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This study aims to quantitatively assess the impact of extreme precipitation events under 

current and future climate scenarios on landslides. Rainfall4triggered landslides are analyzed 

primarily using extreme precipitation estimates, derived using the so4called stationary 

assumption (i.e., statistics of extreme events will not vary significantly over a long period of 

time). However, extreme precipitation patterns have shown to vary substantially due to climate 

change, leading to unprecedented changes in the statistics of extremes. In this study, a non4

stationary approach, applied to climate model simulations, is adopted to project the upper bound 

of future precipitation extremes. Future precipitation estimates are obtained from the Coupled 

Model Intercomparison Project Phase 5 (CMIP5) simulations. Baseline (historical) and projected 

(future) precipitation extremes are obtained for a study area near Seattle, Washington. The 

precipitation patterns are integrated into a series of fully coupled 2D stress4unsaturated flow 

finite element simulations. The responses of the baseline and projected models at a 74day rainfall 

duration obtained for a 504year recurrence interval are compared in terms of the local strength 

reduction factor, displacements, matric suctions, and suction stresses. The results indicate that 

the usage of historical rainfall data can lead to underestimations in the hydro4mechanical 
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behavior of natural slopes where locally increased transient seepage rates occur from the upper 

bound of future extreme precipitation estimates.  



*��/�	���Landslides;Climate change; Extreme Precipitation;Non4stationary; Unsaturated 
soil; Numerical modeling; Hydro4mechanical coupling; Transient seepage 
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Landslides are natural hazards that often pose threats on both the societal and economical 

levels. In the United States, landslides are responsible for more than $1.6 billion in annual losses 

(e.g., Schuster and Highland 2001).  They may be attributed to destabilizing factors such as soil 

desiccation and tensile cracking, land and surface erosion, soil fissuring and softening, and 

seismicity (e.g., Leshchinsky et al. 2015). However, landslides are most frequently accredited to 

dynamic processes, namely, significant seasonal and long4term variations in rainfall; and under 

these type of extreme climatic conditions the aforementioned weakening mechanisms can 

accelerate landslide rates. Rainfall variations can have immense impacts on soil moisture and 

strength, and the near4surface groundwater field. The groundwater field directly impedes the 

activation of deep4seated landslides, which are classified as slopes failures involving the 

movement of the surficial mantle and underlying bedrock (e.g., Coe and Godt 2012). Since deep4

seated landslides are generally sensitive to extremes in the hydraulic cycle, protracted drought, 

which increases groundwater extraction and, thus impedes groundwater recharge, can lead to 

cessation of these landslides (e.g., Coe and Godt 2012). In contrast, shallow landslides include 

translational slope failures that are a few meters thick, comprising of poorly consolidated soil 

mantle and underlying bedrock (e.g., Cascini et al. 2010; Lu et al. 2012). The frequency and 

magnitude of shallow landslides are sensitive to meteo4climatic factors such as extreme rainfall 

events, rapid snowmelt, and antecedent rainfall (e.g., Sidle 2007; Melchiorre and Frattini 2012). 
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These landslides may be delineated by two failure mechanisms: diffuse and localized failures 

(e.g., Cascini 2010). The diffuse failure mechanism represents a unique characteristic of soils in 

a fully or partially undrained state exhibiting very loose or metastable structures (e.g., 

earthquake4induced liquefaction of a sand layer), where the effective stress approaches zero as 

the pore4water pressure increases. The localized failure mechanism, however, represents soils in 

a drained state and is attributed to transient localized pore4water pressures arising from particular 

geological settings and hydraulic boundary conditions (Cascini 2013; Casini 2013).  

Landslide processes are typically assessed at local to regional scales (e.g., Coe and Godt 

2012; Melchiorre and Frattini 2012). However, discerning these processes necessitates a 

comprehensive understanding of how they are affected by a changing climate (e.g., Farahmand 

and AghaKouchak 2013). Coe and Godt (2012) identified fourteen technical approaches to 

assess the impacts of climate change on landslide activity. Coe and Godt (2012) categorized 

these approaches into three groups: 1) long4term monitoring of climate change and the 

corresponding response from landslides; 2) surveying approaches manifesting the association 

between climate change and landslides from historical data; and 3) future approaches that 

establish patterns between climate change and historical landslide activation. One shortcoming of 

the aforementioned approaches is that they are partially reliant on the so4called stationary 

assumption (i.e., statistics of extreme events will not vary significantly over a long period of 

time) (Coe and Godt 2012). However, climate change is anticipated to increase the frequency, 

intensity, and duration of climatic extremes in the future (e.g., Cheng and AghaKouchak 2014). 

There are two major issues that obstruct advancement in our understanding how landslides are 

affected by a changing climate, which include the uncertainty in forecasting landslide activation 

due to heavy precipitation and improbability in predicting precipitation and storm patterns (e.g., 
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Coe and Godt 2012; Melchiorre and Frattini 2012). Moreover, landslide studies typically project 

mean precipitation data as it is very difficult to estimate the variations in the frequency and 

magnitude of extreme rainfall events (e.g., Coe and Godt 2012).  

Among recent climate trends, extreme precipitation is recognized as one of the major 

causes for several instabilities in natural and engineered earthen structures (e.g., NRC 2008, 

2013; Sorooshian et al. 2011). In fact, some areas (e.g., Northeast United States) throughout the 

United States experienced as much a 67% increase in heavy precipitation from 1958 to 2007 

(USGCRP 2009). Similar trends have been reported throughout other parts of the world like the 

Korean Peninsula (e.g., KMA 2008), and such trends have prompted several rainfall4triggered 

instabilities in natural and engineered earthen structures (e.g., Leshchinsky et al. 2015). These 

cases highlight a crucial need for considering the increased intensity of extreme precipitation 

driven by climate change in the analysis, maintenance, and monitoring of existing infrastructure, 

as well as the design of future infrastructure (e.g., NRC 2008, 2013; Crozier 2010; ASCE 2015).  

The hydro4mechanical response of earthen structures to extreme precipitation events is 

commonly analyzed using Intensity4Duration4Frequency (IDF) curves (Cheng and AghaKouchak 

2014). These curves are established using historical rainfall data. Failing to recognize changes in 

statistics of extremes events (i.e., non4stationary condition), such as increased rainfall intensity, 

when analyzing the stability of an earthen structure can lead to significant underestimations in 

the expected rainfall events that a structure may experience during its lifetime (e.g., Gregersen et 

al. 2013; Cheng et al. 2014; Vardon 2015). Thus, the impacts of future (projected) precipitation 

patterns on the short and long term behavior of natural and engineered earthen structures is an 

issue that needs to be further evaluated.  
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This study quantitatively investigates natural slope instabilities due to extreme 

precipitation events under climatic variations. Many of the weaknesses observed in previous 

studies (e.g., Coe and Godt 2012) lies in the input (e.g., assuming a stationary climate) and 

output data, rather than the methodology. To consider these weaknesses, as well as variations in 

the statistics of the future climate, the current study adopts a non4stationary approach, applied to 

climate model simulations, to analyze projected annual precipitation maxima. This approach 

would yield less uncertainty in the analysis of landslide modeling and improve our understanding 

of climate4induced changes in future extreme rainfall events (e.g., Cheng and AghaKouchak 

2014; Cheng et al. 2014). Baseline and projected precipitation extremes correspond to an area 

near Seattle, Washington (WA). Both historical (baseline) and projected precipitation patterns 

are integrated into a series of fully coupled 2D transient unsaturated seepage finite element (FE) 

simulations. The responses of the baseline and projected FE models at a 74day rainfall duration 

obtained for a 504year recurrence interval are compared in terms of the local strength reduction 

factor (SRF), displacements, matric suctions (i.e., difference between pore air and pore4water 

pressure), degrees of saturation, and suction stresses. 

 

�0.�0��.31&�4.��5��������.).�10�'�0.�



Seattle, WA is selected as the study area for acquiring the historical and future IDF 

curves. This area is frequently susceptible to shallow and deep4seated landslides that are 

primarily triggered by rainfall (e.g., Lu et al. 2012).  A major rainfall4triggered landslide recently 

occurred about 100 kilometers north of Seattle in Snohomish County, WA, in March 2014. The 

landslide was characterized as a deep4seated slope failure. It has been reported that the spring of 

2014 was the wettest on record in Seattle. In fact, approximately 48 centimeters of heavy rain 
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had fallen at the Sea4Tac Airport in Seattle from February to March 2014. The Snohomish 

County landslide resulted in capital losses in excess of $50 million (Keaton et al. 2014). It is 

noted that, the extreme precipitation conditions could have been a contributing factor towards the 

catastrophic slope failure (e.g., Iverson et al.  2015). 

To compare the effects of historical and future precipitation extremes on rainfall4

triggered slope instabilities, this study uses two sets of IDF curves: baseline (historical) and 

projected (future). The baseline IDF curves are derived using a stationary framework, similar to 

the method outlined in Bonnin et al. (2006), which uses the National Oceanic and Atmospheric 

Administration (NOAA) Atlas 14 to obtain historical rainfall data. Current infrastructure design 

codes rely heavily on NOAA Atlas 14. The fundamental analysis outlined in Bonnin et al. (2006) 

is based on the Generalized Extreme Value (GEV) distribution assuming a stationary climate. 

This approach adopts ground4based observations of precipitation extremes (i.e., annual maxima) 

from the highest precipitation amount for various rainfall durations (e.g., 34 and 74day). 

Furthermore, the standard GEV distribution is delineated as such (Coles 2001): 

Ψ	�x� = exp �−
1 + ξ x − �σ ����ξ� , 1 + ξ x − �σ � > 0        (1) 

The GEV distribution is described using the location (�), scale (σ) and shape (ξ) 

parameters. In a stationary approach, the statistical properties of the distribution are independent 

of time, whereas the parameters [i.e., θ = (�, σ,ξ)] under a non4stationary assumption are 

explicitly defined as a function of time.  

In this study, the approach outlined in Cheng and AghaKouchak (2014) is adopted to 

derive projected non4stationary IDF curves. This approach assumes � to be time4dependent, 
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while σ and ξ remain time invariant. Cheng and AghaKouchak (2014) use a linear time 

dependence whereby � can be defined as follows:  

��t� = ��t + ��        (2) 

Once the annual maxima are acquired from the highest precipitation amount (from 

historical rainfall data) for various rainfall durations, �(t) is predicted based on the 95th percentile 

of Differential Evolution Markov Chain (DE4MC) sampled location parameters (i.e.,	��) over 

time (Cheng et al. 2014). For different exceedance probabilities (p), or recurrence intervals, the 

projected precipitation extremes can be defined as:   

q� = 
�− 1ln p�
ξ − 1�σ

ξ
+ ��, �ξ ≠ 0�        (3) 

where qp represents the predicted future rainfall intensity.   

The model parameters and uncertainty estimates for IDFs are estimated using a Bayesian 

approach available from the Nonstationary Extreme Value Analysis (NEVA) software developed 

by Cheng et al. (2014). The sampling approach used for estimating the parameters deduced by 

the Bayesian approach relies on DE4MC, a powerful tool commonly used for generating large 

numbers of realizations from the posterior distributions of the model parameters (e.g., Ter Braak 

2006; Vrugt et al. 2009; Cheng and AghaKouchak 2014). In this study, precipitation estimates 

are obtained from the Coupled Model Intercomparison Project Phase 5 (CMIP5) simulations. 

Historical (195042009) and future (204042099) rainfall simulations available from the CMIP5 

Representative Concentration Pathway (RCP) 8.5 are selected as inputs for deriving historical 

and future IDFs.  

Future projections from 20 separate CMIP5 climate model simulations are used in a non4

stationary model to derive future IDFs, where each single point represents an ensemble mean for 
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given duration and return period. In addition to the mean, for each duration and return period, we 

also consider the 95th percentile of the 20 climate models as a conservative estimate of the 

precipitation extremes. An ensemble includes a set of equally likely members from the climate 

model simulations. Based on Mann4Kendall trend test and Bayes factor statistics from NEVA 

(Cheng et al. 2014), a non4stationary model fits most ensemble members of future projections 

better than the commonly used stationary approach.  In the non4stationary approach, GEV and 

the Mann4Kendall trend test are fitted separately to each ensemble member.  

The current study considers a 74day rainfall duration obtained for a 504year recurrence 

interval for the Seattle region. Figure 1 presented below embodies the rainfall data implemented 

in this study. As can be seen, there is a significant difference between the baseline (Figure 1a) 

and the 95th percentile of the projected (Figure 1b) rainfall intensities for each rainfall duration 

and respective recurrence interval. The relative change (Figure 1c) between the baseline and 

projected rainfall intensities mostly increases with a decreasing and increasing rainfall duration 

and recurrence interval, respectively. For example, the projected 14day rainfall intensity for the 

504year recurrence interval is approximately 65% greater than the baseline intensity. On the 

other hand, the 74day projected rainfall intensity for the same recurrence interval is only about 

53% higher than that obtained under the stationary approach. Furthermore, the relative difference 

between the baseline and projected rainfall intensities for the 14 and 74day rainfall durations 

increases to 36% and 43%, for the 24yr recurrence interval. Further information regarding the 

non4stationary framework implemented in this study can be found in Cheng and AghaKouchak 

(2014).  
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A fully coupled FE analysis is executed to capture the behavior of a natural earthen slope 

under steady4state and transient unsaturated seepage conditions. The analysis is simulated using 

the 2D FE commercial code RocScience RS2. Biot’s fully coupled pore pressure4stress equation 

is implemented in RS2 to capture the nonlinear behavior of the soil, where the fluid4solid 

coupling is accomplished through conditions of compressibility and continuity (e.g., Smith and 

Griffiths 1997) as follows:  

K′γ$ %k' ∂
)u$∂x) + k+ ∂)u$∂y) + k- ∂)u$∂z) / = ∂u$∂t − ∂p∂t         (4) 

where K′ demarcates the bulk modulus of the soil; γw represents the unit weight of water; uw is 

the pore4water pressure; and p is the mean total stress. To obtain equilibrium in 2D space, and in 

the absence of body forces, the gradients of the pore4water pressure in Biot’s governing equation 

are used to augment the corresponding gradients of effective stress (e.g., Smith and Griffiths 

1997). Moreover, Biot’s governing equation is analyzed for equilibrium in RS2 for each 

respective time increment under steady4state and transient unsaturated seepage induced by the 

imposed baseline and projected infiltration boundary conditions.  

Among others, the effective degree of saturation (Se) and suction stress (σs) are two 

parameters of interest that influence the strength of unsaturated soils (Lu et al. 2010; Robinson 

and Vahedifard 2016; Vahedifard et al. 2016a). Soil strength is the primary factor contributing to 

the stability of any earthen structure (e.g., Fredlund and Rahardjo 1993; Vanapalli et al. 1996; 

Vahedifard et al. 2015a, 2016b). The interactive thermodynamic free energy collectively 

represented by the suction stress in unsaturated soils can exist in the form of van der Waals 

forces, electric double4layer forces, surface tension, and soil4fluid air4interface forces resulting 
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from matric suction (e.g., Lu et al. 2010).  The current study employs the following equation for 

σ
s proposed by Lu et al. (2010): 

σ0 = −S2�u3	–	u$� (5) 

The closed4form solution for σs is an extension of Bishop’s (1959) effective stress 

representation.  Lu et al. (2010) verified the suction stress equation using experimental data 

obtained from 20 different soil types found in the literature. In addition, the suction stress4based 

effective stress representation has been used to assess active earth pressures (e.g., Vahedifard et 

al. 2015b), slope stability (e.g., Griffiths and Lu 2005; Vahedifard et al. 2016a), bearing capacity 

(e.g., Vahedifard and Robinson 2016), and analysis of reinforced earthen structures (e.g., 

Vahedifard et al. 2016c) in unsaturated soils. The effective degree of saturation is defined as 

follows: 

S2 = S − S51 − S5        (6) 

where S represents the pore4water saturation and Sr is the residual saturation. 

025����)651"�6)0"�0�2.�)�)5�.���
 

A homogenous silty soil slope (Figure 2) is used to illustrate the impact of the baseline 

and projected precipitation extremes on the hydro4mechanical behavior of a natural slope. The 

model includes a 154m high slope with 564degree inclination. Similar slope geometries are 

reported in the literature for landslide modeling in the Seattle area (e.g., Lu et al. 2012). The 

analysis implements the classic effective shear strength parameters (i.e., c′ and φ′) along with van 

Genuchten (1980)4Mualem (1976)’s soil4water characteristic curve (SWCC) and hydraulic 

conductivity function (HCF). The mechanical and hydraulic proprieties of the soil used in this 

study are adopted after Lu et al. (2012). The SWCC and HCF fitting parameters n and α are an 
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indicative of the soil’s pore4size distribution and the air4entry pressure, respectively. The SWCC 

and HCF for the silty soil used in the FE effective stress analysis are displayed in Figure 3. In 

addition, the soil properties are presented in Table 1. 

As displayed in Figure 2, a FE mesh consisting of 1,380 eight4node quadrilateral 

elements is employed to discretize the soil material. The density of the elements is refined within 

the top 2 meters of the slope to capture the higher expected displacements and transient localized 

pore4water pressure increases in the soil attributed to the imposed rainfall intensities.  

As can be seen in Figure 2, the left and right sides of the domain are pinned, enabling 

movement in the vertical direction while restricting movement in the horizontal direction. 

Additionally, the bottom boundary of the domain is fixed, restricting movement in both the 

horizontal and vertical directions.  For hydraulic boundary conditions, the baseline and projected 

rainfall intensities (Figure 1) are imposed along the surface infiltration boundary of the model 

slope.  

The simulation for each model (i.e., stationary versus non4stationary) consists of three 

stages: stage 1: steady4state seepage using annual rain to generate initial conditions (t = 0); stage 

2: transient seepage using the corresponding 74day precipitation extreme (t = 1 day to t = 7 days); 

and stage 3: 8 days of transient seepage using annual rain to monitor the post4extreme rainfall 

behavior of the slope (t = 8 days to t = 15 days). It is noted the stage 3 simulation was continued 

until t = 40 days, however no meaningful change was observed in pore4water pressures after t = 

15 days. Initial conditions are achieved through a steady4state seepage analysis by imposing the 

infiltration boundary with baseline and projected rainfall intensities of 2.9 and 3.1 mm/d, 

separately. These rainfall intensities used to generate the initial conditions represent annual 

precipitation amounts for the study area. After the initial conditions are achieved in each model, 
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a transient seepage analysis is conducted by imposing 74day baseline and projected rainfall 

intensities of 45.4 and 69.5 mm/d, respectively, along the slope boundary. A seepage face 

condition is employed for the simulated rainfall intensities. Such condition permits runoff when 

the rainfall intensity exceeds the infiltration capacity of the soil. The location of the water table is 

fixed horizontally at 2 meters below the toe of the slope while the left, right, and bottom 

segments of the domain are considered to be no4flow boundaries.  

Slope stability FE models calculate FS as the ratio of the average shear strength of the 

soil and the average shear stress exhibited along some critical slip plane. Typically, a FS of 

approximately 1.5 is recommended in the analysis of natural and engineered earthen slopes. 

Based on the aforementioned definition for FS, the current study employs the shear strength 

reduction (SSR) method in RS2 to determine the local SRF that brings the model slope to its limit 

state (i.e., FS = 1). This is executed by gradually increasing the reduced effective shear strength 

parameters until the slope reaches the point of failure.  

���26.�)0""���2���10�

 

 The variances between the commonly used historical and 95th percentile of the projected 

74day extreme precipitations are evaluated here by associating their effects on the hydro4

mechanical response of a natural earthen slope. The impacts of the two precipitation extremes 

are compared in terms of the displacements, pore4water pressures, degrees of saturation, suction 

stresses, and local strength reduction factor.   

 The impact of the differences between the means of future and past IDF estimates on 

pore4water pressures, degrees of saturation, suction stresses, and local strength reduction factor 

were found to be insignificant (not shown here). However, the results showed substantial 

differences between the 95th percentile of the future projections relative to the baseline. In the 
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remaining sections of this paper, projections indicate the 95th percentile of the 20 climate models 

used for estimating future extreme precipitation. Figure 4 displays the simulated baseline and 

projected relative displacements (Figures 4a44c), degrees of saturation (Figures 4d44f), and pore4

water pressures (Figures 4g44i) under the steady4state and transient unsaturated seepage 

conditions. As demonstrated in Figure 2, the results are plotted along three cross sections of A4A 

(toe), B4B (middle), and C4C (crest). The displacements for each cross4section are plotted 

relative to that under the initial condition (i.e., t = 0). As can be seen in Figure 4, the imposed 

baseline rainfall intensity underestimates the displacement, saturation, and pore4water pressure in 

the model slope over the entire rain duration. Under the initial conditions in Figure 4, the small 

variations in slope behavior along the three cross4sections are attributable to the 7.3% difference 

between the imposed annual baseline and projected rainfall intensities. As shown in the cross4

section A4A, the toe exhibits the smallest displacement. This behavior is due to the shear 

resistance offered at the toe of any slope. At the onset of the 74day extreme rainfall event, the 

difference between the displacement, saturation, and pore4water pressure under the simulated 

baseline and projected rain intensities becomes more evident. 

In Figure 4, the greatest change between the performance metrics under the baseline and 

projected precipitation extremes can be seen in the upper slope (i.e., cross4section C4C). The 

projected rainfall intensity in the upper slope prompts a sliding mechanism that is approximately 

95% greater than that under the baseline conditions at t = 1 day, for z = 0. As shown, the 

projected rain degrades slope stability as much as 2 days faster than the baseline rain. For 

example, the displacements, saturations, and pore4water pressures along cross4sections B4B and 

C4C are nearly identical under the baseline and projected rains, for t = 5 and 3 days, respectively. 
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It is important to note that, these differences are attributed to the 53% increase in rain intensity 

from the stationary to the non4stationary condition considered herein.  

As the 74day rain persists in Figure 4, the stability of the slope under the projected 

rainfall at t = 5 days is less than that under the baseline rain at t = 7 days. Infiltration of water the 

into the slope under the projected rain intensity induces positive pore4water pressures at t = 5 

days under an invariant total stress, which decreases the effective stress and, thereby reduces the 

soil shear strength, potentially leading to failure of the model slope. In contrast, while the amount 

of water infiltrating into the slope under the baseline rain shows to decrease the effective stress, 

negative pore4water pressures still remain at t = 7 days.  

Figure 5 compares the impacts of the baseline and projected precipitation extremes on the 

simulated Se with time, for three different depths along each cross4section. Figures 5a through 5c 

show the simulated Se over the entire rainfall duration, whereas Figure 5d through 5f demonstrate 

the relative percent change in Se between the stationary and the non4stationary condition. A 

positive change is symbolic of an increase in Se from the stationary to the non4stationary 

condition, whereas a negative change indicates a decrease in Se. Figure 5a shows that the wetting 

front progresses beyond the toe of the slope at just 3 days after the heavy rain commences (i.e., 

Se = 100%). As can be seen, the upper slope (i.e., cross4section C4C) exhibits the greatest change 

in Se under the stationary and the non4stationary condition between t = 1 day and 3 days. This 

sudden change is a result of the difference in the pore4water pressure increase between the 

stationary and the non4stationary conditions. For example, a 40 kPa increase in the pore pressure 

from t = 1 day to 3 days, at z = 5 m, under the projected rain prompts a 20% increase in Se. In 

contrast, the baseline rain intensity only increases the pore4water pressure, for the same depth 
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and time interval, approximately 20 kPa. The corresponding Se only increases by approximately 

5%.  

Figure 6 shows the difference in the simulated suction stress over time between the 

baseline and projected precipitation extremes. The results are presented for three depths along 

each cross4section. The figure shows that σs in each cross4section, for t = 0, does not vary 

meaningfully between each of the imposed rainfall intensities. The minute difference is 

attributable to the insignificant change between the baseline and projected annual precipitation 

extremes. As shown, the difference in σs between the baseline and projected rain intensities is 

more evident at the onset of the 74day heavy rain (see Figures 6d – 6f). The upper slope at t = 1 

day displays a σs under the non4stationary condition that is approximately 20, 10, and 5% greater 

than that under the stationary condition, for z = 1, 3, and 5 m, respectively. For the same section, 

the relative percent change in σs at z = 1 m increases to a maximum of about 85% up to t = 5 

days, while the relative percent change in σs is greatest at t = 7 days, for z = 3 and 5 m.  

 The change in the simulated local values of the SRF with time, as predicted per the SSR 

method, is illustrated in Figures 7a through 7c for the three cross sections. Figures 7d through 7f 

show the relative percent changes in the local SRF between the baseline and projected rain 

intensities. A positive change represents an increase in the local SRF from the stationary to the 

non4stationary condition, whereas a negative change indicates merely the opposite.  As can be 

seen, the local SRF in cross4sections A4A and B4B never approaches the limit state (i.e., SRF = 

FS = 1), indicating that these sections within the slope remain rather stable. The magnitude of the 

local SRF exhibited at the toe can possibly mean that the slope is near the brink of failure. The 

upper slope (i.e., cross4section C4C) appears to be unstable (i.e., SRF < 1) under the non4

stationary condition at just t = 3.54days, for z = 1 m below the infiltration boundary. Such 
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behavior can be accredited to the rapid decrease in the shear resistance along the slip surface 

resulting from the large increase in the pore4water pressure under the non4stationary condition. 

Figure 8 depicts the pore4water pressure field in the slope at different times under the 

stationary condition. Before the onset of the 74day rainfall, the pore4water pressures vary almost 

linearly behind the infiltration boundary up to the depth of the water table and are more or less 

perpendicular to the slope surface. At the onset of the 74day heavy rain, the pore4water pressure 

contours exhibit a lens shape, indicating that pore pressures are closer to zero at z = 0 m. At the 

end of the 74day rainfall, the rain intensity is equal to the initial conditions (i.e., annual rain) to 

bring the slope to a steady4state. As a result, it can be seen that the negative pore4water pressures 

still contribute to the stability of the slope at t = 15 days.   

Figure 9 displays the pore4water pressure field in the slope at different times under the 

non4stationary condition. The shape of the wetting front in the first few meters below the upper 

slope boundary is most likely a manifestation of the projected rainfall intensity superseding the 

moisture holding capacity of the soil; similar behavior was seen under the baseline rainfall 

(Figure 8). As illustrated, the projected precipitation extreme, in comparison to the baseline 

extreme, has a more profound impact on the magnitude of the pore4water pressure and shape of 

the wetting front. For instance, the pore pressure contours under the non4stationary condition at t 

= 7 days are identical to those at t = 15 days under the stationary condition. Figure 9 also shows 

that suction is no longer contributing to the stability of the slope at t = 15 days under the non4

stationary condition. In fact, the pore4water pressure is approximately 5 kPa at t = 15 days under 

the projected rainfall. Such a significant increase in the pore4water pressure (i.e., more than a 

100% increase from t = 0 to t = 15 days) can lead to a substantial reduction in the soil shear 

strength. Retrospectively, the pore pressure contours in Figure 9 show that the projected rain 
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intensity increases the rate at which the wetting front progresses with depth, which in turn 

increases the failure probability of the slope. 

Figure 10 demonstrates the impact of the imposed baseline rain intensity on the SRF. As 

can be seen, the SRFs are highest locally just above the toe of the slope for all of t, whereas the 

crest appears to become unstable at just t = 3 days. Beyond t = 3 days, the impacts of the 

imposed rain intensity become more apparent around the upper, middle, and lower slope 

boundaries. The contours near the infiltration boundary of the middle slope follow a similar 

localized failure mechanism that is consistent with field observations of shallow landslides (e.g., 

Cruden and Varnes 1996).  

Figure 11 demonstrates the change in the local SRF under the projected precipitation 

extremes. As can be seen, the slope appears to be stable under the initial conditions. Once the 

heavy rainfall commences at t = 1 day, however, localized tension (represented by the red zones 

in Figure 11) can be seen in the middle and upper slope boundaries. As the projected rain persists 

up to t = 3 days, the slope boundary approaches the limit state.  Beyond t = 3 days, the amount of 

tension in the slope increases, which is indicative of active landsliding. In fact, the behavior of 

the contours around the middle slope boundary also follows a similar localized failure 

mechanism consistent with that observed from studies of shallow landslides. In Figure 11, the 

increase in the thickness of tension zone with depth is a result of the quick advancement of the 

wetting front with time, which is in part due to the magnitude of the projected rainfall intensity 

and permeability and porosity of the soil. Additionally, the behavior of the middle slope under 

the non4stationary condition shows a tension zone at t = 1 day, whereas the stationary model 

exhibits a similar tension zone as much as 14 days later. 
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An increase in the statistics of extremes (e.g., increased rainfall intensity) due to a 

changing climate highlights the need to quantify the effects of these extremes on the resilience of 

natural and engineered earthen structures. Increased rainfall intensity can escalate the pore4water 

saturation in unsaturated soils leading to significant reductions in the soil suction and soil 

strength. The aim of this study was to quantitatively compare the influence of stationary 

(baseline) and non4stationary (projected) Intensity4Duration4Frequency (IDF) curves obtained for 

the Seattle area on the stability of a natural earthen slope. The stationary and non4stationary IDF 

curves were implemented into a series of fully coupled 2D steady4state and transient unsaturated 

seepage finite element (FE) simulations. The comparisons between the baseline and projected 

precipitation extremes were presented here for a homogeneous silty soil slope located in the 

Seattle region. The stationary and non4stationary FE models were compared in terms of 

displacements, degrees of saturation, matric suctions, suction stresses, and local strength 

reduction factors.  

Generally, a higher rain intensity can expose an engineered slope or earth retaining 

structure to significant increases in pore pressures. This increase can lead to destabilization in a 

slope or increases in active earth pressures behind the wall of a retaining structure. The goal of 

this study was to raise awareness regarding impacts that increased rain intensity in the future 

climate can have on not only natural slopes, but also engineered slopes and earth retaining 

structures. The presented model did not show substantial impacts on the slope stability when 

considering the mean of the future precipitation extremes. The presented model did, however, 

indicate that there is a need to reevaluate existing infrastructure design and maintenance 

guidelines when considering the 95th percentile of the projected precipitation extremes from 
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climate models.  It is imperative to consider the aforesaid precipitation extremes to ensure that 

our geotechnical structures can safely handle the extra load of water resulting from an increase in 

future rain intensity. Furthermore, we note that similar scenarios should also be considered for 

engineered slopes and earthen structures to assess their resilience under a changing climate. 

This study integrated geotechnical engineering with hydrology and climate science, to 

quantify how climate change4induced changes in extreme precipitations may affect the 

performance of a slope.  The modeling approach introduced in this paper can be applied to other 

geotechnical engineering structures, other regions and climate extremes as well, to address the 

direct impact of climate change on geotechnical infrastructure. Adopting the proposed approach 

can provide an excellent opportunity for the broader geotechnical engineering community to 

investigate whether climate change matters to geotechnical engineering and to what degree. 

)�*0186�"7�5�0.
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�	� $ �9 Baseline and �9 Projected intensity duration frequency estimates, and �9 Relative 

percent change in rainfall intensity for Seattle, WA using GEV distribution. 

&�
�	�(Finite Element (FE) mesh used in coupled transient unsaturated seepage analysis. 

&�
�	�,Soil4water characteristic curve (SWCC) and Hydraulic Conductivity Function (HCF) 

for silty soil (after Lu et al. 2012). 
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�	�:Simulated relative displacement, degree of saturation, and pore4water pressure within 

time between baseline and projected precipitation extremes along three cross4sections of the 

model slope. 

&�
�	� ; Simulated effective degree of saturation (Se), along with percent relative change in 

time, for baseline and projected precipitation extremes along three cross4sections of the 

model slope. 
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�	�<Simulated suction stress (σs), along with percent relative change in time, for baseline 

and projected precipitation extremes along three cross4sections of the model slope. 

&�
�	�=Simulated strength reduction factor (SRF), along with percent relative change in time, 

for baseline and projected precipitation extremes along three cross4sections of the model 

slope. 
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�	�>Contours of simulatedpore4water pressure at different times for the model slope under 

baseline precipitation extremes. 
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�	�?Contours of simulatedpore4water pressure at different times for the model slope under 

projected precipitation extremes. 
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�	�$@Contours of simulatedstrength reduction factor(SRF) at different times for the model 
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�	�$$Contours of simulatedstrength reduction factor(SRF) at different times for the model 

slope under projected precipitation extremes. 

 

 

Page 25 of 37

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



D
raft

1 

 

�

�

������������������	
���
����������������������������	
���
��	�����������
�����	��������

���������� ������� �	��� �����

�	����������� γ� ����
 
� !"�

#�	�$����
��� �� ���� %""""�

������	$��&����� ν� '� "(  �

)������	� �′� ���� %"�

*	��������������	�� φ′� 
�������  "�

�������
�+�����������������	��	�� θ�� '� "(,-�

&���
���+�����������������	��	�� θ�� '� "(" ,�

�������
���
��������	
���+���� .�� ���� !( /�'"-�

�����	������������������
��������'��0��
���������	�� 	� '� %( 1�

�����	������������������
�������'�	������������ α� %��� %(-�

�

 

Page 26 of 37

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



D
raft

5DLQIDOO�'XUDWLRQ��'D\�

� � � � � � �

5
DL
Q
ID
OO
�,
Q
WH
Q
VL
W\
��
P
P
�G
�

�

��

��

��

��

���

���

���

5,� ���\UV

5,� ���\UV

5,� ����\UV

5,� ����\UV

5,� ����\UV

5,� �����\UV

5DLQIDOO�'XUDWLRQ��'D\�

� � � � � � �

5
DL
Q
ID
OO
�,
Q
WH
Q
VL
W\
��
P
P
�G
�

�

��

���

���

���

5DLQIDOO�'XUDWLRQ��'D\�

� � � � � � �

5
HO
DW
LY
H�
&
K
DQ
J
H�
LQ
�5
DL
Q
ID
OO
�,
Q
WH
Q
VL
W\
��
�
�

��

��

��

��

��

��

D�

E�

F�

9�WK�3HUFHQWLOH�-�3URMHFWHG

%DVHOLQH

Figure 1 a) Baseline and b) Projected intensity duration frequency 

estimates, and c) Relative percent change in rainfall intensity for Seattle, 

WA using GEV distribution.
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Figure 4 Simulated relative displacement, degree of saturation, and pore-water 

pressure within time between baseline and projected precipitation extremes along 

three cross-sections of the model slope.
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Figure 5 Simulated effective degree of saturation (Se), along with percent 

relative change in time, for baseline and projected precipitation extremes along 

three cross-sections of the model slope.
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Figure 6 Simulated suction stress (0s), along with percent relative change in 

time, for baseline and projected precipitation extremes along three cross-sections 

of the model slope.
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Figure 7 Simulated strength reduction factor (SRF), along with percent relative 

change in time, for baseline and projected precipitation extremes along three 

cross-sections of the model slope.
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a) t = 0

d) t = 5 days e) t = 7 days f) t = 15 days

b) t = 1 day c) t = 3 days
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Figure 8 Contours of simulated pore-water pressure at different times for the model slope under baseline precipitation extremes.
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Figure 9 Contours of simulated pore-water pressure at different times for the model slope under projected precipitation extremes.
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Figure 10 Contours of simulated strength reduction factor (SRF) at different times for the model slope under baseline precipitation extremes.
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Figure 11 Contours of simulated strength reduction factor (SRF) at different times for the model slope under projected precipitation extremes.


