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Executive Summary 
Transportation embankments are responsible for supporting a large number of long-linear
transportation infrastructure features including highways and railways, in California and globally. 
Clay embankments are susceptible to weather-related deterioration processes that can gradually
compromise their stability and, in some cases, lead to unexpected failures, particularly in aging 
infrastructure. California's recent rainy season of 2017, following a five-year drought, has caused 
severe flooding, landslides, and coastal erosion, totalling over $1 billion in highway damages for 
the California Department of Transportation (Caltrans). Given that California plays a pivotal role 
as a major provider of goods and services to the broader United States, any disruption in its 
transportation system could result in calamitous repercussions for the entire nation, as per the 
California’s Fourth Climate Change Assessment. 

In a survey carried out by Beckstrand and Bunn (2024) through an NCHRP synthesis on surficial 
(i.e., shallow) embankment failures, California is responsible for approximately 15,092 road miles, 
of which around 40% are estimated to be susceptible to surficial failures. Approximately 80% of 
embankment failures in California are considered surficial (less than 3 m deep). Surficial 
embankment failures commonly occur following severe weather events or a sequence of events, a 
pattern that has also been observed in California. These types of failures typically occur in 
California embankments that are 20 to 40 years old, assuming they were designed and constructed 
appropriately. 

Climate change, along with the associated shifts in weather patterns, is projected to adversely
impact these weather-related deterioration processes, leading to exacerbated failures and/or shorter 
service life. Additionally, climate change is projected to increase the frequency of extreme 
precipitation events, leading to an increase in embankment failure potential. This study evaluated 
(1) the effect of perturbed future climate scenarios on the long-term performance of clay
embankments and (2) the effect of extreme precipitation events brought about by perturbed future 
climate scenarios on the response of clay embankments to these extreme events. The study area 
selected in this study was central Los Angeles, California. This evaluation was conducted using 
advanced numerical models for exemplar high plasticity and low plasticity clay embankments with 
varied side slope angles. Overall, it was concluded that climate change is generally projected to 
adversely affect the performance of clay embankments both in the long-term and during extreme 
events. 

The developed numerical models can simulate the long-term performance of embankments subject 
to climate-controlled flux boundaries. The models were used to perform numerical simulations 
with various climate perturbed parameter ensembles of ten future climate scenarios. A total of 
twenty-six numerical simulations were conducted to evaluate the long-term performance of 
embankments. A parametric evaluation was conducted to evaluate the effect of perturbed future 
climate scenarios on the long-term performance of clay embankments. This parametric evaluation 
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provided insights into the effect of climate change on the long-term performance of clay
embankments. Notably, the results of this evaluation indicated that the rate of increase in 
irrecoverable vertical displacements reduced with time as soil swelling reached its potential,
whereas the increase in irrecoverable outward displacement persisted with time. Swelling-induced 
shallow slides are likely triggered at this condition. In Los Angeles climate, this is likely to occur 
after 70–80 years in clay embankments with side slopes between 2:1 and 3:1 and after 20–40 years 
in clay embankments with side slopes between 1.5:1 and 2:1. Accordingly, it is recommended that 
existing embankments constructed from high plasticity clays that are older than these limits and 
whose failure consequences are high may require risk mitigation strategies, such as monitoring of 
side slope displacement and near-surface soil moisture. 

The developed numerical models were also used to simulate the short-term performance of 
embankments subject to extreme precipitation events. Extreme precipitation events brought about 
by four perturbed climate scenarios with varied rainfall precipitation intensities and durations were 
simulated. A total of fifty-four numerical simulations were conducted to evaluate the short-term 
performance of embankments subject to extreme precipitation events. A parametric evaluation was 
conducted to evaluate the effect of extreme precipitation events brought about by perturbed future 
climate scenarios on the hydromechanical response of clay embankments to these extreme events. 
This parametric evaluation provided insights into the effect of climate change on the response of 
clay embankments to extreme events. Notably, the results of this evaluation indicated that high 
plasticity clay embankments are highly susceptible to extreme precipitation events with a 100-year 
return period (i.e., events with 1% annual exceedance probability), especially those with durations 
longer than 2 days. Extreme precipitation events are much less likely to have detrimental impacts 
on low plasticity clay embankments than on high plasticity clay embankments. 

It is evident that numerical models that consider the influence of weather-related factors on the 
degradation and potential failure of earthworks, such as the one presented in this study, can provide 
insights into the behavior of transportation infrastructure that are prone to long-term 
weather-driven deterioration or are vulnerable to extreme events. Such insights can be of 
significant value for infrastructure asset management. Prediction of potential failures allows 
infrastructure stakeholders to plan timely intervention (e.g., maintenance, repair, rehabilitation) 
proactively, optimize their budget allocation, and reduce overall maintenance costs. These in turn 
can significantly increase the longevity of the infrastructure assets, leading to cost savings over the 
long term. Accordingly, a simplified framework was proposed to show how the work completed 
herein contributes to geotechnical asset management. 
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1. Introduction 
Earthworks play a vital role in the transportation network, providing essential support for 
long-linear stretches of highways and railways. However, these earthworks are susceptible to 
weather-driven deterioration processes that can gradually compromise their stability and, in some 
cases, lead to unexpected failures, particularly in aging infrastructure (Postill et al., 2021; Morsy et 
al., 2023a; Helm et al., 2024). Slope failures in California during rainy years are common and 
account for annual losses of approximately $200 million for years in which rainfall exceeds 140% 
of normal amounts (Slosson & Larson 1995). California's recent rainy season of 2017, following a 
five-year drought, has caused severe flooding, landslides, and coastal erosion, totaling over 
$1 billion in highway damages for Caltrans (Caltrans, 2018). Given that California plays a pivotal 
role as a major provider of goods and services to the broader United States, any disruption in its 
transportation system holds the potential to unleash calamitous repercussions for the entire nation 
(Bedsworth et al., 2018). 

1.1 Overview of the Problem 

In a survey carried out by Beckstrand and Bunn (2024) through an NCHRP synthesis on surficial 
embankment failures, California is responsible for approximately 15,092 road miles, of which 
around 40% are estimated to be susceptible to surficial failures. Approximately 80% of 
embankment failures in California are considered surficial (less than 3 m deep). In California 
surficial embankment failures commonly occur following severe weather events or a sequence of 
events. These types of failures typically occur in California embankments that are 20 to 40 years 
old, assuming they were designed and constructed appropriately. 

Time-dependent deterioration of soil properties affects the long-term performance of 
infrastructure assets supported by soil slopes. It is evident that weather-driven deterioration 
mechanisms play a key role in the overall degradation of earth infrastructure assets. This may result 
in progressive weakening and collapse, particularly in clay embankment slopes (e.g., Templeton et 
al., 1984; Vaughan et al., 2004; Nyambayo et al., 2004; Rouainia et al., 2009; Nyambayo & Potts,
2010; Kovacevic et al., 2013; Morsy et al., 2023a; Morsy & Helm, 2024a). Shifts in weather 
patterns brought about by climate change are projected to further exert adverse impacts on the 
hydromechanical behavior of geotechnical infrastructure, including earthworks, and on the rate of 
their weather-driven deterioration (Helm et al., 2024). 

Additionally, embankment slopes can collapse when subject to extreme rainfall events or a repeated 
sequence of events. The frequency of such events is projected to increase in the future due to 
climate change. During such heavy rainfall events, embankment deterioration can exacerbate, 
leading to failure (e.g., Linrong et al., 2023; Fan et al., 2025). The hydromechanical response of 
earthen structures to extreme precipitation events can be analyzed using precipitation intensity-
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duration-frequency (IDF) curves (Cheng & AghaKouchak, 2014; Robinson et al., 2016; 
Vahedifard et al., 2017). 

The California Department of Transportation (Caltrans) has developed plans to assess how 
climate change impacts the state’s transportation infrastructure to improve its resilience and protect
it from potential damage. These efforts align with state efforts to “translate the state of climate 
science into useful information for decision-makers and practitioners” across the state (Caltrans,
2018, p. 3), as per the California’s Fourth Climate Change Assessment (Bedsworth et al., 2018). 

Weather-driven deterioration models for earthworks are important for understanding how climate 
and environmental conditions affect the stability and lifespan of the infrastructure assets built on 
these earthworks. These deterioration models usually depend on real-time or historical field data 
to support decisions in asset management. However, such data are often scarce or inadequate to 
extrapolate to a wide range of assets. To address this, robust modeling tools are needed to reliably 
predict how these structures will perform in the future and estimate their remaining service life, 
especially under different climate change scenarios. 

1.2 Research Objectives 

This study aimed to assess the impact of climate change on the hydromechanical behavior of 
transportation embankments in California under long-term, gradual weather-driven deterioration 
and under short-term extreme events brought about by future perturbed climate scenarios. 
Specifically, this study used a numerical modeling approach developed and validated by Morsy et 
al. (2023a, 2023b) and Morsy and Helm (2024a, 2024b) to simulate the hydromechanical behavior 
of exemplary transportation embankments subject to a controlled climate flux. Two groups of 
parametric evaluations were conducted to evaluate the long-term and short-term hydromechanical 
behavior of clay embankments under future climate scenarios: 

1) A parametric evaluation was performed to evaluate the effect of perturbed future climate 
scenarios on the long-term performance of clay embankments, including the effect of 
average annual precipitation change, extreme precipitation quantile change, and 
temperature change. The evaluation involved exemplary embankments constructed from 
high plasticity and low plasticity clays, with side slopes of 3.0:1, 2.0:1, and 1.5:1 (run to 
rise). The simulations were performed under climate suites from 2020 through 2100. 

2) A parametric evaluation was performed to evaluate the effect of extreme precipitation 
events brought about by perturbed future climate scenarios on the hydromechanical
response of clay embankments to these extreme events. The parametric evaluation involved 
studying the effect of the extreme event precipitation intensity and duration, the effect of 
slope inclination, and the effect of soil type. The evaluation involved exemplary
embankments constructed from high plasticity and low plasticity clays, with side slopes of 
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3.0:1, 2.0:1, and 1.5:1 (run to rise). The simulations were performed under 1-day, 3-day, 
and 7-day extreme precipitation events with a 100-year return period. 

1.3 Report Organization 

This report consists of the following sections: 

3) Section 1. Introduction. This section presents an overview of the problem and research 
questions, research aim and objectives, and report organization. 

4) Section 2. Numerical Model. This section presents the development of the numerical 
model. 

5) Section 3. Perturbed Climate of Los Angeles. This section documents the perturbed
climate suites generated to simulate future climate conditions in California. 

6) Section 4. Long-Term Performance of Earth Embankments under Perturbed Climate 
Patterns. This section presents and discusses the results of the parametric evaluation of the 
embankments’ long-term performance under various future climate scenarios. 

7) Section 5. Short-Term Performance of Earth Embankments under Perturbed Extreme 
Events. This section presents and discusses the results of the parametric evaluation of the 
embankments’ short-term performance under extreme events brought about by various 
future climate scenarios. 

8) Section 6. The Prospective Role of Performance Numerical Modeling in Geotechnical 
Asset Management. This section explains how the work completed in this study
contributes to geotechnical asset management. 

9) Section 7. Summary and Conclusions. This section summarizes the studies documented in 
this report and provides practical recommendations based on their findings. 
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2. Numerical Model 
This study used a numerical modeling approach previously developed by Morsy et al. (2023a) 
specifically for simulating the weather-driven deterioration of embankments. This modeling
approach has undergone validation, demonstrating its effectiveness in capturing the long-term 
hydromechanical behavior of embankments (Morsy et al., 2023a, 2023b). The validation process 
involved a comprehensive study using a full-scale research embankment equipped with 9 years of 
monitoring data, including parameters such as soil moisture, matric suction, and settlement. 
Additionally, the modeling approach was validated based on its ability to predict the service life 
(i.e., time to failure) for 34 well-documented embankment failure case histories (Morsy & Helm, 
2024a, 2024b). 

The embankment numerical model was developed using FLAC (Fast Lagrangian Analysis of 
Continua) software v8.1. This software was used to run hydromechanical simulations to study the 
behavior of the modeled embankment under various climate scenarios. A detailed description of 
the model development is provided by Morsy et al. (2023a). A detailed description of the boundary 
conditions and initial conditions adopted for the embankment models is provided by Morsy and 
Varela (2025). 

2.1 Mechanical Behavior 

The mechanical behavior of the fill materials was modeled using a multi-stage Mohr-Coulomb 
model with strain softening to simulate the change in mechanical behavior of clays with time. 
Mohr-Coulomb parameters (cohesion intercept, c; angle of internal resistance, �; and angle of 
dilation, ψ) varied with accumulated ratcheting plastic strain and with seasonal wet-dry cycles in 
the near surface. A detailed description of the model is provided in Morsy and Helm (2024a). 

"Young’s modulus of the soil, E, was defined as a function in mean effective stress, �!, as suggested 
by Kulhawy et al. (1969): 

" !$ "$!� = �#�# &
$!' , ≥ 0.1 (1) 
%# %# 

where Eo is Young’s modulus at 1 atm, po is the atmospheric pressure (1 atm), and mE is the Young’s 
modulus stress exponent. Poisson’s ratio, �, of the soil was defined as a function in mean effective 
stress, σm′, as suggested by Kulhawy et al. (1969): 

" !% " 
� = �# − ln &

$!' , $! ≥ 0.1 (2) 
%# %# 

where υo is Poisson’s ratio at 1 atm, po is the atmospheric pressure, and mυ is the Poisson’s ratio 
"stress exponent. Mean effective normal stresses, �!, were modeled based on Bishop’s generalized 

effective stress (Bishop 1959): 
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"�! = �! − �& + �(�& − �') (3) 

where σm is the mean total normal stress, ua is the pore-air pressure, uw is the pore-water pressure, 
and χ is Bishop’s effective stress parameter, and can be approximated to the degree of water 
saturation, Sw. 

2.2 Hydraulic Behavior 

Fluid transport in the finite-difference code used in this study is described by Darcy’s law (Itasca,
2019). The soil-water retention curve was developed based on field measurements and were 
represented using the van Genuchten (1980) fitting model for both the embankment fill and the 
foundation soil, as follows: 

�! = �!,#8�)*+/&&' − 1:
+*&&' (4) 

where ψm is the matric suction, ψm,o is a fitting parameter related to the air-entry matric suction, 
and avg is a fitting parameter. Se is the effective saturation, expressed as �) = 

(�' − �',-)⁄(1 − �',-), where Sw,r is the residual degree of water saturation. The model treats 
pore fluids as two immiscible fluids whose volumes make up the total void volume. Accordingly,
the degree of air saturation, Sg, can be expressed as �. = 1 − �'. 

The hydraulic conductivity function was correlated to the soil-water retention curve using the van 
Genuchten-Mualem model (Mualem, 1976; van Genuchten, 1980) as �' = �-,' �',/&0, where 
�' is the hydraulic conductivity, �',/&0 is �' at �' = 1 , and �-,' is the relative hydraulic 
conductivity, which can be expressed as follows: 

5
�-,' = �)1.3 >1 − 81 − �)+/&&' :

&&'? (5) 

The air conductivity function was correlated to the hydraulic conductivity function (Parker et al., 
1987) as �. = �-,. �.,/&0, where �. is the air conductivity, and �.,/&0 is �. at �' = 1, which was 
correlated to the saturated hydraulic conductivity using fluid unit weights and dynamic viscosities, 
as �.,/&0 = @(�. �')⁄(�' �.)C�',/&0 , and �-,. is the relative air conductivity, which can be 
expressed as follows: 

�-,. = (1 − �))1.381 − �)+/&&' :
5&&' (6) 

The saturated hydraulic conductivity, �',/&0, was correlated to the void ratio, e, according to the 
empirical formula proposed by Samarasinghe et al. (1982) as �',/&0 = � �6/(1 + �), where C and 
l are empirical parameters that depend on the clay mineralogy. 
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2.3 Embankment Parameters 

As discussed in Morsy and Varela (2024), according to a survey conducted by Beckstrand and 
Bunn (2024) as part of an NCHRP synthesis on surficial embankment failures, California does 
not maintain inventories of embankment attributes (height, length, side-slope angles, material, 
year of construction). Accordingly, this study derived ranges of embankment attributes for a typical 
high plasticity clay (CH) fill and a typical low plasticity clay (CL) fill, which are sensitive fills to 
weather-driven deterioration. Table 1 summarizes the parameters of the mechanical and hydraulic 
models adopted for the two fills modeled in this study. Figure 1 shows the variation of the angle 
of internal resistance and cohesion intercept with plastic strain. Figure 2 shows the fluid retentivity 
and conductivity models. 
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Table 1. Parameters of Mechanical and Hydraulic Models 

Parameter Ranges Selected Values 
Parameter 

Standard Proctor maximum dry unit 
weight 

�(,*+, 

(kN/m3) 

CH (LL = 80; 
44 < PI < 64) 

14.8 ± 0.3 

CL (LL = 40; 
15 < PI < 28) 

17.0 ± 0.2 

Reference 

Samtani and Nowatzki (2021) 

CH 

15.1 

CL 

17 

Standard Proctor optimum moisture 
content wopt (%) 25.5 ± 1.2 17.3 ± 0.3 Samtani and Nowatzki (2021) 24.7 17 

Void ratio e (-) 0.80 ± 0.04 0.59 ± 0.01 Samtani and Nowatzki (2021) 0.786 0.59 
Peak friction angle ′�- ( ̊ ) 19 ± 5 28 ± 2 Samtani and Nowatzki (2021) 19 28 

Peak cohesion intercept ′�- (kPa) 11 ± 6 13 ± 2 Samtani and Nowatzki (2021) 11 13 

Critical state friction angle ′�./ ( ̊ ) 19 to 26 22 to 29 Stark et al. (2005) 19 28 

Critical state cohesion intercept ′�./ (kPa) 0 0 - 0 0 

Residual friction angle ′�0 ( ̊ ) 9 to 12 16.5 to 20.5 Stark et al. (2005) 10 18.5 

Residual cohesion intercept ′�0 (kPa) 0 0 - 0 0 
Young’s modulus at reference stress 
1 atm Eo (kPa) 230 to 400 240 to 360 Morsy et al. (2023a); Morsy and Helm 

(2024a) 300 300 

Young’s modulus stress exponent mE (-) 0.25 to 0.35 0.25 to 0.54 Morsy et al. (2023a); Morsy and Helm 
(2024a) 0.3 0.3 

Poisson’s ratio at reference stress 1 
atm υo (-) 0.3 0.2 Morsy et al. (2023a); Morsy and Helm 

(2024a) 0.3 0.3 

Poisson’s ratio stress exponent 

Saturated Hydraulic Conductivity 

mυ (-) 

�1,/+2 (m/s) 

0.01 to 0.02 

(5±5)×10-10 

0.05 

(8±3)×10-10 

Morsy et al. (2023a); Morsy and Helm 
(2024a) 

Samtani and Nowatzki (2021) 

0.01 0.01 

�5 

�1,/+2 = 1 × 1034 = +1 + � 
. 

Soil-Water Retention Model Fitting 
Parameter avg (-) - - Morsy et al. (2023a); Morsy and Helm 

(2024a) 0.23 0.23 

Soil-Water Retention Model Fitting 
Parameter 

Residual Degree of Water Saturation 

ψm,o (kPa) 

Sw,r (-) 

-

0 

-

0 

Morsy et al. (2023a); Morsy and Helm 
(2024a) 
Morsy et al. (2023a); Morsy and Helm 
(2024a) 

300 

0 

200 

0 
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Figure 1. Shear Strength Model: (a) Variation of the Angle of Internal Resistance with 
Deviatoric Plastic Strain; and (b) Variation of the Cohesion Intercept with Deviatoric Plastic 

Strain. Cohesion Intercept Peak is Allowed to Reduce with Seasonal Wet-Dry Cycles 
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Figure 2. Fluid Models: (a) Fluid Retentivity Models and (b) Fluid Conductivity Models 

As discussed in Morsy and Varela (2024), the embankment model geometry was derived from the 
embankment design specifications and common practice in California. A target side slope would 
be the desired slope if no right-of-way or foundation constraints were to influence embankment 
design. A commonly used target side slope is 4H:1V, which the FHWA generally considers a 
recoverable slope (Beckstrand & Bunn, 2024). In California, 4H:1V is the recommended target 
side slope for embankments per California Landscape Architecture unit and the maximum 
recommended side slope is 1.5H:1V per California Geotechnical unit. The Caltrans Highway 
Design Manual (Caltrans, 2020) specifies that embankment end slopes at open end structures 
should not be steeper than 1.5H:1V for all highways. Based on this information, this study used 
embankment models with side slopes 3.0:1, 2.0:1, and 1.5:1 (run to rise). 

Additionally, as per the Caltrans Highway Design Manual (Caltrans, 2020), embankments shorter 
than 3 m with side slopes 2H:1V or flatter may be designed based on past precedence and 
engineering judgment, provided there are no known problem soil conditions such as organic soils, 
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soft/loose soils, potentially unstable soils such as Bay Mud or peat, or liquefiable sands. In-depth 
stability analyses are required for embankments taller than 3 m, embankments with side slope 
2H:1V or steeper, embankments on soft soils, embankments in unstable areas/soils, or 
embankments constructed from lightweight fills. Based on this information, this study used 
embankment models of height 6 m, which is twice the limit of embankments that do not require 
in-depth analysis. 
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3. Perturbed Climate of Los Angeles 
The study area selected for this study is Los Angeles, CA. The climate of Los Angeles is classified 
as Warm-Summer Mediterranean (Csb) per the Köppen climate classification, South Coast per
Caltrans pavement climate regions and CA DWR hydrologic regions, and Upland Central Coast 
and Los Angeles Basin (Higher elevation coastal areas) per the California Irrigation Management 
Information System (CIMIS) reference evapotranspiration zones. Suites of Climate Perturbed 
Parameter Ensembles (PPEs) were developed for the study area using the weather generator by 
Najibi and Steinschneider (2023), which was developed for the California Department of Water 
Resources (CA DWR). 

3.1 Generation of Future Weather Predictions 

The weather generator developed by Najibi and Steinschneider (2023) assumed that the 
temperature change can be treated by adding step changes to baseline daily maximum and 
minimum temperature data, which have already been processed to account for recent warming,
uniformly across the entire spatial domain. They inferred this range of temperature increase from 
an ensemble of climate model projections selected by the CA DWR Climate Change Technical 
Advisory Group (CA DWR, 2015), which were taken from a subset of ten high performing 
GCMs for California from the CMIP5 archive. These projections suggested that +5°C was the 
likely maximum warming expected by the end of the 21st century under the Representative
Concentration Pathway (RCP) 8.5 emission scenario (Najibi & Steinschneider, 2023). 

This study selected a total of ten climate scenarios, summarized in Table 2, to investigate the 
effects of average annual precipitation change, extreme precipitation quantile change, and 
temperature change on the long-term performance of clay embankments. Four of the climate 
scenarios were used to investigate the effect of extreme precipitation quantile change on the 
short-term performance of clay embankments during 100-year extreme precipitation events. 
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Table 2. Select Climate Scenarios from Najibi and Steinschneider (2023) Used in Developing 
Statewide, Weather-Regime Based Stochastic Weather Generator for California 

Scenario 
No. 

Incremental Temperature 
Change (℃) 

% Change Extreme
Precipitation Quantile 

% Change
Precipitation Mean 

1 0 0 0 
11 +1 +7 0 
12 +2 +7 0 
13 +3 +7 0 
14 +4 +7 0 
15 +5 +7 0 
25 +3 0 –12.5 
26 +3 0 0 
27 +3 0 +12.5 
29 +3 +14 0 

The weather generator had two datasets: synthetic weather data from the past 100 years and 
synthetic weather data for the next 1,000 years. Data were downloaded from the past 100-year 
dataset to compare the weather generator predictions to actual climate data from local weather 
stations at the locations of the selected sites (Morsy & Varela, 2025). Data were downloaded from 
the future 1,000-year dataset for the climate scenarios studied herein, from which data spanning
2020 through 2100 were curated for each climate scenario. The grid element at coordinates 
34.03125, –118.15625 was selected because of its relative proximity to the city center of Los 
Angeles compared to other adjacent grids. 

Climate data was used to estimate reference evapotranspiration, ��1, using the Penman-Monteith 
method as per FAO56 (Allen et al., 1998) for reference grass, which can be written as follows: 

1.718 9 (;6*<)>? 
788 

��1 = 9:;<= 
@;()>*)?) (7)

9>? (+>1.A7 @;) 

where �B is the net radiation at the crop surface in MJ/m2/day; � is the soil heat flux density in 
MJ/m2/day; � is the mean daily air temperature at 2 m height in °C; �5 is the wind speed at 2 m 
height in m/s; �/ is the saturation vapor pressure in kPa; �& is the actual vapor pressure in kPa; Δ is 
the slope of vapor pressure curve in kPa/°C; and � is the psychometric constant in kPa/°C. Refer 
to Allen et al. (1998) for more details. 

The Gridded Weather Generator datasets only offered predictions for the minimum and 
maximum temperatures and precipitation. To calculate ��1, additional data and assumptions were 
required. The solar radiation, �/, was estimated based on the calculated extraterrestrial radiation, 
�&, as follows (Allen et al., 1998): 

�/ = �;/�&K(�!&C − �!DB) (8) 
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where �!&C and �!DB are the maximum and minimum temperatures in °C, and �;/ is an 
adjustment coefficient that was taken herein as 0.16. The extraterrestrial radiation, �& , is 
calculated based on the geographic location and the day of the calendar year, �, as follows: 

+�& = �/F �- (�/ sin� sin � + cos � cos � sin �/) (9) 
E 

where �/F is the solar constant = 0.082 MJ/m2/min; �- is the inverse relative distance Earth-Sun 
and can be calculated as �- = 1 + 0.033 cos &5EG' ; �/ is the sunset hour angle and can be

AH3 

calculated as �/ = cos*+(− tan � tan �); � is the latitude; and � is the solar inclination and can 
be calculated as � = 0.409 sin &5EG − 1.39'. Refer to Allen et al. (1998) for more details.

AH3 

In absence of future relative humidity predictions, the actual vapor pressure, �&, was estimated 
based on the dewpoint temperature, �I)' as follows (Allen et al., 1998): 

�& = 0.6108 exp & 
+J.5J K@AB ' (10) 
5AJ.A>K@AB 

�I)' can be estimated in °C based on the maximum and minimum temperatures as follows 
(Linacre, 1992): 

5�I)' = (0.52)�!DB + (0.6)�!&C − (0.009)�!&C − 2 (11) 

Future wind speed data were obtained from the GFDL SPEAR Large Ensembles (Delworth et 
al., 2020). It is akin to the California weather generator in that it has a folder for past data which 
span the years 1921 to 2014 and a folder for future data which span the years 2015 to 2100. The 
past dataset was used with the aid of ArcGIS Pro. Within the software, a table of data was 
generated, listing dates in year-month format alongside corresponding wind speed values. This 
was then integrated into the curated datasets. Data were downloaded for the same coordinates (i.e., 
locations) of the selected site in Los Angeles. Wind speed was assumed to be the same in all local 
climate scenarios studied herein. 

To validate the use of the weather generator predictions without climate bias correction, predicted 
weather parameters from the weather generator were compared to observed historical records from 
the Los Angeles Downtown weather station located at 34.0678, –118.2417. It was concluded that 
the weather generator could reproduce past weather data well and was hence projected to produce 
reasonable future estimates without bias correction (see details in Morsy & Varela, 2025). 

It is notable that the weather data obtained from the weather generator did not show significant 
shifts in weather patterns or gradual changes in temperature and mean precipitation over time. 
Instead, the weather generator assumed that the changes in temperature and mean precipitation
are constant and incremental that has taken effect. 
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3.2 Generation of Intensity-Duration-Frequency Curves 

The precipitation intensity-duration-frequency (IDF) curves were derived from the daily
precipitation data for the future 1,000 years for the various perturbed climate scenarios. The 
extreme precipitation values were calculated using a simple ranking method. For each specified 
rainfall event duration (1, 2, 3, 5, and 7 days), the precipitation data were aggregated over different 
durations using a moving sum (with a forward-looking moving window equivalent to the respective 
event duration). The aggregated precipitation data were then sorted in descending order, and the 
empirical return level was obtained for each specified return period (2, 5, 10, 25, 50, and 100 years) 
from the value at the rank corresponding to the ratio of the total number of data points to the 
respective return period. The extreme event intensities were obtained by dividing the obtained 
return levels by each event duration. This approach, while simple, was deemed suitable for this 
study given the large dataset size (1,000 years of daily precipitation). 

In this study, climate scenarios 26, 13, and 29 were selected to evaluate the sensitivity of extreme 
precipitation to climate change while controlling other variables. The change in extreme 
precipitation quantile was projected at 0%, +7%, and +14% for climate scenarios 26, 13, and 29, 
respectively. All three scenarios involved the same incremental temperature change of +3ºC and 
no change in mean annual precipitation. Figure 3 presents the IDF curves for the 100-year return 
period extreme events derived for the three climate scenarios in Los Angeles (LOS26, LOS13, 
and LOS29). 
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Figure 3. Typical Intensity-Duration-Frequency (IDF) Curves Derived for Climate Scenarios (a) 
LOS26, (b) LOS13, and (c) LOS29 
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3.3 Climate Incorporation in Numerical Model 

A transient climate boundary was defined at the surface of the model to simulate soil-atmosphere 
interaction. The climate boundary calculates the daily surface available net flux as the difference 
between precipitation and evapotranspiration in each simulation day. The daily available net flux 
values were divided uniformly over 24 hours and input in the climate boundary subroutine at every 
surface mesh node as it executed every one simulation hour to determine a boundary flux based on 
each node’s pore pressure and saturation condition, as shown in Figure 4. A detailed description 
of this procedure is available in Morsy et al. (2023a). 

Figure 4. Ground Surface Moisture Flux (Adapted from Fredlund Et Al. 2012) 
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4. Long-Term Performance of Earth Embankments
under Perturbed Climate Patterns 

A parametric evaluation was conducted to evaluate the effect of perturbed future climate scenarios 
on the long-term performance of clay embankments, including the effect of average annual 
precipitation change, extreme precipitation quantile change, and temperature change. The 
evaluation involved exemplary embankments constructed from high plasticity and low plasticity 
clays, with side slopes of 3.0:1, 2.0:1, and 1.5:1 (run to rise). The baseline case was selected to be 
a high plasticity clay (CH) embankment 6 m in height with side slopes 3.0:1 (see Morsy & Varela,
2025). The simulations were performed under climate suites from 2020 through 2100. Some 
simulations were terminated earlier if the slope sustained failure or excessive deformation. 

Simulations were given IDs to denote their geographical location and climate scenario. For 
example, an embankment constructed in Los Angeles and subjected to climate scenario 1 is given 
an ID of LOS01. 

4.1 Effect of Average Annual Precipitation 

To evaluate the effect of average annual precipitation on the long-term performance of clay
embankments, numerical simulations were conducted on the baseline embankment model under 
climate scenarios 25, 26, and 27. These climate scenarios involved a change in future average 
annual precipitation of –12.5%, 0%, and +12.5%, respectively. These three scenarios also involved 
an incremental increase in future temperature of +3°C and a change in extreme precipitation
quantile of 0%. Additionally, a simulation was conducted with the baseline climate scenario 1, 
which assumed no climate change will take place in the future. Table 3 summarizes the parameters 
of the simulations discussed in this section. The results of these simulations were presented in 
Morsy and Varela (2025). 

Table 3. Summary of the Long-Term Simulations Conducted to Evaluate the Effect 
of Average Annual Precipitation 

Climate Scenario 

1 (baseline) 
25 

Change in
Incremental 
Temperature

(°C) 
0 
+3 

% Change in
Extreme 

Precipitation 
Quantile 

0 
0 

% Change in
Precipitation 

Mean 

0 
–12.5 

Side Slope 

3.0:1 
3.0:1 

Soil Type 

CH 
CH 

26 0 
27 +12.5 
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Figure 5 presents the time histories of the predicted mid-slope matric suction at depth 1 m for 
simulations LOS01, LOS25, LOS26, and LOS27. When comparing the numerical predictions of 
LOS01 and LOS26, the increase in future temperature by +3°C without a change in future mean 
precipitation would result in an overall slightly drier slopes as indicated by the higher near-surface 
matric suction observed in LOS26 compared to LOS01. An approximate 9% increase was observed 
in the predicted near-surface matric suction under climate scenario 26 in comparison to that under 
climate scenario 1. 

When comparing the numerical predictions of LOS25, LOS26, and LOS27, it was observed that 
the near-surface matric suction would likely decrease (wetter slopes) with increasing the change in 
future mean precipitation. The difference in predicted matric suction between LOS27 simulation 
(+12.5% change in mean precipitation) and LOS25 (–12.5% change in mean precipitation) is 
approximately –15%. The difference in predicted matric suction between LOS27 simulation 
(+12.5% change in mean precipitation) and LOS26 (0% change in mean precipitation) is 
approximately –6%. 

Figure 5. Predicted Time Histories of Mid-Slope Matric Suction at Depth 1 M from 
the Slope Surface for Climate Scenarios 1, 25, 26, and 27 (Morsy and Varela 2025) 

Figure 6 presents the time histories of the predicted mid-slope outward displacement at the slope 
surface for simulations LOS01, LOS25, LOS26, and LOS27. It is notable that the numerical 
model was able to capture the seasonal variation in outward displacements. During every wet 
season, an outward displacement took place, part of which recovered during the subsequent dry 
season. After every wet-dry cycle, an irrecoverable displacement (permanent deformation) 
accumulated over time. Note that the time histories in Figure 6 of all models under the various 
climate scenarios followed the same trend with different magnitudes, which is an artifact of the 
climate parameters predicted by the weather generator, as discussed earlier. 

When comparing the numerical predictions of LOS01 and LOS26, it was observed that the 
increase in future temperature by +3°C without a change in future mean precipitation would result 
in slightly less outward displacement overall. This is attributed to the drier slopes (with higher 
matric suction and effective stress) under elevated future temperature and no change in mean 
precipitation, as discussed earlier. An approximate 15% decrease was observed in the predicted 
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mid-slope outward displacement under climate scenario 26 in comparison to that under climate 
scenario 1. 

When comparing the numerical predictions of LOS25, LOS26, and LOS27, it was observed that 
the mid-slope outward displacement would likely increase with increasing the change in future 
mean precipitation, especially later in the service life as irrecoverable outward displacements
accumulate. The difference in predicted mid-slope outward displacement between LOS27 
simulation (+12.5% change in mean precipitation) and LOS25 (–12.5% change in mean 
precipitation) was approximately +31%. The difference in predicted mid-slope outward 
displacement between LOS27 simulation (+12.5% change in mean precipitation) and LOS26 (0% 
change in mean precipitation) was approximately +26%. 

Figure 6. Predicted Time Histories of Mid-Slope Outward Displacement at the Slope 
Surface for Climate Scenarios 1, 25, 26, and 27 (Morsy and Varela 2025) 

Figure 7 presents the time histories of the predicted mid-slope vertical displacement at the slope 
surface for simulations LOS01, LOS25, LOS26, and LOS27. Like outward displacements, the 
numerical model was able to capture the seasonal variation in vertical displacements. During every 
wet season, a vertical displacement (swelling) took place, part of which recovered during the 
subsequent dry season (shrinkage). After every wet-dry cycle, an irrecoverable swelling (permanent 
deformation) accumulated over time. Again, the time histories in Figure 7 of all models under the 
various climate scenarios followed the same trend with different magnitudes. 

When comparing the numerical predictions of LOS01 and LOS26, it was observed that the 
increase in future temperature by +3°C without a change in future mean precipitation would result 
in an insignificant difference in vertical displacement. 

When comparing the numerical predictions of LOS25, LOS26, and LOS27, it was observed that 
the mid-slope vertical displacement would likely increase with increasing the change in future 
mean precipitation, especially later in the service life as irrecoverable vertical displacements
accumulate. The difference in predicted vertical displacement between LOS27 simulation (+12.5% 
change in mean precipitation) and LOS25 (–12.5% change in mean precipitation) was 
approximately +13%. The difference in predicted vertical displacement between LOS27 simulation 

M I N E T A  T R A N S P O R T A T I O N  I N S T I T U T E  21 



 

    

 

  
 

 

     

 
 

  

 
 

    

 
 

  
 

 

  

 

   

      
    
    

  

 

  

_,...._ 
~ ~ 
"€ 5 150 

C1.) .... > i:: 

8_. S 100 
0 C1.) 

- u 
(/) "' -o 'a. 50 

~5 

-LOS0l -LOS25 -LOS26 -LOS27 

0 +-.---,---,----.--+---.--,--.---,--+---.---r---.--,--+--,,.......,.---.---r--+--,--.---,,.......,.--+--r---.--.-.---ll--T---.---r---.-+-.---,,.......,.---.---1 

0 20 30 40 50 60 70 80 

Service Age (yea.rs) 

(+12.5% change in mean precipitation) and LOS26 (0% change in mean precipitation) was 
approximately +7%. 

Figure 7. Predicted Time Histories of Mid-Slope Vertical Displacement at the Slope 
Surface for Climate Scenarios 1, 25, 26, and 27 (Morsy and Varela 2025) 

4.2 Effect of Extreme Precipitation Quantile 

To evaluate the effect of extreme precipitation quantile on the long-term performance of clay 
embankments, numerical simulations were conducted on the baseline embankment model under 
climate scenarios 26, 13, and 29. These climate scenarios involved a change in future extreme 
precipitation quantile of 0%, +7%, and +14%, respectively. These three scenarios also involved an 
incremental increase in future temperature of +3°C and a change in average annual precipitation 
of 0%. Table 4 summarizes the parameters of the simulations discussed in this section. 

Table 4. Summary of the Long-Term Simulations Conducted to Evaluate the Effect 
of Extreme Precipitation Quantile 

Climate Scenario Change in
Incremental 
Temperature

(°C) 

% Change in
Extreme 

Precipitation 
Quantile 

% Change in
Precipitation 

Mean 

Side Slope Soil Type 

26 +3 0 0 3.0:1 CH 
13 +7 
29 +14 
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Figure 8 presents the time histories of the predicted mid-slope matric suction at depth 1 m for 
simulations LOS26, LOS13, and LOS27. All scenarios showed comparable matric suction over 
time. The results indicate that the long-term variation in matric suction is insensitive to the change 
in extreme precipitation quantile. 

Figure 8. Predicted Time Histories of Mid-Slope Matric Suction at Depth 1 M from 
the Slope Surface for Climate Scenarios 26, 13 and 29 

Figure 9 presents the time histories of the predicted mid-slope outward displacement at the slope 
surface for simulations LOS26, LOS13, and LOS29. It was observed that outward displacement 
increased with increasing extreme precipitation quantile. This increase grew further over time as 
more extreme events took place and irrecoverable outward displacements accumulated. The 
mid-slope outward displacement of the LOS13 simulation (+7% change in extreme precipitation 
quantile) was predicted to be approximately 116% higher than that of the LOS26 simulation (0% 
change in precipitation mean). The mid-slope outward displacement of the LOS29 simulation 
(+14% change in extreme precipitation quantile) was predicted to be approximately 198% higher 
than that of the LOS26 simulation (0% change in precipitation mean). These results indicate that 
long-term irrecoverable slope deformation increases significantly with increasing the extreme event
precipitation quantile, even when the annual average precipitation remains unchanged. 

Figure 9. Predicted Time Histories of Mid-Slope Outward Displacement at the 
Slope Surface for Climate Scenarios 26, 13 and 29 
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Figure 10 presents the time histories of the predicted mid-slope vertical displacement at the slope 
surface for simulations LOS26, LOS13, and LOS29. Like the outward displacement, it was 
observed that vertical displacement (swelling) increased with increasing extreme precipitation
quantile. This increase grew further over time as more extreme events took place and irrecoverable 
vertical displacements accumulated. The mid-slope vertical displacement of the LOS13 simulation 
(+7% change in extreme precipitation quantile) was predicted to be approximately 51% higher than 
that of the LOS26 simulation (0% change in precipitation mean). The mid-slope vertical 
displacement of the LOS29 simulation (+14% change in extreme precipitation quantile) was 
predicted to be approximately 96% higher than that of the LOS26 simulation (0% change in 
precipitation mean). These results indicate that long-term irrecoverable slope swelling increases 
significantly with increasing the extreme event precipitation quantile, even when the annual 
average precipitation remains unchanged. 

Figure 10. Predicted Time Histories of Mid-Slope Vertical Displacement at the 
Slope Surface for Climate Scenarios 26, 13 and 29 

4.3 Effect of Slope Inclination 

To evaluate the effect of slope inclination on the sensitivity of the long-term performance of clay 
embankments to average annual precipitation, numerical simulations were conducted on 
embankment models with side slopes of 3.0:1, 2.0:1, and 1.5:1 (run to rise) under climate scenarios
1 (baseline), 25, 26, and 27. Table 5 summarizes the parameters of the simulations discussed in 
this section. 
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Table 5. Summary of the Long-Term Simulations Conducted to Evaluate 
the Effect of Slope Inclination 

Climate Scenario Change in
Incremental 
Temperature

(°C) 

% Change in
Extreme 

Precipitation 
Quantile 

% Change in
Precipitation 

Mean 

Side Slope Soil Type 

01 0 0 0 3.0:1 CH 
25 +3 –12.5 
26 +3 0 
27 +3 +12.5 
01 0 0 0 2.0:1 CH 
25 +3 –12.5 
26 +3 0 
27 +3 +12.5 
01 0 0 0 1.5:1 CH 
25 +3 –12.5 
26 +3 0 
27 +3 +12.5 

Figure 11 presents the time histories of the predicted mid-slope matric suction at depth 1 m for 
simulations LOS01, LOS25, LOS26, and LOS27 of CH embankments with side slopes 3.0:1, 
2.0:1, and 1.5:1 (run to rise). When comparing the numerical predictions, it was observed that 
matric suction increases with decreasing slope steepness. The effect of the various climate scenarios 
on the embankments with various side slopes was consistent with that observed in embankments 
with 3.0:1 side slopes discussed earlier. As expected, steeper slopes sustained more damage over 
time than milder slopes leading to earlier failures. Embankments with side slopes 1.5:1 were 
predicted to collapse at approximately 24 years under climate scenario 27 and at 40 years under 
climate scenarios 25 and 26. No failures were observed in the embankments with side slopes 3.0:1 
and 2.0:1 for the studied duration of 80 years. 
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Figure 11. Predicted Time Histories of Mid-Slope Matric Suction at Depth 1 M from the Slope 
Surface for Climate Scenarios 1, 25, 26, and 27: (a) in CH Embankments with Side Slopes 

3.0:1; (b) CH Embankments with Side Slopes 2.0:1; and (c) in CH Embankments with Side 
Slopes 1.5:1 
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Figure 12 presents the time histories of the predicted mid-slope outward displacement at the slope 
surface for simulations LOS01, LOS25, LOS26, and LOS27 of CH embankments with side 
slopes 3.0:1, 2.0:1, and 1.5:1 (run to rise). As expected, it was observed that outward displacements 
increased with increasing slope steepness under the various climate scenarios. 

Figure 12. Predicted Time Histories of Mid-Slope Outward Displacement at the Slope Surface 
for Climate Scenarios 1, 25, 26, and 27: (a) in CH Embankments with Side Slopes 3.0:1; (b)

CH Embankments with Side Slopes 2.0:1; and (c) in CH Embankments with Side Slopes 1.5:1 
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Figure 13 presents the time histories of the predicted mid-slope vertical displacement at the slope 
surface for simulations LOS01, LOS25, LOS26, and LOS27 of CH embankments with side 
slopes 3.0:1, 2.0:1, and 1.5:1 (run to rise). It was observed that vertical displacements (swelling) 
increased with decreasing slope steepness under the various climate scenarios. These results 
indicate that milder slopes are more prone to increased irrecoverable swelling over time. 

Figure 13. Predicted Time Histories of Mid-Slope Vertical Displacement at the Slope Surface 
for Climate Scenarios 1, 25, 26, and 27: (a) in CH Embankments with Side Slopes 3.0:1; (b)

CH Embankments with Side Slopes 2.0:1; and (c) in CH Embankments with Side Slopes 1.5:1 
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4.4 Effect of Soil Type 

To evaluate the effect of soil plasticity on the sensitivity of the long-term performance of clay 
embankments to average annual precipitation, numerical simulations were conducted on 
embankment models with soil parameters representative of CH and CL clays under climate 
scenarios 1 (baseline), 25, 26, and 27. Table 6 summarizes the parameters of the simulations 
discussed in this section. 

Table 6. Summary of the Long-Term Simulations Conducted to Evaluate the 
Effect of Soil Type 

Climate Scenario Change in
Incremental 
Temperature

(°C) 

% Change in
Extreme 

Precipitation 
Quantile 

% Change in
Precipitation 

Mean 

Side Slope Soil Type 

01 0 0 0 3.0:1 CH 
25 +3 –12.5 
26 +3 0 
27 +3 +12.5 
01 0 0 0 3.0:1 CL 
25 +3 –12.5 
26 +3 0 
27 +3 +12.5 

Figure 14 presents the time histories of the predicted mid-slope matric suction at depth 1 m for 
simulations LOS01, LOS25, LOS26, and LOS27 of CL and CH embankments. When 
comparing the numerical predictions, larger fluctuations in matric suction were observed in CH 
embankments than in CL embankments. During wet seasons, the matric suction in CH 
embankments reduced to near zero, whereas CL embankments maintained adequate matric 
suction. This suggests that CH embankments are more sensitive to seasonal wet-dry cycles than 
CL embankments. 
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Figure 14. Predicted Time Histories of Mid-Slope Matric Suction at Depth 1 M from the Slope 
Surface for Climate Scenarios 1, 25, 26, and 27: (a) in CH Embankments with Side Slopes 

3.0:1; and (b) CL Embankments with Side Slopes 3.0:1 

Figure 15 presents the time histories of the predicted mid-slope outward displacement at the slope 
surface for simulations LOS01, LOS25, LOS26, and LOS27 of CL and CH embankments. 
When comparing the numerical predictions, larger outward displacements were observed in CH 
embankments than in CL embankments. The outward displacements in CH embankments 
increased over time, exhibiting a plastic ratcheting pattern, whereas those in CL embankments 
fluctuated with seasonal wet-dry cycles and did not show significant accumulation over time. This 
indicates that CH embankments are more likely to experience long-term irrecoverable deformation 
under seasonal wetting and drying than CL embankments. 
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Figure 15. Predicted Time Histories of Mid-Slope Outward Displacement at the Slope Surface 
for Climate Scenarios 1, 25, 26, and 27: (a) in CH Embankments with Side Slopes 3.0:1; and (b)

CL Embankments with Side Slopes 3.0:1 
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Figure 16 presents the time histories of the predicted mid-slope vertical displacement at the slope 
surface for simulations LOS01, LOS25, LOS26, and LOS27 of CL and CH embankments. Both 
CH and CL embankments exhibited an increasing irrecoverable swelling over time. The effect of 
the various climate scenarios on CL embankments is consistent with that observed in the CH 
embankments discussed earlier. 

Figure 16. Predicted Time Histories of Mid-Slope Vertical Displacement at the Slope Surface 
for Climate Scenarios 1, 25, 26, and 27: (a) in CH Embankments with Side Slopes 3.0:1; and (b)

CL Embankments with Side Slopes 3.0:1 
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5. Short-Term Performance of Earth Embankments 
under Perturbed Extreme Events 

A parametric evaluation was conducted to evaluate the effect of extreme precipitation events 
brought about by perturbed future climate scenarios on the hydromechanical response of clay
embankments to these extreme events. The parametric evaluation involved studying the effect of 
the extreme event precipitation intensity and duration, the effect of slope inclination, and the effect 
of soil type. The evaluation involved exemplary embankments constructed from high plasticity and 
low plasticity clays, with side slopes of 3.0:1, 2.0:1, and 1.5:1 (run to rise). The baseline case was 
selected to be a high plasticity clay (CH) embankment 6 m in height with side slopes 3.0:1 (see 
Morsy & Varela, 2025). The simulations were performed under 1-day, 3-day, and 7-day extreme 
precipitation events with a 100-year return period (i.e., events with 1% annual exceedance 
probability). 

Embankment models were subjected to 100-year return period extreme events of durations 1, 3, 
and 7 days (and corresponding intensities). Simulations were given IDs that denote their 
geographical location, climate scenario, and extreme event duration. For example, an embankment 
constructed in Los Angeles and subjected to a 3-day extreme event induced by climate scenario 26
is given an ID of LOS26_D3. Numerical predictions of volumetric water content, matric suction, 
and surface displacements were curated at three slope locations: 25% H above slope toe, 50% H 
above slope toe (mid-slope), and 75% H above slope toe; H is the slope height. 

5.1 Effect of Future Climate Scenarios 

To evaluate the effect of future climate scenarios on the short-term performance of clay
embankments, numerical simulations were conducted on embankment models with soil 
parameters representative of CH and CL clays and with side slopes 3.0:1 (run to rise). The models 
were subjected to climate scenarios 26, 13, and 29, which involve a change in future extreme 
precipitation quantile of 0%, +7%, and +14%, respectively. These three scenarios involved an 
incremental increase in future temperature of +3°C and a change in average annual precipitation 
of 0%. Table 7 summarizes the parameters of the simulations discussed in this section. 

Since climate scenario 26 had the same precipitation data as the baseline climate scenario 1 (0% 
change in annual precipitation average and extreme precipitation quantile), the numerical 
simulations for both scenarios (LOS01 and LOS26) were identical for short-term extreme 
precipitation events. Even though LOS26 has a +3°C change in incremental temperature, the 
numerical simulations of short-term extreme events conducted in this study did not consider the 
evapotranspiration that may take place during such events. Accordingly, climate scenario 26 was 
treated as the baseline case (equivalent to climate scenario 1) for short-term performance under 
extreme events. 
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Table 7. Summary of the Short-Term Simulations Conducted to Evaluate the 
Effect of Climate Scenarios 

Climate Scenario Duration 
(days) 

Change in
Incremental 
Temperature

(°C) 

% Change in
Extreme 

Precipitation 
Quantile 

% Change in
Precipitation 

Mean 

Side Slope Soil Type 

26 (baseline) 7 +3 0 0 3.0:1 CH 
13 +7 
29 +14 

26 (baseline) 7 +3 0 0 3.0:1 CL 
13 +7 
29 +14 

Figure 17 presents the predicted volumetric water content at a depth of 0.5 m for the CH and CL 
embankment models. The models were subjected to the 7-day precipitation events of climate 
scenarios LOS26, LOS13, and LOS29. The figure presents the predicted volumetric water 
content at three slope locations: 0.25H, 0.50H, and 0.75H above slope toe. 

For CH embankments, shown in Figure 17a, it was observed that the near-surface volumetric 
water content would likely increase (wetter slopes) with increasing the change in future rainfall 
intensity. In these simulations, the moisture at the toe of the slope increased first (around day 2), 
followed by the crest (around day 3), and the middle slope (around day 4). Among the three 
scenarios, LOS29 caused the slope to saturate the fastest, followed by LOS13, and LOS01. Near 
the toe of the slope, the predicted volumetric water content increased by about 5% under LOS13 
(+7% change in extreme precipitation quantile) and by 7% under LOS29 (+14% change in extreme 
precipitation quantile) as compared to LOS26 (baseline case; no change in extreme precipitation 
quantile). The crest and mid-slope locations showed similar trends but with slightly smaller and 
delayed increases in saturation. The results indicate that future extreme rainfall events induced by 
perturbed future climate scenarios are projected to increase the saturation of CH embankments,
which may lead to an increased probability in rainfall-induced slope failures. 

For CL embankments, shown in Figure 17b, the effect of future climate was rather small, resulting 
in ~1–2% increases in water content under future climate scenarios LOS29 and LOS13 as 
compared to the baseline climate scenario LOS26. This suggests that CL embankments are much 
less vulnerable to future extreme rainfall events brought about by perturbed future climate scenarios 
than CH embankments. 
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Figure 17. Volumetric Water Content at 0.5 M Depth Over 7 Days at 0.25H, 0.5H and 0.75H
for Climate Scenarios 1, 13, and 29: (a) in CH Embankments with 3.0:1 Side Slope; and (b) in 

CL Embankments with 3.0:1 Side Slope 
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Figure 18 presents the predicted matric suction at a depth of 0.5 m for the CH and CL 
embankment models. The models were subjected to the 7-day precipitation events of climate 
scenarios LOS26, LOS13, and LOS29. The figure presents the predicted matric suction at three 
slope locations: 0.25H, 0.50H, and 0.75H above slope toe. 

For CH embankments, shown in Figure 18a, it was observed that the near-surface matric suction 
would likely decrease (wetter slopes) with increasing rainfall intensity during future extreme events. 
In these simulations, the toe lost suction the fastest, followed by the crest and the mid-slope. The 
decline rate in matric suction was observed to be the largest in LOS29 (largest precipitation 
intensity), reaching near saturation around day 7, followed by LOS13 and LOS26 (lowest
precipitation intensity). This rapid decline in matric suction would result in a loss in shear strength 
and an increase in potential failure in CH soil under future climate scenarios. 

For CL embankments, shown in Figure 18b, similar matric suction trends to those of CH 
embankments were observed. CL embankments retained more matric suction under extreme 
events (precipitation intensity and duration) compared to CH embankments. This observation 
suggests that CL embankments are more resilient to strength loss (due to loss in matric suction)
during extreme events than CH embankments. It is notable that the hydraulic characteristics of 
CH and CL soils used in this study were identical except for the air-entry matric suction (higher 
in CH than in CL) and porosity (higher in CH than in CL). 
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Figure 18. Matric Suction at 0.5 M Depth Over 7 Days at 0.25H, 0.5H and 0.75H for Climate
Scenarios 1, 13, and 29: (a) in CH Embankments with 3.0:1 Side Slope; and (b) in CL 

Embankments with 3.0:1 Side Slope 
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Figure 19 presents the predicted horizontal surface displacement for the CH and CL embankment 
models as of the onset of the extreme event. The models were subjected to the 7-day precipitation 
events of climate scenarios LOS26, LOS13, and LOS29. The figure presents the predicted
displacements at three slope locations: 0.25H, 0.50H, and 0.75H above slope toe. 

For CH embankments, shown in Figure 19a, it was observed that surface displacement rates were 
exacerbated as water infiltration advanced below the slope surface, as indicated by the volumetric 
water content predictions (see Figure 17), especially as infiltration advanced to the 0.5-m depth at 
day 3. After this point, it was observed that the surface horizontal displacement increased with 
increasing precipitation intensity. Specifically, LOS29 (highest precipitation intensity) was 
observed to cause the largest horizontal displacement followed by LOS13 then LOS26 (lowest 
precipitation intensity) along the entire slope. The horizontal surface displacement at the end of 
the extreme event LOS29 (after 7 days) was predicted at +2 mm (outward) near the slope toe and 
at –1 mm (inward) at mid-slope and near the slope crest. 

For CL embankments, shown in Figure 19b, the observed displacement trends were similar to 
those of CH embankments. However, CL embankments did not reach near saturation conditions 
as CH embankments did (see Figure 17). Therefore, unlike in CH embankments, no tendency to 
outward displacement was observed in CL embankments during the durations of the studied 
extreme events. 

M I N E T A  T R A N S P O R T A T I O N  I N S T I T U T E  38 



 

    

  
 

 

  

-3.00 

E 
E -8.00 ... 
C: 
Q) -13.00 
E 
Q) 

'-' 
~ -18.00 
c.. 
.!!? 
Cl -23.00 
Q) 

'-' 
~ -28.00 
::, 
Vl 

ro ... 
C: 
0 

·~ 
0 
::c 

E 
E -8.00 ... 
C: 

E -13.oo 
Q) 

~ -18.00 
c.. 
.!!? 
Cl -23.00 
Q) 

'-' 
~ -28.00 
::, 
Vl 

ro ... 
C: 

2 
·;:: 
0 
::c 

l 
.o 1 

Time (d) 

-- h = 0.25H LOS0l - - - - h = 0.25H LOS13 ............. h = 0.25H LOS29 

-- h = 0.SH LOSOl - - - - h = 0.SH LOS13 ............. h = 0.SH LOS29 

-- h = 0.75H LOS0l - - - - h = 0.75H LOS13 ............. h = 0.75H LOS29 

(a) 

---- ------------------------· 

Time (d) 

-- h = 0.25H LOS0l - - - - h = 0.25H LOS13 ............. h = 0.25H LOS29 

-- h = 0.SH LOSOl - - - - h = 0.SH LOS13 ............. h = 0.SH LOS29 

-- h = 0.75H LOS0l - - - - h = 0.75H LOS13 ............. h = 0.75H LOS29 

(b) 

Figure 19. Horizontal Surface Displacement Over 7 Days at 0.25H, 0.5H and 0.75H for
Climate Scenarios 1, 13, and 29: (a) in CH Embankments with 3.0:1 Side Slope; and (b) in CL 

Embankments with 3.0:1 Side Slope 
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Figure 20 presents the predicted vertical surface displacement for the CH and CL embankment 
models as of the onset of the extreme event. The models were subjected to the 7-day precipitation 
events of climate scenarios LOS26, LOS13, and LOS29. The figure presents the predicted
displacements at three slope locations: 0.25H, 0.50H, and 0.75H above slope toe. 

For CH embankments, shown in Figure 20a, it was observed that surface vertical displacement 
(swelling) rates were exacerbated as water infiltration advanced below the slope surface, as 
indicated by the volumetric water content predictions (see Figure 17), especially as infiltration 
advanced to the 0.5-m depth at day 3. Predicted vertical displacements increased with increasing 
event precipitation intensity, where the highest displacement (swelling) was observed in LOS29, 
followed by LOS13 and LOS26. This displacement pattern is attributable to the swelling of high 
plasticity clays upon wetting. The vertical surface displacement observed near crest in LOS13 and 
LOS29 was 3% and 18% higher respectively than that observed in LOS26 (baseline scenario). 
Similar trends were observed in the vertical displacements at mid-slope and near toe. The results 
suggest that future extreme precipitation events are likely to exacerbate rainfall-induced swelling 
in CH embankments, especially in the upper parts of side slopes, increasing the potential of 
swelling-induced failures. 

For CL embankments, shown in Figure 20b, the observed displacement trends were similar to 
those of CH embankments. However, CL embankments did not reach near saturation conditions 
as CH embankments did (see Figure 17). Therefore, unlike in CH embankments, no swelling
displacements were observed in CL embankments during the duration of the studied extreme 
events. Nevertheless, CL embankments showed a greater tendency to settle during extreme events 
than CH embankments. 
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Figure 20. Vertical Surface Displacement Over 7 Days at 0.25H, 0.5H and 0.75H for Climate
Scenarios 1, 13, and 29: (a) in CH Embankments with 3.0:1 Side Slope; and (b) in CL 

Embankments with 3.0:1 Side Slope 
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5.2 Effect of Extreme Event Intensity and Duration 

To evaluate the effect of extreme event intensity and duration on the short-term performance of 
clay embankments, numerical simulations were conducted on embankment models with soil 
parameters representative of CH and CL clays and with site slopes 3.0:1 (run to rise). The models 
were subjected to the 1-day, 3-day, and 7-day extreme events induced by climate scenario 29. This
climate scenario involved a change in future extreme precipitation quantile of +7%, an incremental 
increase in future temperature of +3°C, and a change in average annual precipitation of 0%. 
Precipitation intensities of the extreme events were 27.4 mm/day for the 1-day event, 22.3 mm/day 
for the 3-day event, and 17.7 mm/day for the 7-day event. Table 8 summarizes the parameters of 
the simulations discussed in this section. 

Table 8. Summary of the Short-Term Simulations Conducted to Evaluate the Effect of Extreme 
Event Intensity and Duration 

Climate 
Scenario 

Duration 
(days) 

Change in
Incremental 
Temperature

(°C) 

% Change in
Extreme 

Precipitation 
Quantile 

% Change in
Precipitation 

Mean 

Side Slope Soil Type 

29 1 +3 +14 0 3.0:1 CH 
3 
7 

29 1 +3 +14 0 3.0:1 CL 
3 
7 

Figure 21 presents the predicted volumetric water content at a depth of 0.5 m for the CH and CL 
embankment models. The models were subjected to the 1-day, 3-day, and 7-day precipitation 
events of climate scenario LOS29. The figure presents the predicted volumetric water content at 
three slope locations: 0.25H, 0.50H, and 0.75H above slope toe. 

For CH embankments, shown in Figure 21a, it was observed, as expected, that volumetric water 
content increased with increasing the extreme event duration. The water content increased near 
the slope toe first (around day 1) followed by the slope crest and mid-slope. The 3-day event 
(LOS29_D3) caused water to rise earlier than the 7-day event (LOS29_D7) at all slope zones. 
This was because the 3-day event had a slightly higher precipitation intensity than that of the 7-
day event. 

For CL embankments, shown in Figure 21b, a smaller increase in water content was observed in 
comparison to CH embankments. It could be inferred from the results that CH embankments are 
more sensitive to both precipitation intensity and duration than CL embankments. 
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Figure 21. Volumetric Water Content at 0.5 M Depth at 0.25H, 0.5H and 0.75H for Extreme
Event Durations 1, 3, and 7 Days and Climate Scenario 29: (a) in CH Embankments with 3.0:1 

Side Slope; and (b) in CL Embankments with 3.0:1 Side Slope 
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Figure 22 presents the predicted matric suction at a depth of 0.5 m for the CH and CL 
embankment models. The models were subjected to the 1-day, 3-day, and 7-day precipitation 
events of climate scenario LOS29. The figure presents the predicted matric suction at three slope 
locations: 0.25H, 0.50H, and 0.75H above slope toe. 

For CH embankments, shown in Figure 22a, it was observed that the matric suction declined 
during extreme precipitation events. This decline increased with increasing event duration. It is 
notable that the time of matric suction drop onset increased with increasing event duration (longer 
events involve lower precipitation intensity). The results indicate that CH embankments are more 
sensitive to event duration than event intensity considering extreme events of the same return 
period. 

For CL embankments, shown in Figure 22b, the matric suction patterns were similar to those 
observed in CH embankments, except that the suction decline in CL embankments was delayed
and lower compared to CH embankments. The 1-day event (LOS29_D1) was short enough not 
to cause a change in the matric suction at 0.5-m depth during the event duration. The 7-day event 
(LOS29_D7) caused a clear drop in matric suction. Overall, similar to CH embankments, CL 
embankments are more sensitive to event duration than event intensity considering extreme events 
of the same return period. 
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Figure 22. Matric Suction at 0.5 M Depth at 0.25H, 0.5H and 0.75H for Extreme Event
Durations 1, 3, and 7 Days and Climate Scenario 29: (a) in CH Embankments with 3.0:1 Side 

Slope; and (b) in CL Embankments with 3.0:1 Side Slope 
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Figure 23 presents the predicted plastic deviatoric strain (irrecoverable strain) at a depth of 0.5 m 
for the CH and CL embankment models. The models were subjected to the 1-day, 3-day, and 
7-day precipitation events of climate scenario LOS29. The figure presents the predicted plastic 
deviatoric strain at three slope locations: 0.25H, 0.50H, and 0.75H above slope toe. 

For CH embankments, shown in Figure 23a, it was observed that plastic deviatoric strains 
increased with increasing event duration. Shorter duration events (events with higher precipitation 
intensity for the same return period) caused plastic strains earlier than longer duration events. 
Overall, the results indicate that CH embankments are likely to sustain irrecoverable strains by
100-year extreme events that last for more than 2 days. 

For CL embankments, shown in Figure 23b, the observed plastic deviatoric strains were 
insignificant and accumulated after 3 to 4 days. The results suggest that CL embankments are 
much less susceptible to irrecoverable strains during extreme events in comparison to CH 
embankments. 
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Figure 23. Plastic Deviatoric Strain at 0.5 M Depth at 0.25H, 0.5H and 0.75H for Extreme
Event Durations 1, 3, and 7 Days and Climate Scenario 29: (a) in CH Embankments with 3.0:1 

Side Slope; and (b) in CL Embankments with 3.0:1 Side Slope 
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5.3 Effect of Slope Inclination 

To evaluate the effect of slope inclination on the short-term performance of clay embankments 
during extreme precipitation events, numerical simulations were conducted on embankment 
models with soil parameters representative of CH and CL clays and with side slopes 3.0:1, 2.0:1,
and 1.5:1 (run to rise), subject to climate scenario 13. This climate scenario involved a change in 
future extreme precipitation quantile of +7%, an incremental increase in future temperature of 
+3°C, and a change in average annual precipitation of 0%. Table 9 summarizes the parameters of 
the simulations discussed in this section. 

Table 9. Summary of the Short-Term Simulations Conducted to Evaluate the 
Effect of Slope Inclination 

Climate Scenario Duration 
(days) 

Change in
Incremental 
Temperature

(°C) 

% Change in
Extreme 

Precipitation 
Quantile 

% Change in
Precipitation 

Mean 

Side Slope Soil Type 

13 7 +3 +7 0 3.0:1 CH 
2.0:1 
1.5:1 

13 7 +3 +7 0 3.0:1 CL 
2.0:1 
1.5:1 

Figure 24 presents the predicted volumetric water content at a depth of 0.5 m for the CH and CL 
embankment models. Models of side slopes 3.0:1, 2.0:1, and 1.5:1 were subjected to the 7-day 
precipitation events of climate scenario LOS13. The figure presents the predicted volumetric water 
content at three slope locations: 0.25H, 0.50H, and 0.75H above slope toe. 

For CH embankments, shown in Figure 24a, it was observed that the near-surface volumetric 
water content increased earlier (earlier wetting; faster infiltration) in steeper slopes (1.5:1) than in
milder slopes (3.0:1). For CL embankments, shown in Figure 24b, a similar observation was made
where the near-surface volumetric water content increased earlier in steeper slopes than in milder 
slopes. Overall, the results indicate that steeper slopes tend to wet faster than milder slopes, which 
makes them more vulnerable to failure even during comparatively short extreme precipitation 
events. 
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Figure 24. Volumetric Water Content at 0.5 M Depth Over 7 Days at 0.25H, 0.5H and 0.75H
for Side Slopes 1.5:1, 2.0:1, and 3.0:1 and Climate Scenario 13: (a) in CH Embankments; and 

(b) in CL Embankments 
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Figure 25 presents the matric suction at a depth of 0.5 m for the CH and CL embankment models. 
Models of side slopes 3.0:1, 2.0:1, and 1.5:1 were subjected to the 7-day precipitation events of 
climate scenario LOS13. The figure presents the predicted matric suction at three slope locations: 
0.25H, 0.50H, and 0.75H above slope toe. 

For CH embankments, shown in Figure 25a, it was observed that the near-surface matric suction 
decreased earlier (earlier wetting; faster infiltration) in steeper slopes (1.5:1) than in milder slopes 
(3.0:1). By the end of the event (7 days), the matric suction diminished as near-surface soil 
approached saturation. For CL embankments, shown in Figure 25b, a similar observation was 
made where the near-surface matric suction decreased earlier in steeper slopes than in milder slopes. 
Overall, the results indicate that steeper slopes tend to wet faster than milder slopes, leading to a 
rapid loss in matric suction and shear strength, which makes them more vulnerable to failure even 
during comparatively short extreme precipitation events. 
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Figure 25. Matric Suction at 0.5 M Depth Over 7 Days at 0.25H, 0.5H and 0.75H for Side
Slopes 1.5:1, 2.0:1 and 3.0:1 and Climate Scenario 13: (a) in CH Embankments; and (b) in CL 

Embankments 
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Figure 26 presents the predicted horizontal surface displacement for the CH and CL embankment 
models as of the onset of the extreme event. Models of side slopes 3.0:1, 2.0:1, and 1.5:1 were 
subjected to the 7-day precipitation events of climate scenario LOS13. The figure presents the 
predicted displacements at three slope locations: 0.25H, 0.50H, and 0.75H above slope toe. 

For CH embankments, shown in Figure 26a, a rapid increase in horizontal surface displacement 
was observed as infiltration progressed to depth 0.5 m. The outward displacement rate increased 
with increasing slope steepness; the 1.5:1 slope displaced outwards at a higher rate than the 2.1:1 
slope than the 3.0:1 slope. This indicates that CH embankments with steeper slopes are more 
prone to outward displacements during extreme events than milder slopes. Such outward 
displacements are likely to initiate in CH embankments subject to extreme events longer than 3 
days. 

For CL embankments, shown in Figure 26b, the observed displacement trends were similar to 
those of CH embankments. However, CL embankments did not reach near saturation conditions 
as CH embankments did. Therefore, unlike in CH embankments, no tendency to outward 
displacement was observed in CL embankments during the duration of the studied extreme events. 
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Figure 26. Horizontal Surface Displacement Over 7 Days at 0.25H, 0.5H and 0.75H for Side
Slopes 1.5:1, 2.0:1 and 3.0:1 and Climate Scenario 13: (a) in CH Embankments; and (b) in CL 

Embankments 
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Figure 27 presents the predicted vertical surface displacement for the CH and CL embankment 
models as of the onset of the extreme event. Models of side slopes 3.0:1, 2.0:1, and 1.5:1 were 
subjected to the 7-day precipitation events of climate scenario LOS13. The figure presents the 
predicted displacements at three slope locations: 0.25H, 0.50H, and 0.75H above slope toe. 

For CH embankments, shown in Figure 27a, upward vertical displacement was observed after 2–
3 days as infiltration progressed to a depth of 0.5 m. This infiltration led to a wetting of the 
near-surface soil, which caused the soil to swell. Overall, the results indicate that swelling would 
likely take place in CH embankments subject to extreme events longer than 3 days. The results 
also indicate that swelling would likely increase with decreasing slope steepness. 

For CL embankments, shown in Figure 27b, the observed displacement trends were similar to 
those of CH embankments. However, CL embankments did not reach near saturation conditions 
as CH embankments did. Therefore, unlike in CH embankments, no significant swelling 
displacements, if any, were observed in CL embankments during the duration of the studied 
extreme events. Nevertheless, CL embankments showed greater tendency to settle during extreme 
events than CH embankments. 
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Figure 27. Vertical Surface Displacement Over 7 Days at 0.25H, 0.5H and 0.75H for Side
Slopes 1.5:1, 2.0:1 and 3.0:1 and Climate Scenario 13: (a) in CH Embankments; and (b) in CL 

Embankments 
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6. The Prospective Role of Performance Numerical
Modeling in Geotechnical Asset Management 

Geotechnical infrastructure assets include walls, slopes, embankments, and subgrades (Vessely et 
al., 2019). Such assets are responsible for supporting a large number of the transportation
infrastructure including highways and railways. Helm et al. (2024) provided performance 
assessment framework based on long-term numerical modeling that could be used to improve
geotechnical asset management practices. This framework has shown that numerical models can 
provide detailed information on asset performance (see for example Postill et al., 2021; Morsy et 
al., 2023a; Morsy & Helm, 2024a). 

A simplified framework was adapted from Helm et al. (2024) with a focus on clay embankments 
studied herein, as shown in Figure 28. Specifically, the framework includes the following 
components: 

• Development of Geotechnical Asset Model. This study used a numerical modeling approach 
previously developed by Morsy et al. (2023a, 2023b). This approach allows for simulating 
the construction and long-term, weather-driven hydromechanical behavior of clay
embankments. 

• Validation of Geotechnical Asset Model. The numerical modeling approach used in this study 
has undergone validation, demonstrating its effectiveness in capturing the long-term 
hydromechanical behavior of embankments (Morsy et al., 2023a, 2023b). The validation 
process involved a comprehensive study using a full-scale research embankment equipped 
with 9 years of monitoring data. Additionally, the modeling approach was validated based 
on its ability to predict the service life for 34 well-documented embankment failure case 
histories (Morsy & Helm, 2024a, 2024b). 

• Generation of Perturbed Climate. Suites of climate perturbed parameter ensembles (PPEs) 
were developed by Morsy and Varela (2025) for select areas in California based on 
geographical climate classification. The PPEs were developed using CA DWR weather 
generator (Najibi & Steinschneider, 2023) and GFDL SPEAR Large Ensembles 
(Delworth et al., 2020). 

• Derivation of Asset-Scale Engineering Parameters. This study derived ranges of embankment 
parameters for typical high plasticity clay and low plasticity clay fills, which are sensitive 
fills to weather-driven deterioration. The embankment geometry parameters were derived 
from the embankment design specifications and common practice in California (Morsy &
Varela, 2025). 

• Simulation of Asset-Scale Performance. The numerical model was used to perform a 
parametric evaluation to evaluate the effect of perturbed future climate scenarios on the 
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long-term performance of clay embankments, including the effect of average annual 
precipitation change, extreme precipitation quantile change, and temperature change. The 
evaluation involved exemplary embankments constructed from high plasticity and low 
plasticity clays, with varied side slopes. The simulations were performed under climate 
suites from 2020 through 2100. Performance indicators included near-surface soil moisture 
and slope displacements. 

The following steps have not been completed in this current study. They are presented as part of 
the framework to show how the work completed herein contributes to geotechnical asset 
management. 

• Derivation of Network-Scale Engineering Parameter Ranges. This step establishes ranges for 
asset engineering and geometry parameters within a network or an asset inventory of 
interest. Such information can be collected from infrastructure stakeholders with 
geotechnical asset management programs. 

• Development of Statistical Design for Network Assets. This step is necessary for the subsequent 
development of statistical emulation. Statistical designs are necessary to ensure a 
comprehensive exploration of the asset parameter spaces (i.e., ranges) with minimal 
computational resources (Svalova et al., 2021). 

• Development of Statistical Emulation. Predictions of long-term performance indicators 
obtained from the asset-scale numerical simulations could be used to train statistical 
emulators for long-term asset performance. An example for the development of a statistical 
emulator is given by Svalova et al. (2021) for cut slopes. 

• Simulation of Network-Scale Performance. The results of the statistical emulator could be 
used to learn about the performance of a range of assets on a network scale. An example of 
network-scale performance is given by Helm et al. (2024). 
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Figure 28. Simplified Geotechnical Asset Management Framework for California Clay 
Embankments (Framework Adapted from Helm Et Al. 2024) 
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7. Summary and Conclusions 
Clay embankments are susceptible to weather-related deterioration processes that can gradually
compromise their stability and, in some cases, lead to unexpected failures. Climate change, along 
with the associated shifts in weather patterns, is projected to adversely impact the weather-related 
deterioration processes of transportation infrastructure, leading to exacerbated failures and/or
shorter service life. Additionally, climate change is projected to increase the frequency of extreme 
precipitation events leading to an increase in embankment failure potential. This study evaluated 
(1) the effect of perturbed future climate scenarios on the long-term performance of clay
embankments and (2) the effect of extreme precipitation events brought about by perturbed future 
climate scenarios on the hydromechanical response of clay embankments to these extreme events. 
A multi-phase hydromechanical geotechnical model was developed for exemplar high plasticity 
and low plasticity clay embankments with varied side slope angles. 

A parametric evaluation was conducted to evaluate the effect of perturbed future climate scenarios 
on the long-term performance of clay embankments. A total of twenty-six numerical simulations
were conducted in this evaluation. The following conclusions were drawn: 

• The increase in future temperature is likely to lead to drier slopes and higher matric suction. 
For both CH and CL embankments, an approximate 9% increase was observed in the 
predicted near-surface matric suction as a result of +3°C incremental change in future 
temperature and no change in future mean precipitation. 

• The increase in future annual mean precipitation is likely to lead to wetter slopes and lower 
matric suction. For both CH and CL embankments, an approximate 6% decrease was 
observed in the predicted near-surface matric suction as a result of +12.5% incremental 
change in annual mean precipitation and excluding the effect of +3°C incremental change 
in future temperature. 

• The increase in future extreme precipitation quantile with no change in annual mean 
precipitation is unlikely to lead to significant long-term variation in matric suction. 
However, it may affect the matric suction temporarily during and after an extreme event. 

• The increase in future temperature is likely to lead to smaller outward and vertical slope 
displacements. For CH embankments, approximately 15% decrease in the predicted mid-
slope outward displacements and insignificant difference in vertical displacements were 
observed as a result of +3°C incremental change in future temperature and no change in 
future mean precipitation. For CL embankments, an insignificant difference in predicted 
mid-slope outward displacements and an approximate 11% decrease in vertical 
displacements (swelling) were observed as a result of +3°C incremental change in future 
temperature and no change in future mean precipitation. 
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• The increase in future mean precipitation is likely to lead to larger outward and vertical 
slope displacements. For CH embankments, an approximate 26% increase in the predicted 
mid-slope outward slope displacements and 7% increase in vertical displacements
(swelling) were observed as a result of +12.5% incremental change in mean precipitation
(excluding the effect of +3°C incremental change in future temperature). For CL 
embankments, an insignificant difference in predicted mid-slope outward displacements 
and an approximate 17% increase in vertical displacements (swelling) were observed as a 
result of +12.5% incremental change in mean precipitation (excluding the effect of +3°C 
incremental change in future temperature). 

• The increase in future extreme precipitation quantile with no change in annual mean 
precipitation is likely to lead to larger outward and vertical (swelling) slope displacements. 
For CH embankments, an approximate 116% increase was observed in the predicted mid-
slope outward slope displacements and a 51% increase in vertical displacements as a result 
of a +7% change in extreme precipitation quantile (excluding the effects of changing future 
annual mean precipitation and temperature). An approximate 198% increase was observed 
in the predicted mid-slope outward slope displacements and 96% increase in vertical 
displacements as a result of a +14% change in extreme precipitation quantile (excluding the 
effects of changing future annual mean precipitation and temperature). These results 
indicate that long-term irrecoverable slope deformation increases significantly with 
increasing the extreme event precipitation quantile, even when the annual average
precipitation remains unchanged. 

• As expected, steeper slopes were predicted to sustain more weather-driven deterioration 
over time than milder slopes leading to earlier failures. Embankments with side slopes 1.5:1 
were predicted to collapse at approximately 24–40 years under various perturbed future 
climate scenarios. No failures were predicted in the embankments with side slopes 3.0:1 
and 2.0:1 for the studied duration up to 80 years. 

A parametric evaluation was conducted to evaluate the effect of extreme precipitation events 
brought about by perturbed future climate scenarios on the hydromechanical response of clay
embankments to these extreme events. A total of fifty-four numerical simulations were conducted 
in this evaluation. The following conclusions were drawn: 

• Future extreme rainfall events induced by perturbed future climate scenarios are likely to 
lead to wetter slopes and lower matric suction. CH embankments are much more 
susceptible damage by future extreme rainfall events than CL embankments. For CH 
embankments, the near-surface soil water content is likely to increase by approximately 5% 
as a result of a +7% change in the extreme precipitation quantile and by approximately 7% 
as a result of a +14% change in the extreme precipitation quantile. 

• Near-surface matric suction declines during extreme precipitation events. Both CH and 
CL embankments are more sensitive to event duration than event intensity. CH 
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embankments are likely to experience irrecoverable plastic strains by 100-year extreme 
events that last for more than 2 days, whereas CL embankments are much less susceptible 
to irrecoverable plastic strains. 

• Near-surface matric suction decline is likely to increase with increasing slope steepness, 
which makes the steeper slopes more vulnerable to failure during extreme precipitation 
events. 

• Future extreme rainfall events are likely to increase rainfall-induced displacements in CH 
embankments, increasing the cumulative slope irrecoverable deformation and/or swelling-
induced failures. CH embankments are likely to experience outward displacement and 
swelling by 100-year extreme events that last for more than 3 days. The swelling vertical 
displacement is likely to increase by approximately 3% as a result of a +7% change in the 
extreme precipitation quantile and by approximately 18% as a result of a +14% change in 
the extreme precipitation quantile. Unlike CH embankments, CL embankments are 
unlikely to experience displacements during extreme events. 
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