation is valid for both general and shallow failures for most of the
locations. A small difference in FOS values can be observed for Toronto and Kenora for the P90%
initial condition. This can be attributed to the difference between their initial saturation conditions,
as presented in Figure 6.5 previously. The initial saturation for P90% in the historical period is in
the first category and is lower than future saturation, which is in the second category.

For the 6-hour duration, in the case of global failure, the critical FOS of sand embankments remains
relatively unchanged under P50% conditions. However, future FOS for sand embankments with
1m slip depth and P90% initial conditions is less than the historical condition for most of the
locations. This is due to higher rainfall intensities in the future; however, the FOS values are still
above the allowable value. Furthermore, FOSs for 0.3m minimum slip depths are, in general, lower
than those observed for 1m minimum slip depth. This is not surprising as climatic loads are known
to have more effect on shallower depths (Pk et al. 2018). It can also be seen that in the future, for
shallower depth, the rainfall events have the potential to decrease the FOS quite close to the
allowable value. This observation is true for most of the locations.

The graphs for 24-hour rainfall in Figure 3.13 indicate two salient points. One is that future FOS
during a 24-hour rainfall event is almost similar for P50% and P90% initial conditions. One of the
reasons for this similarity could be due to the fact that during the longer duration of rainfall, much
larger quantities of water enter the embankment, and the effect of initial conditions get somewhat

muted. Second, it can be noted that 24-hour rainfall would considerably affect the shallower depth
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of sand embankments in the future. Future FOS for all locations come quite close or dip slightly

below the MTO requirement of 1.3.
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Figure 6.13 Critical FOS of sand embankment under different durations of 100-year rainfall in

all locations

Figure 6.14 shows that the stability of the silt embankment would not be impacted by 6-hour
rainfall events. Only critical FOSs of silt embankment in Ottawa in historical and future periods
are slightly different because of different initial conditions in these periods. These rainstorms do
not influence the shallower slope depths as well. Moreover, considering 1m minimum slip depth,
values of historical and future FOS under 24-hour rainfall are similar for P50% initial conditions.
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However, for P90% initial conditions, future FOS of the slope is expected to be similar or less than
the historical FOS because of the wetter initial condition and/or higher rainfall intensities in the
future. The maximum decrease in future FOS under 24-hour rainfall is observed for the city of
Ottawa. This location not only has a higher rain intensity in the future but also has a wetter initial
condition in comparison to the historical period. For the shallower minimum depth of 0.3m, 24-
hour extreme rainfall events have the potential to considerably reduce FOS in the future. It can be
seen that for most locations, even with the drier initial condition, future FOS for 24-hour events
are expected to be less than the allowable value of FOS required by MTO.

Figure 6.14 also shows the notable impact of 48-hour rainfall events on the stability of silt
embankments in the future, for both global and shallow failures. These extreme rainfall events can
decrease the FOS of the slopes for 1m minimum slip depth, with FOS for slopes with wetter initial
conditions below 1.3 in most cases. The values of FOS for 0.3m minimum slip depth also decrease
in the future. It can be observed that critical FOS of all locations under future 48-hour rainfalls is
below or equal to 1.2, which is less than the allowable FOS of 1.3.

Overall, it can be inferred from Figure 6.13 and Figure 6.14 that shallow failures are more likely
to be triggered due to the changing climate. The comparison between the results of deep and
shallow failure analyses confirms that extreme rainfall events may influence the shallow failures
to a greater extent. Furthermore, it should also be noted that embankments built with fine materials
such as silt appear to be more susceptible to extreme rainfall events in the future. Another notable
observation from the results is the projected increase in future FOS for the sand embankments in
the city of Kenora. This can be attributed to the expected lower intensity of future extreme rainfall

events for Kenora in comparison to historical values, as described in chapter 4.
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Chapter 7:Probabilistic analysis

There are inevitable uncertainties in various factors influencing the stability of slopes. These
uncertainties may lead to uncertainty in the factor of safety, which is not considered in the
conventional slope stability analyses. Uncertainties in soil strength, soil hydraulic properties, and
rainfall characteristics are the most important sources of uncertainty that can affect the stability of
embankment slopes, exposed to the environment. The reason is that soils are inherently
heterogeneous materials. The natural spatial and temporal variation of soils, together with
measurement errors and insufficient data, can make substantial alterations in soil properties such
as strength parameters, saturated and unsaturated hydraulic conductivity, and soil retention
parameters. All these properties are expected to play a crucial role in the stability of slopes
subjected to rainfall events.

Along with the above-mentioned parameters, the indeterministic characteristics of the rainfall
events can also make the stability assessments more complicated. Reliability analyses provide an
option of evaluating the uncertainties and estimating their effects on the performance of slopes
using the probabilistic concepts. In such analyses, by assigning a probability distribution function
to the input parameters, engineers can evaluate the probability of a desired level of performance.
In this study, a series of reliability analyses were carried out to evaluate the effects of the
uncertainties in the geotechnical and hydraulic soil properties on the stability of slopes under
various extreme rainfall events. The theoretical aspects of the employed method for reliability
analysis are explained in the following section. The uncertainty in the occurrence of various
rainfall events is estimated separately based on the IDF curves concept, which is also described in

a later section.
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7.1.  Reliability analysis of slope stability

In reliability analysis, the level of uncertainties for a given FOS is normally estimated in terms of
probability of failure (Py) and the reliability index (). The probability of failure is defined as the
possibility of FOS less than the desired value (usually less than 1.0), considering uncertainties in
values of the variables involved in its calculation. The reliability index represents the number of
standard deviations that separate the mean FOS from a critical value (FOS=1). It is generally
expected that a higher FOS implies a lower probability of failure; however, it is not always the
case. For example, as can be seen in Figure 7.1, Lacasse (2016) has shown the results of two
analyses for the same foundation that lead to different results. In the first analysis with limited
information on soil properties and loads, a FOS of 2 was obtained. In the second analysis with
more extensive information, a FOS of 1.4 was obtained, which is less than FOS calculated from
the first analysis. The second analysis resulted in lower FOS; however, there is a higher safety

margin (lower probability of failure) compared to the first analysis.

FOS=14
P,= 1x104/yr
Low uncertainty

FOS =2

P,=5 x 10%/yr
e High uncertainty
Probability
of failure

Probability density function

Factor of safety

Figure 7.1 Factor of safety and probability of failure (modified from Lacasse 2016)
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7.2. Reliability methods

The main objective of reliability analysis is to estimate the probability distribution of FOS. A
probability distribution (density) function describes the relative likelihood that a random variable
is within a given range, and is attributed to each parameter used in the reliability analysis. The
normal (or Gaussian) and log-normal distributions are the most common types of probability
distributions that are generally used for probabilistic studies in geotechnical engineering. In
previous studies, the normal distribution has been suggested to be used for geotechnical strength
parameters (e.g., Lumb 1966 and Hassan and Wolff 1999). While, log-normal distribution has
been used for hydraulic conductivity and soil water retention parameters (e.g., Bennion and
Griffiths 1966, Carsel and Parrish 1988, Phoon et al. 2010). Both normal and log-normal
distribution functions can be defined in terms of mean value and standard deviation (or the
coefficient of variation) for a given random variable.

Equation 7.1 is a common function to define the performance function G(X) related to FOS.
G(X) =FOS(X)—1 (7.1)
Where X = (x4, x5, ..., xy) is a vector of the N random variables, with (x;) representing various
influencing parameters, which in this study are soil parameters affecting the slope stability. As
mentioned before, safety within the context of a probabilistic analysis is typically expressed in
terms of a probability of failure (Pf) and reliability index (5) as follows:

Pr = P[G(X) < 0] (7.2)

B =E[GCO]/o[G(X)] (7.3)
Where E[G(X)] and o[G (X)] are the mean and standard deviation of the performance function,
respectively. The definitions of P, and $ are illustrated in Figure 7.2, where P indicates the

probability of slope failure (the area under the probability distribution of G (X) < 0), while g
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represents the mean of the performance function in terms of its standard deviation. For a higher
mean value of FOS and/or a lower standard deviation of the distribution, a higher reliability index
is expected. It should be noted that the above definition is accurate if the performance function (or
factor of safety equation) is linear, which is not always the case for slope analysis models (EI-
Ramly et al. 2002). However, Mostyn and Li (1993) have suggested that the performance functions
of slopes are reasonably linear and have recommended ignoring the nonlinearity when calculating

B.
f(x)

!
POIS0L 5 Efg0o)]
olg(x)

0 ElM)]  g=CD

Figure 7.2 Definition of the probability of failure and reliability index for a normal distribution
function (Xue and Gavin 2007)

In this study, the first-order second-moment method (FOSM) was used for reliability analysis. This
method is based on Taylor’s series expansion of the performance function around the mean vector
of variables, and only first-order terms of the series are taken into account. If the input variables
are not correlated, it can be shown that the mean and the variance of the performance function are
given by the following equations:

E[G(X)] = G[E(x1), E(xp), .., E(xy)] (7.4)
o?[G(X)] ~ Y GDo?[xi] (7.5)
If a probability distribution function is assumed for the performance function, its mean and

standard deviation (Equations 7.4 and 7.5) can be used to calculate the probability for any of its
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values. If input variables are not independent, the correlation has to be taken into account for the
calculation of the variance. The assumption of the probability distribution function for the
performance function is one of the limitations of the FOSM method. Also, the first-order partial
derivatives in Equation 7.5 must be numerically estimated using a finite difference scheme. A
common practice is to select two points over a range of plus and minus one standard deviation
with respect to the mean value of the random variable x;, in order to capture the nonlinear
behaviour of the function in a range of likely values (Wolff 1994). Therefore, assuming N random
variables, the number of simulations required to apply the FOSM method is 1+2N. Monte Carlo
simulation (MCS) is another technique that is often used to simulate the probability density
function of a performance function and could have been used in this study. However, this method
requires a large number of simulations, which is not practical for problems with small probabilities
of failure and a large number of random variables such as this study (Phoon et al. 2008; Phoon and
Ching 2015).

The application of the Taylor Series method in geotechnical engineering has been described in
previous studies (e.g., Baecher and Christian 2005). It is common to use the following simple
formula, which was derived from the Taylor series technique to estimate the standard deviation of

the factor of safety (Wolff 1994; Duncan 2000; Baecher and Christian 2005):

o= \/(AF;)S1)2 + (AF;)SZ)Z + . + (@)2 (76)

Where AF0S; = (FOS;" — FOS;7) and FOS}and FOS; are the factor of safety calculated with
the value of the i-th parameter, respectively increased and decreased by one standard deviation
from its mean value. In calculating FOS;*and FOS; the values of all other parameters are kept at
their mean values. In this study, five soil hydraulic parameters (K, @, n, 85 and 6,.) and soil

friction angle (p) were considered as random variables. In this study, uncertainties in material
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properties were estimated considering one standard deviation based on previous literature;
however, they can also be estimated considering multiple standard deviations. The mean value of
these variables and their mean +1 standard deviation values for sand and silt material are presented
in chapter four. In total, 37440 slope stability analyses were conducted under various historical
and future rainfalls with six different return periods and three different durations to estimate the
probability of both general and shallow failures, in all ten locations. These analyses were carried
out for both sand and silt materials with the P50% and P90% initial conditions. The analyses were
carried out for mean values of material parameters (as shown in Table 3.8), and also their values
considering +1 standard deviation. The results were assimilated by developing a series of fragility
curves, as described in the following section.

7.3. Fragility curves

Fragility curves are developed when the probability of failure for various possible loading
conditions needs to be evaluated in the slope stability analyses. Fragility curves are an appropriate
tool for reliability-based analysis of slope stability as they relate the probability of failure (P¢) with
the intensity of the applied loads. The advantages of developing fragility curves include the
allowance for an explicit appraisal of the uncertainties associated with vulnerability modelling and
the possibility of presenting results for a wide range of loadings. This makes fragility curves an
attractive tool for carrying out risk assessments of large systems, such as major transport networks
(Martinovi¢ et al. 2018).

In this study, the fragility curves were developed for both sand and silt embankments according to
probabilistic analyses of slopes under different rainfall scenarios based on IDF curves for both

historical and future periods. Instead of using intensity or duration, the return period was
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considered as the primary independent variable for the fragility curve since it is a standard and
important tool in hydrological engineering design.

7.3.1.Sand embankment

Figure 7.3 a and b show the fragility curves for sand embankment in the city of Niagara Falls under
different historical and future rainfalls with P50% and P90% initial conditions. The results are
presented for both general and shallow failures conditions, respectively. For a variably saturated
soil embankment under rainfall, the probability of failure is mostly governed by the uncertainties
in the variation of soil shear strength, which is controlled by soil suction as well as other soil shear
strength parameters. The suction-related soil shear strength may increase or decrease with the
increase in the soil moisture. Therefore, the fragility curves may significantly differ in trend
depending on the changes in moisture distribution during the rainfall.

As presented in Figure 7.3a, a decreasing trend in the probability of general failure with increasing
return period and duration of the event is observed for initial condition corresponding to the 50™
percentile. It can be observed that for this condition (P50%), the probability of general failure is
lower for future conditions in comparison to historic conditions. It can also be seen that for a higher
initial moisture condition (P90%), the probability of general failure is lower than that for lower
initial moisture conditions (P50%) and remains almost constant with respect to increasing return
period. This figure also shows that sand embankment stability may not be affected by a 1-hour
rainfall event. It seems logical as for shorter duration events such as 1-hour, only a small quantity
of water can infiltrate into the embankment, and this quantity of water would not percolate deeper
into the embankment.

For 30 cm minimum slip depth (Figure 7.3b), the changes in the probability of failure are different

from those observed for 1 m minimum slip depth. First, the probabilities of failure for shallower
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depths are, in general, higher than those observed for deeper depths. This is not surprising as
climatic loads are known to have more effect on shallower depths (Pk et al. 2018). Secondly, for
1-hour storms, the probability of failure does not seem to be affected by the changing climate,
which is similar to the results for 1m depth. However, for storms of 6 and 24-hour durations, there
are some differences between probabilities of failure for historical and future extreme precipitation
events. Results indicate that for future events, some increase in the probability of failure can be
expected for 6 and 24-hour events. An increase in the probability of failure can also be observed
for historical storms of returns periods greater than 10 years for 24-hour events. This observation
is consistent with the increase in intensities and is indicative that these intensity increases are to
the extent that they may result in a reduction in the suction strength at shallower depths. However,

these changes appear to be quite minimal.
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Figure 7.3 Fragility curves for sand embankment in Niagara Falls with P50% and P90% initial
condition considering both types of failure
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7.3.2.Silt embankment

Figure 7.4 a and b show the fragility curves developed for silt embankment in Niagara Falls under
various historical and future rainfalls with different durations and return periods. These graphs are
for P50% and P90% initial conditions considering both general and shallow failures. It is
noticeable that the probabilities of failure are much larger for silt material as compared to sand
material. This is consistent with the previous studies that have shown, in general, fine-grained
materials are more prone to stability issues in comparison to coarse-grained materials under
extreme rainfalls (Pk et al. 2018). It can also be observed that shallower soil depths are more
vulnerable to historical and future climatic events, similar to the observations for the sand
embankment.

Contrary to the sand embankment, the fragility curves for the silt embankment generally show an
increasing trend in the probability of failure for higher return periods. This can be observed for
both general and shallow failures. Moreover, the wetter initial conditions (P90%) result in a
considerable increase in the probability of failure in comparison to the drier initial conditions
(P50%). Additionally, more prolonged rainfall events can cause a considerable increase in the
probability of failure. This observation is also consistent with results from others, where it has
been reported that events of larger duration result in more water entering the silt embankment
owing to their lower intensities in comparison to shorter duration events of higher intensities. This
is attributed to the lower infiltration capacity of the silt material (Pk et al. 2018).

One of the reasons for the difference between the observations for embankments constructed with
sand and silt materials can be attributed to the initial conditions. As shown in chapter 6, silt material
tends to hold more water owing to its lower conduction and high retention properties in comparison

to sand. Therefore, initial saturation conditions for the silt embankment are much higher than those
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for sand for the same percentile of occurrence. As a result, for similar storms, silt embankments
could potentially end up at higher saturation than the sand embankment. Besides, silt material, in
general, gets a larger contribution from suction to its shear strength in comparison to sand (Lu and
Likos 2006). Therefore, higher and larger increases in the probability of failure due to climatic
events are expected for silt embankments. Accordingly, an increase in the probability of failure
with increasing the return period (as rainfall intensity increases) along with a decrease in mean

FOS for 24-hr and 48-hour rainfalls can also be observed in this figure.
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Figure 7.4 Fragility curves for silt embankment in Niagara Falls with P50% and P90% initial
condition considering both types of failures

The abovementioned argument can also be extended to explain the difference between historical
and future results. The substantial intensification of future rainfalls has an adverse effect on the

safety of silt embankments in the future (as shown in chapter 6). For example, the probability of

118



general failure increases from less than 1% to around 6% for the 48-hr 100-year future rainfall
event. Comparing fragility curves for shallow failure and general failure indicates that the
probability of shallow failure is much higher than general failure. For example, the fragility curves
for 24-hour rainfall events show that with P50%initial conditions, the probability of failure
increases from almost negligible for general failure to 20% for shallow failures. The fragility
curves for the other nine locations show similar trends for both sand and silt embankments. The
fragility curves for these locations are shown in Appendix D.

7.4. Annual probability of failure

In order to evaluate the probability of failure for time-related problems, such as this study,
considering a time frame to define is required to define a time period in which the probability of
failure is determined. The probabilistic results are provided in terms of Annual Probability of
Failure (APF) in the current state of practice in civil engineering projects.

Moreover, to consider the indeterministic nature of time-related problems such as rainfall when
using fragility curves, the probability of load exceedance should also be taken into account. For
this purpose, the Annual Probability of Failure is estimated to evaluate the probability of failure,
taking into consideration the probability of load exceedance. The probability of load exceedance
can be defined in terms of Annual Exceedance Probability (AEP). In this study, AEP was
calculated based on the Poisson distribution model and related the exceedance probability of events
to their corresponding return periods. Then, the fragility curves are combined with the AEP of
extreme precipitation events to estimate the APF.

According to the IDF curves concept, extreme rainfalls can be identified in terms of three main

characteristics: average intensity, duration, and return period (T). The return period, also known
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as a recurrence interval, is an estimate of the average time between two extreme rainfall events
and is equal to the inverse of the average frequency of occurrence at a specific location.

The Poisson distribution model is the most common model that has been used extensively to
represent the temporal occurrence of random natural events such as earthquakes (e.g., Kramer
1996), landslides (e.g., Crovelli 2000) and extreme rainfall events (e.g., Smith and Karr 1990).
This model is established for the events that follow a Poisson process where the average time
between events is known, but the exact timing of events is random. Another assumption for this
model is that the arrival of an event is independent of the event before; namely, the waiting time
between events is memoryless. The temporal distribution of event recurrence using Poisson

probability distribution can be given by:

P[N =n] = GOT -2 (7.7)

n!
The above equation gives the probability of n occurrence of a particular event during the time span
of interest (t) for a given average rate of occurrence of the event A (i.e., the inverse of return
period). Therefore, the probability of occurrence of at least one event in a time interval can be

easily derived:

P[NZI]=1—P[N=O]=1—e"“=1—e‘% (7.8)
where T is the return period of the event under consideration.

Based on the concept of IDF curves, the return period can be attributed to the probability of
occurrence of rainfalls with intensity higher than a particular value for any given rainfall duration.
Therefore, Equation (7.8) can be used to predict the probability of exceedance of rainfall with a
given return period. The AEP value can then be calculated considering a time period of one year

for a given return period. Figure 7.5 shows the annual exceedance probability curve considered in
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this study. This curve indicates AEP values estimated by Equation (7.8) considering different

return periods from 1 to 100 years. More details are provided in the following sections.

40

w
=3

Annual Exeedance Probability (%)
- 1]
= (=]

10 100
Return Period (Year)

Figure 7.5 Annual Exceedance Probability curve in this study

In order to calculate the annual probability of failure (APF), the fragility curves (P vs. T) can be
combined with the annual exceedance probability curve (AEP vs. T) (Phoon and Ching 2015). As
shown in Figure 7.6, the annual exceedance probability curve can be discretized at several intervals
to obtain a representative value. The annual probability of occurrence of each load interval can be
estimated using the following equation:

Po; = P — Py; (7.9)
where P,; is the annual occurrence probability on a load interval i, P;; is the AEP of the lower
bound of the interval i, and Py; is the AEP of the upper bound of the interval i.

The probability of failure for each interval can be obtained by multiplying the annual occurrence
probability of that interval (Py;) by its conditional probability of failure (Pf;). This conditional
probability of failure can be obtained directly from the fragility curves. Adding the probability of
failure of all the intervals of interest yields the annual probability of failure as given by:

APF = Y1 Py, . Py (7.10)
where M is the number of considering intervals.
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Figure 7.6 Estimation of APF using fragility curves (Phoon and Ching 2015)

7.4.1.Sand embankment

Figure 7.7 shows the estimated historical and future APF for sand embankment under different
initial conditions and rainfall durations, considering both types of failures. It can be observed that
under all three rainfall durations, the annual probability of general failure decreases in the future
in all locations except for the city of Kenora. In this location, the drier initial condition (P50%)
coinciding with lower rainfall intensity result in reducing the FOS due to lower values of water
content and decreasing the suction strength of soil, which raises the probability of failure in the
future. The graphs for shallow failure show that only APFs in Toronto and Kenora with the wetter
initial condition (P90%) are higher in the future when compared to the historical period. The
estimated increase in the future APF is 19% and 55% for the cities of Kenora and Toronto,
respectively. This can be related to the higher saturation of their initial conditions in the future, as

it was shown in Figure 6.5 in chapter 6.

122



1 hr-D=0.3m

=1m

1 hr-D

sujLw L
Bloud)y
ojuolo]
eMeNO
JOSpuIpm

| Aeg 1apuny)
uojsbury
uopuoT]

Reg ypon

s|je4 esebely

N - @ © ¥ N8 O
- o (=] (=] o

(%) ainjiey yo Ayngeqoud |enuuy

sunuwig
elouay
ojuolo]
EMENO
10SpUIpm
Aeg Japunyy
uoysbury
uopuoT

feg ynoN

s||e4 esebely

L L L L
YT M o ¥ ©
o © © o o

(%) aanjiey jo Anjigeqoud |enuuy

=0.3m

6 hr-D

=1m

6 hr-D¢

suw g
elouay
ojuoiol
emeno
Jospuim
Aeg sapunyl
uoysbupy
uopuon

Keg ynon

s|jed esebely

N - @ © % N o
- o o o o

(%) aanjied jo Aunqeqoud jenuuy

sujwwi]

elouay

ojuolo]
eMEHO

JoSpuIpm

Aeg sapunyy

uojsbury

uopuo]

Aeg ypon

s||ed esebelny

< = N8 = o
=] =] =] =]
(%) @injie4 jo Ayngeqoid jenuuy

=0.3m

24 hr-D

=1m

24 hr-Dr

suuwg
elouay
ojuoso)l

emMel0
10SpUim
Aeg Japunyl
uoysbupy
uopuoT

feg yuon

s||eq esebeiN

N - @ © ¢ o o
- o o o o

(%) aanjiey yo Anpigeqoad |enuuy

sujuwy g
elousy

- OJU0I0]
eMENO
10SpUIpm
Aeg sapunyy
uoysBury
uopuon

i Aeg yuon

slied esebeiN

. L s L
Lo T S T TR
e © & o o

(%) @anjiey jo Ayngeqoad jenuuy

P90-Historical

Il P30-Future

P50-Historical
P50-Future

Figure 7.7 Annual probability of general and shallow failure for sand embankment under different

initial conditions

extreme rainfall with P50% and P90%

7.4.2.Silt embankment

Similar to Figure 7.7, Figure 7.8 shows the historical and future APF for silt embankment under

different initial conditions and rainfall duration for both types of failures. This figure shows that
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APFs for silt embankment are quite different from the sand embankment. It can be observed that
unlike the sand embankment, the APFs for future climatic conditions are mostly higher than
historical values. Considering all the cases at all the locations, the range of APF is between 0% to
3.5% in the historical period; however, future APF varies from 0.001% to 8%. The greatest future
APF increase can be expected for the city of London, with a 47% increase. The 6-hour rainfall
does not change the annual probability of general failure in the future; however, for shallow
failures, the APF is expected to increase for many cities in the future. For 24-hour rainfall events,
the APF is expected to increase for both general and shallow failures, especially for the wetter
initial conditions (P90%). It should also be noted that the effect of future climate is more
pronounced for shallower failures, especially for the cities of Northbay, London, Kingston,
Ottawa, and Timmins.

APF due to 48-hour future rainfall events are also expected to be higher compared for both initial
conditions, especially for shallower failures. For general failure, the most remarkable increase is
expected for the city of Kingston, where the annual probability of general failure is expected to
increase from 0.2% in the historical period to 7% in the future.

A review of the figure also indicates that for shallow failures, APFs are expected to increase for
all future rainfall events of 6, 24, and 48-hours. As expected, these increases are more pronounced
for wetter initial conditions for most of the locations. Many of these locations are expected to see
a significant increase in APF, especially for wetter initial conditions. The city of Kenora is an
exception where a decrease in APF for the future is expected. However, this result is not surprising
since, as mentioned in chapter 6, future FOS of silt embankment in the city of Kenora is expected
to increase because of lower future rainfall intensities compared to the historical values. Therefore,

it can be concluded that future APFs can potentially be lower for this location. Overall, it can be
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concluded that embankments built with silt are more susceptible to an increase in the probability

of failures during prolonged rainfall events, and the occurrence of a shallow failure in silt

embankments is more probable than general failure.
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Chapter 8: Summary, Conclusions, and Recommendations for future research

This research aims to quantitatively assess the impact of future extreme rainfall events on the
stability of typical highway soil embankments across Ontario. The quantification has been done
by making use of numerical modelling techniques. Furthermore, probabilistic analyses have been
performed to evaluate the effect of uncertainties in important parameters.

The research can be divided into four distinct sequential parts. In the first part, future climate
changes were evaluated by calculating how climate variables would change over the next 90 years.
Then, an appropriate long-term design climate for slope stability assessments was selected, and
design IDF curves for slope stability assessments under future extreme rainfalls were identified.
In the next part, spatial and temporal variation of moisture distribution within the embankment
was evaluated. Subsequently, average and extreme slope moisture conditions were estimated for
both sand and silt embankments based on statistical analyses that were carried on the basis of daily
variation of average water content in the slope area. In the third part, the slope stability of sand
and silt embankments during extreme precipitation events was assessed, and the impact of future
climate change was quantified. This was accomplished by comparing the future stability condition
of embankments with their historical performance. The last part is comprised of the probabilistic
analyses to investigate the effects of uncertainties in soil parameters and extreme rainfall events
on the slope stability of the embankments. A series of fragility curves representing the conditional
probability of slope failure under various extreme rainfall events were developed and combined
with the annual probability of extreme events occurrence to estimate the annual probability of

failure.
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8.1.  Conclusions

8.1.1. Climate change

The review of the historical and future climate variables, including precipitation, potential
evaporation, temperature, and annual moisture index data, indicates that future climate would
change considerably across Ontario. An increasing trend in future precipitation has been predicted
for all locations considered in this research. The precipitation data analysis shows that for all
locations, the median value of average yearly precipitation is expected to increase more than the
75" percentile of the historical value. Moreover, the descriptive statistical analyses of temperature
data indicate that the future temperatures at all ten locations considered in this study could be
noticeably higher than the temperatures recorded during the historical period. It was also observed
that the future predicted values of the minimum temperature could potentially be higher than the
maximum values of the historical period. Furthermore, the comparison of the availability of
moisture at the ground surface over historical and future periods shows that for all locations, the
median water availability for many future climate ensembles could potentially be less than the
historical values. The reason for this is the predicted considerable increase in temperature, which
would result in a proportional increase in potential evaporation and would offset the increased
precipitation. Moreover, the review of the freezing and thawing dates shows that late freezing and
early thawing conditions are expected across all locations under consideration. This would result
in a longer active period in the future, which may cause more water to enter the ground surface
and can be a potential influence on the embankment water balance and stability.

The review of the predicted future IDF curves from two different sources indicated that the
intensity of the extreme rainfall events is expected to increase for most locations considered in this

research. The only exception was found to be the city of Kenora, where the intensities are expected
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to remain near or less than the historical values. The review also indicated that the modelling based
on the more recent fifth Assessment Report (AR5) of the IPCC (IPCC 2007, IPCC 2013) predicts
a lower increase in future extreme rainfall intensities in comparison to the modelling based on the
fourth Assessment Report (AR4). This leads one to conclude that the effect of future extreme
rainfall events might need to be revaluated as more recent modelling results become available.
8.1.2. Selection of appropriate climate ensembles

The compilation of future climate data results in rather a large number of climate ensembles based
on various global climate models and emissions scenarios. Computational demand to take into
account all of these ensembles in impact studies can be time and cost-prohibitive. As described in
the thesis, no specific criteria for the selection of climate ensembles for geotechnical and geo-
environmental problems currently exist in the literature. It has been shown in this research that the
criteria used by others for selections based on annual water availability and/or increase in
precipitation quantities is not adequate. This inadequacy is related to the temporal scale of climatic
parameters and associated water balance in the embankment, which is a function of soil hydraulic
properties. To address these inadequacies, an alternate approach was developed as part of the
current research. This approach takes into consideration the intensity and frequency of the
precipitation, together with the water-holding and conduction properties of the soil materials. This
approach is based on the water balance assessment using soil-atmosphere modelling to analyze the
long-term variation of moisture in the soil embankment for different climatic conditions. The
results of one-dimensional water balance simulations were analyzed in terms of variation of
saturation over time for each location. The maximum degree of saturation during historical and
future time periods was identified. The selection of the climate ensembles was made based on the

long-term effects of different future climate scenarios and the frequency of high saturation
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occurrence. Therefore, it can be concluded that for the selection of climate change scenarios for
slope stability assessments, consideration should be given criteria based on water balance as
opposed to water availability at the ground surface. Moreover, the temporal scale of water balance
should preferably be considered at a daily resolution.

8.1.3. Long term slope moisture conditions

The destabilization effect of extreme rainfalls on embankment slopes depends on not only the
intensity and duration of the extreme rainfall events but also the incipient soil moisture conditions
within the slope at the onset of extreme events. Therefore, the slope’s initial moisture conditions
just before the occurrence of the extreme event were estimated based on the time history of soil-
atmosphere interactions. Statistical analyses using calculated daily values of average saturation
were conducted to determine the average and maximum moisture conditions in the slope to identify
critical times at which pore water pressure (PWP) distribution puts the slope at risk. The
comparison between historical and future degree of saturation indicated that the initial conditions
would be wetter in the future for most of the locations, although the changes are modest in most
instances. In this research, saturation corresponding to P50% and P90% were considered
respectively as representatives for the normal range and above-normal range of saturation to define
the initial conditions in slope stability analysis under extreme rainfalls. In conclusion, the effect of
incipient soil moisture conditions within the slope at the onset of extreme events is extremely
important and needs to be quantified appropriately.

8.1.4. Slope stability under extreme rainfall events

The stability of the embankment’s slope under extreme rainfall events was assessed by using
hydrological and geotechnical models, where the spatial distribution of pore water pressure from

the hydrological models was introduced into the geotechnical models. For this purpose, the
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temporal variation of FOS and variation of critical FOS over the return period were quantified for
all locations considering both historical and future rainfalls with different return periods.

The comparison between the results of deep and shallow failure analyses confirms that extreme
rainfall events are expected to influence the shallow failures to a greater extent. Furthermore, the
results also show that embankments built with fine materials such as silt are more susceptible to
extreme rainfall events in the future. Moreover, it has also been concluded that wetter initial
conditions have a higher potential to trigger the failure in the embankment.

8.1.5. Probabilistic analyses of slope stability

In this study, probabilistic analyses have been carried out to assess the influence of uncertainties
in soil hydraulic properties, soil strength, and rainfall characteristics on the factor of safety of the
embankment. In order to accomplish this, five soil hydraulic parameters (Ksat, o, n, 65, and 6r) and
soil friction angle (p) were considered as random variables. More than thirty-seven thousand slope
stability analyses were conducted under various historical and future rainfalls with six different
return periods and three different durations to estimate the probability of both general and shallow
failures for all ten locations. The analyses were done for both sand and silt materials with P50%
and P90% initial conditions. The analyses were carried out for mean values of material parameters
and also their values considering =1 standard deviation. The results were assimilated by
developing a series of fragility curves and the determination of the annual probability of slope
failure.

It was found out that the fragility curves significantly differ in trend depending on the changes in
moisture distribution during the rainfall. A higher probability of failure is expected for extreme
events with longer return periods. It can also be concluded that fine-grained materials are more

prone to failure in comparison to coarse-grained materials. Based on the results, for sand

130



embankments, only in Toronto and Kenora, the future annual probability of shallow failure is
expected to be greater than the values in the historical period. The maximum expected value is
1.2% for the sand embankment in Toronto. However, silt embankments in all ten locations except
Kenora are expected to experience a significant increase in APF in the future, especially for wetter
initial conditions. An increase in APF from 0.1% in the historical period to 8% in the future was
observed for the silt embankment. The comparison between general and shallow failure shows that
shallower failures are more susceptible to climatic events. For example, in London, the annual
probability of shallow failure in silt embankment is more than five times greater than the annual
probability of general failure. Generally, although a maximum value of around 8% was estimated
for the annual probability of both types of failures, more cities would experience this maximum
value considering shallow failure. Kingston is the only location with an 8% annual probability of
general failure, while the annual probability of shallow failure in London, Kingston, and Ottawa
is expected to be 8%.

8.2.  Contributions of the research

This study has made a number of contributions that would be of considerable value for both
practicing engineers and researchers. Some of these contributions are as follows:

e This is the very first study that has compiled, classified, and assessed changing climatic
conditions for ten different locations across Ontario. This was accomplished for both long
term changes as well as for extreme precipitation events. The systematic quantification of
the changes in various climatic parameters will be of interest and use for researchers and
practitioners aiming to quantify the effect of climate change on other infrastructure

projects.
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This study has used a novel approach based on daily water balance using soil-atmosphere
modelling to identify critical climate ensembles from a slope stability perspective. This
was accomplished for two different embankment materials. This approach is a significant
improvement on previous approaches, that only rely on annual water availability at the
ground surface based on atmospheric conditions only, without any consideration to soil
hydraulic properties.

As a part of this research, a comprehensive framework for estimating unsaturated soil
hydraulic properties is presented. This framework uses soil properties databases, published
values, and pedotransfer functions to estimate soil hydraulic properties for embankment
materials. This framework not only estimates the soil hydraulic properties but also
quantifies uncertainty in parameter estimation using established procedures. It is
envisioned that this framework will be of great value to practitioners and researchers to
estimate unsaturated soil hydraulic properties as measured values are not available in most
instances.

In terms of soil-atmosphere modelling, this study has made a number of enhancements to
the modelling approaches that have been reported in the literature. Some of these
enhancements are as follows:

o] Previous modelling attempts have used the same duration of active periods for
historical and future time periods. In the current research, a detailed analysis of the future
climate data was carried out to identify the changes in the start and duration of the active
period. Different active periods were used for historical and future simulations

0] In soil-atmosphere modelling, it is common to assume that potential evaporation

(PE) is uniformly distributed over the twenty-four hour period. However, it is well known
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8.3.

that PE follows a daily diurnal cycle. In the current study, a novel approach is used to take
into account the daily diurnal cycle of PE. This approach provides a better representation of
the physical process.

o] In previous modelling attempts, either daily precipitation data is used in
simulations, or daily data is distributed over a single sub-daily interval. The current research
effort used an innovative approach to generate sub-daily data from an available time history
of daily precipitation data and IDF curves.

o] In order to quantify the effect of extreme precipitation events, it is common to
assume a constant intensity during a particular storm. In this research, Chicago storm
distributions, which have been widely used in Canadian practice, were used. These
distributions were derived from available rainfall IDF relationships for all locations
considered in this research. These distributions were used to simulate the effect of extreme
precipitation events on embankment stability. It is expected that these storm distributions
provide a more realistic representation of extreme precipitation events as opposed to the
assumption of constant intensity storms.

o] This research has also provided a framework for probabilistic assessment of slope
stability using fragility curves and estimating the annual probability of failure. One of the
novel features of this research is that the probability of load exceedance is taken into account
explicitly.

Recommendations for future research

The intent of the current study was to develop a design methodology to carry out slope stability

assessments for highway embankments across Ontario from a climate change perspective. Overall,

the study results have revealed that climate change affects the hydrology and stability of the
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highway embankments, although not necessarily negatively in all instances. The following is a list

of recommendations for future research.

This study was carried out for ten locations in Ontario. To gain a better understanding of
the effect of climate change on the embankment stability across the province of Ontario, it
IS suggested to expand the number of locations. Similarly, the geometry of the embankment
profile was held constant in this study, created based on a review of multiple MTO reports.
Therefore, a parametric study on the embankment design parameters such as the height,
slope, geology, and material properties would provide an additional understanding of
embankment behaviour under changing the climate.

In this study, the results of statistical analyses on average saturation within the slope area
were used for assessment of the long-term performance of slopes. The pore water pressure
distribution corresponding to the saturation of P50% and P90% percentiles were considered
as the initial conditions for slope stability analyses under extreme rainfalls. It was observed
that different PWP distributions exist for the same average saturation within the slope.
Therefore, it is recommended to investigate the stability of slope considering different
average saturation values with various PWP distributions as the initial conditions.

Risk assessment analysis is recommended to complement probabilistic analyses that have
been carried out as part of this research. In order to ensure the long-term safety and
serviceability of the current and future highway embankments exposed to changing

climate, a risk register based on the probability and impact of failure should be developed.
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Appendices

Appendix A: Material Properties

Table A.1 Descriptive statics for saturated water content (modified from Carsel and Parrish
1988)

Saturated water content &

Soil Type

x SD CVv n
Clay* 0.38 0.09 24.1 400
Clay loam 0.41 0.09 22.4 364
Loam 0.43 0.10 22.1 735
Loamy sand 0.41 0.09 21.6 315
Silt 0.46 0.11 17.4 82
Silt loam 0.45 0.08 18.7 1093
Silt clay 0.36 0.07 19.6 374
Silty clay loam 0.43 0.07 17.2 641
Sand 0.43 0.06 15.1 246
Sandy clay 0.38 0.05 13.7 46
Sandy clay loam 0.39 0.07 175 214
Sandy loam 0.41 0.09 21.0 1183

x: Mean value, SD: Standard deviation, CV: Coefficient of variation (%),
and n: sample size. *Agricultural soil: less than 60%clay.

Table A.2 Descriptive statics for residual water content (modified from Carsel and Parrish 1988)

Residual water content 6,

Soil Type . D cv 5

Clay* 0.068 0.034 49.9 353
Clay loam 0.095 0.010 10.1 363
Loam 0.078 0.013 16.5 735
Loamy sand 0.057 0.015 25.7 315
Silt 0.034 0.010 29.8 82

Silt loam 0.067 0.015 21.6 1093
Silt clay 0.070 0.023 33.5 371
Silty clay loam 0.089 0.009 10.9 641
Sand 0.045 0.010 22.3 246
Sandy clay 0.100 0.013 12.9 46

Sandy clay loam 0.100 0.006 6.0 214
Sandy loam 0.065 0.017 26.6 1183

x: Mean value, SD: Standard deviation, CV: Coefficient of variation ©6),
and n: sample size. *Agricultural soil: less than 60%clay.
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Table A.3 Descriptive statics for retention parameter a (modified from Carsel and Parrish 1988)

) a (1/cm)

Soil Type

X SD CcVv n
Clay* 0.008 0.012 160.3 400
Clay loam 0.019 0.015 77.9 363
Loam 0.036 0.021 57.1 735
Loamy sand 0.124 0.043 35.2 315
Silt 0.016 0.007 45.0 82
Silt loam 0.020 0.012 64.7 1093
Silt clay 0.005 0.005 113.6 126
Silty clay loam 0.010 0.006 61.5 641
Sand 0.145 0.029 20.3 246
Sandy clay 0.027 0.017 61.7 46
Sandy clay loam 0.059 0.038 64.6 214
Sandy loam 0.075 0.037 49.4 1183

x: Mean value, SD: Standard deviation, CV: Coefficient of variation @b),
and n: sample size. *Agricultural soil: less than 60%clay.

Table A.4 Descriptive statics for retention parameter a (modified from Carsel and Parrish 1988)

SWCC Soil properties used in PTF
e o1 model  sand (%) Silt(%) Clay (%) OC! DD?
1  Guptaand Larson 1979 WH3/VG* + + + + +
2 Rawils et al. 1982 WH/VG +
3 Rawls et al. 1983 WH/VG + + + +
4 Rajkaj and Varallyay 1992 WH/VG + + + +
5  Vereecken et al. 1989 VG + + + + +
6  Tomasellla and Hodnett 1998 WH/VG + + +
7 Wosten et al. 1999 VG + + +
8  Schaap et al. 2001 VG + + ¥

OC!: Organic content, DD Dry density, WH?3: Water content at fixed capillary pressure,
VG*: van Genuchten model
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Figure B.8 Historical climate data for Kingston
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Figure B.10 Precipitation during active and inactive periods, and PE during the active period for

Ottawa
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Figure B.11 Precipitation during active and inactive periods, and PE during the active period for

Kenora
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Figure B.12 Precipitation during active and inactive periods, and PE during the active period for

London
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Figure B.14 Precipitation during active and inactive periods, and PE during the active period for

North Bay
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Figure B.15 Precipitation during active and inactive periods, and PE during the active period for

Thunder Bay
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Figure B.16 Precipitation during active and inactive periods, and PE during the active period for

Kingston
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Figure B.17 Precipitation during active and inactive periods, and PE during the active period for

Timmins
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Figure B.18 Precipitation during active and inactive periods, and PE during the active period for
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Figure B.19 Yearly variation of the annual moisture index for Ottawa
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Figure B.22 Yearly variation of the annual moisture index for Windsor
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Figure B.23 Yearly variation of the annual moisture index for North Bay
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Figure B.25 Yearly variation of the annual moisture index for Kingston
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Figure B.26 Yearly variation of the annual moisture index for Tim
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Figure B.28 Freezing dates based on all ensembles for Niagara Falls
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Figure B.29 Thaw dates based on all ensembles for Niagara Falls
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Figure B.30 Freezing dates based on all ensembles for Ottawa
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Figure B.31 Thaw dates based on all ensembles for Ottawa
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Figure B.32 Freezing dates based on all ensembles for Kenora
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Figure B.33 Thaw dates based on all ensembles for Kenora
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Figure B.34 Freezing dates based on all ensembles for London
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Figure B.35 Thaw dates based on all ensembles for London
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Figure B.36 Freezing dates based on all ensembles for Windsor
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Figure B.37 Thaw dates based on all ensembles for Windsor
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Figure B.38 Freezing dates based on all ensembles for North Bay
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Figure B.39 Thaw dates based on all ensembles for North Bay
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Figure B.40 Freezing dates based on all ensembles for Thunder Bay
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Figure B.41 Thaw dates based on all ensembles for Thunder Bay
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Figure B.42 Freezing dates based on all ensembles for Kingston
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Figure B.43 Thaw dates based on all ensembles for Kingston
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Figure B.44 Freezing dates based on all ensembles for Timmins
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Figure B.45 Thaw dates based on all ensembles for Timmins
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Figure B.46 Freezing dates based on all ensembles for Toronto
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Figure B.47 Thaw dates based on all ensembles for Toronto
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Appendix C: Design climate
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Figure C.48 Maximum degree of saturation and frequency of high saturation occurrence in sand
and silt material for London
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Figure C.49 Maximum degree of saturation and frequency of high saturation occurrence in sand
and silt material for Kingston
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Figure C.50 Maximum degree of saturation and frequency of high saturation occurrence in sand
and silt material for Thunder Bay
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Figure C.51 Maximum degree of saturation and frequency of high saturation occurrence in sand
and silt material for North Bay
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Figure C.52 Maximum degree of saturation and frequency of high saturation occurrence in sand

and silt material for Windsor
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Figure C.53 Maximum degree of saturation and frequency of high saturation occurrence in sand
and silt material for Ottawa
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Figure C.54 Maximum degree of saturation and frequency of high saturation occurrence in sand
and silt material for Toronto
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Figure C.55 Maximum degree of saturation and frequency of high saturation occurrence in sand
and silt material for Kenora
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Figure C.56 Maximum degree of saturation and frequency of high saturation occurrence in sand
and silt material for Timmins
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Appendix D: Fragility curves
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Figure D.57 Fragility curves for sand embankment in London with P50% and P90% initial
condition considering both types of failures
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Figure D.58 Fragility curves for silt embankment in London with P50% and P90% initial
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Figure D.59 Fragility curves for sand embankment in Kingston with P50% and P90% initial
condition considering both types of failures
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Figure D.60 Fragility curves for silt embankment in Kingston with P50% and P90% initial
condition considering both types of failures
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Figure D.61 Fragility curves for sand embankment in Thunder Bay with P50% and P90% initial
condition considering both types of failures
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Figure D.62 Fragility curves for silt embankment in Thunder Bay with P50% and P90% initial

condition considering both types of failures
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Figure D.64 Fragility curves for silt embankment in North Bay with P50% and P90% initial
condition considering both types of failures
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Figure D.67 Fragility curves for sand embankment in Windsor with P50% and P90% initial
condition considering both types of failures
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Figure D.71 Fragility curves for sand embankment in Timmins with P50% and P90% initial
condition considering both types of failures
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