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Resilience of MSE Walls with Marginal Backfill under
a Changing Climate: Quantitative Assessment for
Extreme Precipitation Events

Farshid Vahedifard, M.ASCE'; Faraz S. Tehrani?; Vahid Galavi®;
Elisa Ragno“; and Amir AghaKouchak, M.ASCE?®

Abstract: Climate change is expected to alter statistics of extreme events in the future. Adapting geotechnical infrastructure to a changing
climate necessitates quantitative assessment of the potential climate change impacts on the performance of infrastructure. This study numeri-
cally investigates the hydromechanical response of a mechanically stabilized earth (MSE) wall constructed with marginal backfill to extreme
rainfall events under a changing climate. The need for investigating the effects of extreme precipitation on marginal backfill is more pro-
nounced because larger matric suction can be developed in such backfills. To address this need, this paper compares the performance of an
MSE wall using two sets of rainfall intensity-duration-frequency (IDF) curves, denoted as baseline and projected, for the Seattle area. The
baseline IDF curves are provided by the National Oceanic and Atmospheric Administration (NOAA) and currently used for design purposes,
and the projected IDF curves are obtained using 20 climate model simulations of the future. The results show that use of the baseline IDFs can
lead to underestimation of the wall deformation and loads carried by reinforcements. The results highlight the importance of site-specific
assessments to quantify the potential impacts of climate change on the performance of current and future MSE walls. Such consideration
gains even more importance considering the increasing interest in using marginal backfills in earth retaining structures due to economic and
environmental considerations. DOI: 10.1061/(ASCE)GT.1943-5606.0001743. © 2017 American Society of Civil Engineers.

Author keywords: Climate change; Soil stabilization; Geosynthetics; Marginal backfill; Unsaturated soils; Suction; Extreme

precipitations; Numerical modeling; Nonstationary extreme value analysis (NEVA).

Introduction

Recent evidence suggests future changes in frequency and/or se-
verity of climatic extreme events caused or intensified by anthropo-
genic climate change (e.g., USGCRP 2009; EEA 2012; IPCC 2012;
NOAA 2013; NRC 2013). Increasing trends have been reported for
average surface temperature, intensity of extreme precipitation
events, sea levels, and storm severity in the United States and in
other parts of the world (Karl et al. 2009; IPCC 2012; Kunkel
et al. 2013; Hao et al. 2013). Even concurrent and compounding
extreme events have increased substantially in recent decades (Hao
et al. 2013; Mazdiyasni and AghaKouchak 2015; Wahl et al. 2015).
These climate trends unfavorably influence existing natural and
artificial geotechnical structures by exposing them to drying,
soil desiccation, shrinkage, fluctuation in the groundwater table,
significant erosion, and highly dynamic pore pressure changes
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(e.g., CACC 2015; Vardon 2015; Vahedifard et al. 2015a, 2016d;
Robinson and Vahedifard 2016; Robinson et al. 2017). The im-
posed impacts can threaten the integrity of geotechnical structures
and lead to various modes of failure such as uplift, subsidence, pip-
ing, internal erosion, and slope instability (e.g., NRC 2008; Crozier
2010; Taylor et al. 2013; Vardon 2015).

Among recent climate trends, increased intensity of extreme
precipitation is recognized as one of the major causes of several
catastrophic failures in natural and engineered earth structures,
leading to casualties and major economic losses in some cases
(e.g., NRC 2008; Crozier 2010; Coe and Godt 2012; Yoo 2013).
The U.S. Global Change Research Program reported that the
amount of precipitation falling in the heaviest 1% of rain events
has increased by approximately 20% in the U.S. during the past
50 years (Karl and Knight 1998; Groisman et al. 2005; USGCRP
2009). Table 1 shows the increase in amounts of very heavy pre-
cipitation which were reported in different regions of the U.S. from
1958 to 2007 (USGCRP 2009).

Although several large-scale studies have been conducted to
evaluate various aspects and implications of climate change, there
is a clear gap in the knowledge in terms of quantitative and
structural-scale assessment of the performance of geotechnical in-
frastructure under observed and projected climate trends. This as-
sessment requires quantifying the impact of climate change on the
two factors governing the response of geotechnical infrastructure to
climate extremes: supplies (e.g., shear strength and compressibility
of soil) and demands (e.g., loads imposed on the structure due to
climate extremes). Such quantitative studies can help to properly
evaluate the failure risk and resilience of current earth structures
and to safely design future earth structures for a changing climate.
For this purpose, the geotechnical engineering community needs to
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Table 1. Increases in Amounts of Very Heavy Precipitation from 1958 to
2007 in the United States (Data from USGCRP 2009)

Region Percent change
Northeast 67
Midwest 31
Southeast 20
Great plains 15
Northwest 16
Southwest 9
Hawaii 12
Alaska 23

closely collaborate with other related disciplines, including climate
change scientists, to specifically address the following questions
(e.g., CACC 2015; Vahedifard et al. 2016d): (1) How does climate
change and variability affect recurrence intervals of climatic
extremes? (2) How does soil behavior vary under thermohydrome-
chanical processes imposed by changes in extremes? and (3) How
do climate extremes affect the short-term and long-term behavior of
geotechnical structures?

This study investigates the impact of increased rain intensity
from changing climate on the performance of mechanically stabi-
lized earth (MSE) walls built with marginal backfill. Mechanically
stabilized earth walls have become an integrated component of
several critical infrastructures such as bridges, roads, and railroads.
This study quantitatively compares the hydromechanical response
of MSE walls with marginal backfill for historical (hereafter
denoted as baseline) and future (hereafter denoted as projected)
precipitation. The latter is the outcome of global climate model
simulations based on prescribed future greenhouse gas emission
scenarios. Rainfall intensities for the baseline and projected scenar-
ios are then used in a series of fully coupled stress-unsaturated
flow finite element (FE) simulations, and the differences in terms
of the wall deformation and reinforcement loads are compared.

MSE Walls and Extreme Precipitation

Severe rainfall events result in substantial and unprecedented
changes in the degree of saturation within the unsaturated backfill
of MSE walls, which can lead to failure of these structures (Yoo and
Jung 2006; Kim and Borden 2013; Koerner and Koerner 2013;
Valentine 2013; Yoo 2013; McKelvey et al. 2015). Recent surveys
(Koerner and Koerner 2013; Valentine 2013) show that more than
60% of failures and poor performance of MSE walls are caused by
internal or external water. Drainage systems for MSE walls are de-
signed based on the expected rainfall intensity with a certain return
period. The frequency of an extreme event with a certain return
period is typically based on fitting a distribution function to histori-
cal data assuming time-invariant parameters, also known as the
stationary assumption (Cheng et al. 2014; Katz 2010). The so-
called stationary assumption for frequency analysis ignores poten-
tial changes in rainfall intensity over time due to climate change
and variability. If the rainfall intensity increases over time, the
drainage system may not function as intended, thus potentially in-
creasing the degree of saturation of the backfill.

Although some of the reported water-induced failures in MSE
walls have been due to poor drainage and the subsequent saturation
of the backfill, many failures were reported in unsaturated MSE
walls under varying moisture content conditions (Koerner and
Koerner 2013; Valentine 2013). It is well known that changes in
pore water pressure and matric suction have a very important
effect on the stability of soil masses, including reinforced and
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nonreinforced soil structures. In MSE walls, drainage systems
and, in some cases, waterproofing membranes are included in order
to reduce the pore water pressure in the soil. Excessive pore water
pressure developed in the backfill due to unprecedented rainfall
events and/or lack of proper drainage capacity can threaten the in-
tegrity of a MSE wall. In conventional design, the matric suction is
regarded as a redundancy factor and therefore it is usually ignored.
As demonstrated through numerical simulations and field experi-
ments of reinforced soil walls and slopes, matric suction, which
contributes to the soil’s shear strength, can significantly increase
the soil-reinforcement interface strength and can reduce the load
mobilized in the reinforcement (e.g., Iyro and Rowe 2005;
Riccio et al. 2014; Thuo et al. 2015; Vahedifard et al. 2016c). How-
ever, increases in degree of saturation and the associated loss of
suction during extreme rain events will lead to abrupt increases
in active earth pressures, which significantly increase the reinforce-
ment load in marginal backfills (Yoo and Jung 2006; Vahedifard
et al. 2014, 2015b, 2016¢). The corresponding decrease in effective
stress will also lead to a decrease in the pullout resistance
(e.g., Hatami and Esmaili 2015). It may also lead to an increased
creep as the retained load reaches closer to the ultimate pullout re-
sistance. Such changes, if not properly accounted for, may threaten
the integrity of MSE walls and can lead to catastrophic failures.

Incidence of several precipitation-induced failures in MSE walls
(e.g., Yoo and Jung 2006; Kim and Borden 2013; Koerner and
Koerner 2013; Valentine 2013; Yoo 2013; McKelvey et al. 2015)
highlights a crucial need for consideration of increased rain inten-
sity due to climate change in analysis of existing MSE walls as well
as in design of future MSE walls. This need is more pronounced for
MSE walls with a marginal backfill (i.e., backfill with high fines
content). In design guidelines such as FHWA (2009) used by the
public sector, the allowable fines content (i.e., passing sieve #200)
for MSE walls is limited to 15%. The allowable fines content is
higher for walls which are designed and built in the private sector.
For example, the National Concrete Masonry Association (NCMA
2010) allows up to 35% fines content; this limit can be as high as
50% if a geotechnical engineer is involved in the design. Recently
there has been an increasing interest in the use of marginal backfills
from local materials, which contain higher fines content, because of
their environmental and economic advantages (e.g., Yoo and Jung
2006; Miyata and Bathurst 2007; Marr and Stulgis 2012; Kim and
Borden 2013; Portelinha et al. 2013; Esmaili et al. 2014; Thuo et al.
2015). The presence of higher fines content can significantly
decrease the permeability and can also lead to development of con-
siderably large matric suction in marginal backfills.

Historical and Future Precipitation Intensity-
Duration-Frequency Curves

Design of geotechnical infrastructure relies on observed historical
extremes such as rainfall and flood records. In most parts of the
world, infrastructure (e.g., dams, MSE walls, drainage systems,
and levees) design is based on intensity-duration-frequency (IDF)
curves (e.g., Sugahara et al. 2009; Madsen et al. 2009; Simonovic
and Peck 2009). For different combinations of rainfall duration
(e.g., 1-day and 2-day) and intensity, IDF curves provide return-
period information (i.e., how often on average different combina-
tions of duration-intensity are expected to occur). The current
methods solely rely on historical information, assuming a station-
ary climate, meaning statistics of extreme rainfall events are not
expected to change significantly over time. Intensity-duration-
frequency curves are typically derived by fitting a representative
distribution function, such as the generalized extreme value

J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2017, 143(9): -1--1



Downloaded from ascelibrary.org by California,Univ Of Irvine on 06/01/17. Copyright ASCE. For personal use only; al rights reserved.

(GEV) distribution, to annual rainfall maximums for different
durations (e.g., 1-h, 1-day, 2-day).

In the commonly used stationary assumption, the parameters of
the fitted distribution are assumed to be constant over time (Jacob
2013). However, ground-based observations in the U.S. (Table 1)
and many other regions across the world indicate increases in ex-
treme rainfall events (Karl et al. 2009; Hao et al. 2013; Groisman
etal. 2005, 2012; Kunkel et al. 2013; DeGaetano 2009; Cheng et al.
2014). Furthermore, model simulations indicate plausible changes
in future extreme events (IPCC 2012), due to anthropogenic emis-
sions and the corresponding expected warming (Trenberth 2011).
In a warmer climate, the atmospheric water holding capacity will in-
crease, leading to more water vapor in the atmosphere (Min et al.
2011; IPCC 2013). More water vapor in the atmosphere could
increase the likelihood of extreme rainfall events (Kunkel et al.
2013; Emori and Brown 2005), and consequently lead to higher
flood risk (Das et al. 2011; Jongman et al. 2014). This indicates that
the statistics of rainfall extremes may change over time, a concept
termed nonstationarity (Jacob 2013; Cheng et al. 2014; Cooley 2013).

The authors argue that because of the observed and expected
increases in extreme events in a warming climate, infrastructure
design concepts should be re-evaluated (Cheng and AghaKouchak
2014; Vahedifard et al. 2016a, d). This paper uses projected IDF
curves to assess the response of MSE walls in a changing climate
and compares the results with those obtained using the baseline IDF
curves based on the stationary assumption.

Theory of Unsaturated Seepage-Stress Coupling

This paper performs a fully coupled fluid flow-deformation
analysis using the commercial FE code PLAXIS to simultaneously
analyze deformations and pore pressures of the modeled MSE wall
under steady and transient unsaturated flow conditions. The
coupled formulation is based on Biot’s theory (Biot 1941) which
includes the equilibrium equation and the continuity equation of the
soil-water mixture. The Mohr—Coulomb failure criterion and the
van Genuchten—Mualem model (van Genuchten 1980; Mualem
1976) are employed as mechanical and hydraulic models,
respectively.
The van Genuchten—Mualem model is defined as

n ] (1=94)/9n
) } 1)

where S = degree of saturation at a given pore water pressure p,,;
S,es = residual saturation; S, = water saturation at saturated con-
ditions; g, and g, = soil water characteristic curve (SWCC) fitting
parameters; and vy,, = unit weight of water. As defined, g, is related
to the air entry value and g, is a function of the rate of water ex-
traction from the soil once the air entry value has been exceeded.

Bishop’s effective stress (Bishop and Blight 1963), defined by
the following relationship, is used in the coupled analysis to deter-
mine the shear strength of unsaturated soils:

Pw

w

S = Sps + (Ssat - Sres) [1 + (ga

ag=ca' +mlxp,+(1-x)pd (2)

where o = total stress vector (Voigt notation); o’ = effective stress
vector; p, = pore air pressure; m = vector containing components
that are equal to 1 for the normal stresses and O for the shear
stresses; and y = effective stress parameter called matric suction
coefficient which varies between 0 and 1 to cover a range from
dry to fully saturated soils. The matric suction coefficient y is gen-
erally determined experimentally and it depends on the degree of
saturation, porosity, and matric suction (p, — p,,) of the soil sample
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(e.g., Bolzon et al. 1996; Bishop and Blight 1963). Experimental
evidence on the matric suction coefficient y is quite scarce. The
effective stress parameter x is set to the effective degree of satu-
ration, S,, to properly account for the variation of effective stress
due to a change in saturation. The effective degree of saturation is
defined as

S— Sres

Se=c—c (3)
Ssat - Sres

The matric suction can be simplified for practical application
assuming that the pore air pressure is constant and is small enough
to be neglected (i.e., p, &~ 0). Therefore the matric suction is equal
to the pore water pressure with an opposite sign. The effective suc-
tion is defined as

weff = _Se(pa - pw) (4)

which is the contribution of the matric suction in the effective
stress, 1.€.

Q:g/'i_m(pa'i_weff) (5)
The Richards equation (Richards 1931) can be used to describe

unsaturated flow in a porous medium as

kre
Lk (VD + pug) (6)

pwg —sat

g:

where g = vector of specific discharge; k= permeability matrix in
the saturated state; p,, = water density; Vp,, = gradient of the pore
water pressure that causes the water to flow; g = vector of gravi-
tational acceleration; and k., = relative permeability, defined as
the ratio of the permeability at a given saturation to k_ . The van
Genuchten hydraulic model defines k. as

kg = S [1 —(1- Sg,,/(grl))(gn—l)/gn}2 (7)

where ¢g; = fitting parameter.

Using a form of the Richards equation (Galavi et al. 2009) and
by neglecting the compressibility of solid particles, the continuity
equation for transient flow conditions can be written as

S 0§\ dp,
| — | 22 VIg=0 8
n<KW 8pw) o TV A ®)
where n = porosity of the soil; S = degree of saturation; K,, = bulk
modulus of water; and VTQ = divergence of the specific
discharge.

Numerical Modeling

Geometry of Model

This study numerically simulates a geosynthetic reinforced wall
of height H = 5.4 m using the commercial FE code PLAXIS.
Fig. 1 shows a schematic of the MSE wall considered in this study.
The soil model is discretized with 15-noded plane-strain triangular
elements. The wall is reinforced with 4.75-m structural geogrids,
which are installed at variable vertical spacings (Fig. 1) starting
from z = 20.2 m (the toe of the wall is at elevation z,,, =
20 m). The wall facing with 8° batter angle is assumed to be
constructed with segmental concrete blocks with 0.2 m height
and 0.3 m depth. The concrete block has a unit weight of
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Fig. 1. Geometry of the model MSE wall used in this study

24 kN/ m?, Young’s modulus of 30 GPa, and Poisson’s ratio of 0.3.
The wall is constructed on a competent foundation soil. The water
table is assumed to be very deep.

Soil and Reinforcement Parameters

Soil Properties

A backfill soil with high fines content (over 30% of fines passing a
number 200 sieve) is considered in the numerical model. The suc-
tion magnitude is directly related to fines content. Soil was modeled
using the Mohr-Coulomb (MC) constitutive model. The strength
and flow parameters of the backfill soil were deduced from Yoo
and Jung (2006). Table 2 lists the properties of the soil used in
the verification analysis.

The SWCC and the hydraulic conductivity function (HCF) for
the backfill used in the analysis are shown in Fig. 2. The SWCC and
HCF used in the current study were reported by Yoo and Jung
(2006) for a similar marginal backfill. It was assumed that the re-
tained soil shared the same hydraulic parameters with the backfill
material. For the foundation soil, g, = 3 and g, = 3 m~' were used
in the analyses, whereas for the drainage soil, g, = 2.68 and g, =
14.5 m~! were used in the analyses. For all soils, it was assumed
that S, = 1.0. For all soils, g; = 0.5 was used.

Table 2. Soil Properties Used in the FE Analyses

Reinforcements

Geogrid elements in PLAXIS were used to model layers of the
structural geogrids with the tensile modulus of 250 kN/m; mini-
mum rib thickness of 0.76 mm, which was taken as the thickness
of the geogrid; and tensile strengths of 4.1 and 8.5 kN/m for axial
strains of 2 and 5%, respectively. A rigid interface was considered
between the geogrids and the backfill soil. To ensure zero axial load
at the end point of reinforcements, the interface element between
the soil and the reinforcement was slightly (5 mm) extended into
the soil.

Interface Elements

The interfaces of soil and structural elements were defined using
the MC model. Two types of interfaces were defined in the numeri-
cal model to properly accommodate the interaction of soil and
structural elements, namely the facing plates and geogrids. The fol-
lowing equation defines the interface strength properties between
soil and structural elements:

Ainterface = RinterfaceAsoil (9)

where A = corresponding strength parameter (e.g., friction); and
Rinterface = reduction factor. For soil-facing interfaces, the reduction
factor was set to 0.7, whereas for soil-geogrid interfaces no reduc-
tion was set (i.e., Riyerface = 1.0). It is noted that because the shear

Model parameter Backfill soil Drainage Retained soil Foundation soil
Dry unit weight, v, (kN/m?) 15.71 19.00 15.71 18.85
Saturated unit weight, v, (kN/m?) 19.64 20.00 19.64 22.80
Void ratio, e 0.667 0.55 0.667 0.5
Elastic modulus, £ (MN/m?) 15 30 10 110
Poisson’s ratio, v 0.3 0.3 0.3 0.3
Friction angle, ¢’ (degrees) 22 45 22 45
Dilatancy angle, 1 (degrees) 0 15 0 15
Cohesion, ¢’ (kPa) 13 1 5 15
Saturated hydraulic conductivity, k_ (i, i) (m/day)* 0.0432 20 0.0432 2.0

—sat

“The saturated hydraulic conductivity is assumed identical in both x and z directions.
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Fig. 2. SWCC and HCF of the backfill used in the numerical analyses: (a) SWCC; (b) HCF (modified from Yoo and Jung 2006, © ASCE)

strength of the soil will change by any changes in matric suction,
the soil-geogrid interface strength will also vary by changes in
matric suction. For the block-block interface, an interface angle
of friction of 35° was used.

Past and Future Extreme Precipitation Events

Seattle was selected as the study area to investigate the impact of
future extreme precipitation on geotechnical infrastructures design.
Historical (1950-1999) and future (2050-2099) daily precipitation
available from Climate Model Intercomparison Project Phase 5
(CMIPS5; Taylor et al. 2013) were employed as input for deriving
IDF curves to assess the response of MSE walls in a changing cli-
mate. The future precipitation time series were obtained from 20
climatic models formed by the Representative Concentration
Pathways 8.5 (Taylor et al. 2013) emission scenario, which is also
known as the high emission future scenario.

Following the National Oceanic and Atmospheric Administration
(NOAA) Atlas 14 (Bonnin et al. 2006) guidelines, annual maxi-
mums for different durations were extracted from historical and fu-
ture precipitation simulations and the GEV distribution was used
for frequency analysis. The GEV cumulative distribution function
can be expressed as (Coles et al. 2001)

oo )

where W (x) is defined for 1+ £[(x — p)/0] > 0; elsewhere, W(x)
is either O or 1 (Coles et al. 2001). The distribution is defined by the
location parameter (1) that represents the center of the distribution,
the scale parameter (o) that represents the deviation around p, and
the shape parameter (&) that describes the behavior of the distribu-
tion’s tail. Extreme value analysis and parameter estimation were
performed using the Nonstationary Extreme Value Analysis
(NEVA; Cheng et al. 2014) software which allows for both station-
ary and nonstationary extreme value assessment. Current IDF
curves, provided by NOAA and used for practical applications,
were obtained under the stationary assumption. To be consistent
with the current IDF curves procedure, the same methodology
was applied to derive the baseline IDF curves, meaning that the
distribution parameters i, o, and £ were assumed to be time invari-
ant (i.e., stationary). Typically, climate model simulations are bias
adjusted based on observations. The IDF curves from historical
simulations were bias corrected based on the current NOAA

(10)

© ASCE

04017056-5

IDF curves such that the baseline IDF curves were identical to what
is currently used in practical applications.

To derive IDF curves from future precipitation, when there was
a trend in the data a nonstationary approach was used for fre-
quency analysis. Following Cheng et al. (2014), upon detection
of a statistical significant trend (Mann—Kendall trend test at a
95% confidence level) in the time series of annual precipitation
extremes, the GEV parameters were estimated using a time-
dependent location parameter [e.g., ()= t+ g, where ¢ is
the time in years, and j, and f; are regression parameters] and
constant o and £ parameters. In the NEVA framework, a Bayesian
approach is implemented to estimate the model parameters along
with their uncertainty bounds. For more information about IDF
curve analysis under stationary and nonstationary assumptions, re-
fer to Cheng and AghaKouchak (2014). The same bias correction
ratio applied to the baseline simulations is also applied to future
IDF curves assuming climate model biases are similar in the future
(i.e., acommon approach is used in bias correction of climate mod-
els). This study used Seattle’s historical and future precipitation
simulations to obtain the baseline and projected IDF curves as
explained previously.

When IDF curves were retrieved under the nonstationary
assumption, the time-variant parameter ji was derived as the tem-
poral median of x(f). Consequently, the precipitation intensities
(q,) were derived as follows:

B 1 \¢ sz
NEE

Fig. 3(a) displays the baseline IDF curves provided by NOAA.
Historical and future precipitations from 20 separate CMIP5 cli-
mate model simulations were used to project current IDFs into
the future (projected IDFs), where each single point represents
an ensemble mean for a given duration and return period. In addi-
tion to the median, for each duration and return period, the 5th per-
centile (lower bound) and 95th percentile (upper bound) of the 20
climate models were obtained. Figs. 3(b—d) depict lower bound,
median, and upper bound of the projected IDF curves, respectively.
As shown, for different durations, the projected IDF curves were
higher than their corresponding baseline curves, meaning that the
baseline IDF curves underestimate the expected extremes. For ex-
ample, the median and upper bound projected 1-day rainfall inten-
sities for the 50-year recurrence interval were approximately 26 and
65%, respectively, greater than the baseline intensities. On the other

€#0) (11
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Fig. 3. Precipitation IDF curves for the Seattle area: (a) baseline; (b) lower bound projected; (c) median projected; (d) upper bound projected

hand, compared with the baseline data, the 7-day rainfall intensities
were approximately 22 and 53% higher in the median and upper
bound projected IDF curves. It should be noted that climate model
simulations are subject to biases and uncertainties (Liu et al. 2014).
For this reason, climate change assessment is typically based on
relative change (here, precipitation extremes) in the projection
and baseline periods (i.e., the difference between projection and
baseline periods).

Initial Mechanical and Flow Conditions

Referring to Fig. 1, the boundary AB is fixed in both x and z
directions, whereas the boundaries AG and BD are fixed only in
the x direction. To specify the flow boundary conditions, the boun-
dary AB is set as a closed boundary against flow, whereas the boun-
daries AG and BD are taken as seepage boundaries. The infiltration
was simulated by assigning the precipitation boundary condition to
the boundaries GF, FE, and ED. The precipitation boundary con-
dition is a mixed boundary condition in which water inflow with a
known quantity (i.e., rainfall intensity) under certain conditions is
allowed.

To simulate the drainage behind the wall, a gravel strip of width
30 cm and length equal to the height of the wall was chosen behind
the segmental blocks. It should be noted that the segmental blocks
and the associated interfaces were impermeable, and therefore
acted as closed boundaries, whereas the geogrids and their interfa-
ces were permeable.

© ASCE

04017056-6

Modeling Stages

The simulation for the baseline and projected models consisted of

three phases:

* Phase I: construction of the wall, performed in 27 stages such
that at every stage 0.2 m of the wall was constructed;

* Phase 2: generation of a uniform suction throughout the soil
domain that was used as the initial hydraulic condition (z = 0)
for the subsequent transient seepage analysis; and

e Phase 3: transient seepage using the corresponding 1-day and
7-day precipitation extremes with return period of 50 years
(t = 1daytor = 7 days).

To examine the effects of initial suction, two sets of analyses
were performed: one set with initial suction of 60 kPa, which
was reported by Yoo and Jung (2006) for a similar marginal back-
fill, and a second set with initial suction of 240 kPa. It is noted that
much larger suctions can possibly be developed in marginal fills
under certain circumstances (e.g., prolonged droughts). A heavy
rain after or in the middle of a prolonged drought has been reported
in several cases and can impose a more critical scenario to earthen
structures including MSE walls (e.g., Vahedifard et al. 2015a,
2016d; Robinson and Vahedifard 2016). Such a case involves a
multihazard analysis including consecutive extreme events
(i.e., drought followed by a heavy rain). Although it is an interest-
ing case which warrants further investigation, it is beyond the scope
of the current study which aims to investigate the performance of
MSE walls only under extreme precipitation.
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Once the initial hydraulic condition was achieved, a transient with 50-year return period were considered in the analyses. There-

seepage analysis (Phase 3) was conducted by imposing the baseline fore the following analyses were carried out after Phase 2:
and projected rainfall intensities. In order to investigate the effect of 1. 1-day baseline heavy rainfall with 93.98 mm/day intensity;
rain duration on the performance of the wall, 1-day and 7-day rains 2. 1-day projected heavy rainfall with 154.79 mm/day intensity;
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Fig. 4. Contours of effective suction for initial suction of 60 kPa: (a) initial condition; (b) 1-day baseline rain; (c) 1-day projected rain; (d) 7-day
baseline rain; (e) 7-day projected rain
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3. 7-day baseline heavy rainfall with 45.36 mm/day intensity; and
4. 7-day projected heavy rainfall with 69.49 mm/day intensity.
The projected IDF curves considered in the analyses were as-
sociated with the upper bound (95th percentile) from all IDF curves
derived based on 20 climate model simulations as a measure of the
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most extreme conditions in the future [Fig. 3(d)]. Because the
change in the median of the projected rainfall relative to the his-
torical simulations did not show considerable effects on the perfor-
mance of the MSE wall, this paper focuses only on the upper bound
of the projected rainfalls relative to the baseline [Fig. 3(a)].
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Fig. 5. Contours of effective suction for initial suction of 240 kPa: (a) initial condition; (b) 1-day baseline rain; (c) 1-day projected rain; (d) 7-day

baseline rain; (e) 7-day projected rain
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Results and Discussions

This section explains and discusses the results of the numerical
analyses of the effect of baseline and projected heavy rainfalls
on the performance of the wall. The impacts of the two types of
precipitation extremes are compared in terms of the effective suc-
tion generated across the soil domain, effective saturation, mean
effective stress, wall displacement, and reinforcement loads.

Figs. 4 and 5 illustrate the influence of the simulated baseline
and projected rainfalls on the soil effective suction under transient
unsaturated flow conditions for initial suctions of 60 kPa and
240 kPa, respectively. To further examine the change in the effec-
tive suction behind the wall, a cross section of the backfill soil
located 2 m behind the wall (x — x,. = 2 m) is selected. The ef-
fective suction profile and the relative change in effective suction
due to climatic changes for 1-day and 7-day rains are depicted in
Fig. 6. It is clear from Figs. 4—6 that the effect of baseline rainfalls
(after 1 day and 7 days) on the effective suction across the soil do-
main was less than that of the projected rainfalls. Among all rain-
falls, the 7-day projected rainfall had the maximum effect on the
change in the effective suction.
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Fig. 7 shows the effect of simulated rainfalls on the soil effective
saturation behind the wall (x — x,,. = 2 m). Similar to what was
seen for the effective suction, the degree of saturation was also sig-
nificantly affected by the change in the model rainfalls as well as
initial suction. This effect was more notable for 7-day rainfalls, in
which up to 157% change in effective degree of saturation was
reached behind the wall when the initial suction is 60 kPa. Such an
increase is even greater for the case with initial suction of 240 kPa,
where up to 667% change in effective degree of saturation was
reached behind the wall. Figs. 7 and 6 along with Figs. 3(a and d)
show that a 53% increase in 7-day rainfall with a 50-year return
period resulted in the maximum of 157% (for 60 kPa initial suction)
and 667% (for 240 kPa initial suction) increases in the soil effective
saturation behind the wall, which yielded up to 100% decreases in
the effective suction for soil not very close to the wall crest. For the
1-day rainfall, the increase of the rainfall intensity by as much as
65% resulted in the maximum of 80% (for 60 kPa initial suction)
and 165% (for 240 kPa initial suction) increases in soil effective
saturation, which in turn yielded up to 100% decrease in the effec-
tive suction for both initial suction values (the few centimeters
below the wall crest which is under the effect of water ponding
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Fig. 6. Effect of change in intensity and duration of rain behind the wall (x — x,,. = 2 m) on effective suction with initial suction of (a) 60 kPa;

(b) 240 kPa

6 lllllII|III||II|III|I|I|III|I|I|III
- Initial suction = 60 kPa 4
5 %‘
/\4— _—’J
e + | _—-==--=-- i
83t K’_/J
N
NI ~— \Initial ]
2 —— t =1 day- Baseline 7
B —— t =1 day- Projected 7
1F — — t=7 days- Baseline
B |— t =7 days- Projected
0 poaleaaboaalbana o aalonalonatonaleny

10 20 30 40 50 60 70 80 90 100

(a)  Effective Degree of Saturation Sg (%)

6 III'IIIIIIIIIIIIIII|III|III|III|III
L Initial suction = 240 kPa 4
5_/,—/”;7
- /J
I —
gL B
g3 -
oL — Initial i
N 2 — t =1 day- Baseline
| —— t =1 day- Projected
1k — — t=7 days- Baseline
| —— t =7 days- Projected
0 pealasa by aaboaslonslosalosalonsleny

10 20 30 40 50 60 70 80 90 100

(b) Effective Degree of Saturation Sg (%)
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Fig. 8. Effect of rain on change in the volumetric water content for initial suction of (a) 60 kPa; (b) 240 kPa

is neglected in this comparison). This decrease in the effective
suction implies reduction in the shear strength of the backfill soil,
which can affect the mechanical performance of the wall. The shear
strength of unsaturated soils is primarily controlled by the effective
stress.

Once the effective stress is determined, one can calculate the
corresponding shear strength of unsaturated soil (e.g., Lu and
Likos 2006; Vahedifard and Robinson 2016; Vahedifard et al.
2016b). Figs. 8 and 9 depict the effect of rainfall intensities
and initial suction on the volumetric water content and mean effec-
tive stress behind the wall (x — x,,. = 2 m), respectively. As shown
in Fig. 9, the mean effective stress significantly decreased behind
the wall when the soil was subjected to precipitation. The change
in the mean effective stress became more pronounced as the
rainfall intensity and duration (notable for 7-day rainfalls) in-
creases. Such a decrease in the mean effective stress is an indication
of higher loss of shear strength behind the wall when the rain in-
tensity and duration increase. It is worth mentioning that for both
initial suctions of 60 and 240 kPa, significant ponding took place
on the wall crest for the 7-day projected rainfall. The effect of this
ponding (additional weight of water) is clearly reflected in the in-
crease in the mean effective stress of the soil at the bottom of
the wall.

6 llllllllllI|Ill|lll|lll|lll|lll
5 [ Initial suction = 60 kPa /
4 -
E t
83
N
N o L Initial _
| — 1day- Baseline |
1 — 1 day- Projected
— - 7 days- Baseline
0 Ly 11l |?| ?Iqalylsl- ﬁrpjlelclt?q

-80 -70 -60 -50 -40 -30 -20 -10 O
() p' (kPa)

The effect of simulated baseline and projected precipitation
extremes on the mechanical performance of the wall is illustrated
in Figs. 10 and 11 which depict the wall horizontal displacement
(u,) and maximum reinforcement loads T,y respectively. Fig. 10
shows that the wall horizontal displacement corresponding to the
projected rainfalls was significantly greater than that corresponding
to baseline rainfalls. The difference between the two at the top
of the wall with initial suction of 60 kPa reached 232 and 89%
for 1-day and 7-day precipitations, respectively. The difference
at the top of the wall with initial suction of 240 kPa reached 44
and 63% for 1-day and 7-day precipitations, respectively.

The difference in the performance of the wall was also observed
in the maximum loads T, mobilized in the geogrid reinforce-
ments as shown in Fig. 11. The shear strength of the soil due to
matric suctions was significantly reduced upon suction attenuation.
The reduction in matric suction due to higher rainfall intensity
showed its effect in the maximum reinforcement loads which,
for the wall with 60 kPa initial suction, increased up to 6 and 60%
after 1- and 7-day heavy precipitations, respectively. This increase
for the wall with 240 kPa initial suction was up to 35 and 51% after
1-day and 7-day heavy precipitations, respectively.

This study was intended to quantify the impact of climate
change on extreme precipitation, and subsequently on the
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Fig. 9. Effect of rain on change in the mean effective stress for initial suction of (a) 60 kPa; (b) 240 kPa
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5 LI | LI | LI | LI l LI
[ Initial suction =60 kPa ]
- oo |nitial e
4r ++ t =1 day- Baseline ]
B 44 t =1 day- Projected A
€3 N ++ t =7 days- Baseline _]
> I e—e t = 7 days- Projected
& i
N2 .
1 -
0 01049 AN N NN
0 1 2 3 4 5
(@) Trmax (kN/m)

5 J % | l LI | LI | LI I LI
B Initial suction = 240 kPa ]
L oo |nitial 4
4 B ++ t = 1 day- Baseline ]
- 44 t =1 day- Projected 4
T3 N +— t =7 days- Baseline _]
> I oo t =7 days- Projected
S ]
N2 ]
1 - —
0 NENEEL =d i T S
0 1 2 3 4 5
(b) Trmax (KN/m)

Fig. 11. Effect of change in intensity and duration of rain on the maximum reinforcement loads 7',,,: (a) maximum reinforcement load for initial
suction of 60 kPa; (b) maximum reinforcement load for initial suction of 240 kPa

hydromechanical response of an MSE wall in terms of deformation,
reinforcement loads, and so on. The authors do not suggest whether
or not this impact is significant, but rather propose employing sim-
ilar site-specific analyses based on the study area, earthen structure,
and climatic extreme of interest. Although this paper used a specific
region (Seattle), the proposed methodology can be used for other
regions and earthen structures. Although the impact can be insig-
nificant in one region/earthen structure, it might be significant in
another area/earthen structure. For example, as shown in Table 1,
the amount of very heavy precipitation in the southwestern United
States increased only 9% from 1958 to 2007, but in the same period
the increase was as much as 67% in the northeastern United States.
For MSE walls, the adverse impacts of increased rain due to climate
change can be safely handled with well-designed and properly
constructed internal/external drainage systems and waterproofing
membranes. However, for other critical earthen structures, such
as levees, reducing adverse effects can be more challenging and
warrants further investigation. This paper integrated geotechnical
engineering with hydrology and climate science to quantify how
climate change—induced changes in extreme precipitations may
affect the coupled performance of a critical geotechnical structure

© ASCE

04017056-11

(i.e., MSE walls). The modeling approach introduced in this paper
can be applied to other natural or engineered earthen structures
(e.g., levees), regions, and climate extremes to address the direct
impacts of climate change on geotechnical infrastructure. Follow-
ing such an approach can potentially provide an opportunity for
the broader geotechnical engineering community to investigate
whether climate change matters to geotechnical engineering and
to what degree.

Conclusions

Mechanically stabilized earth walls have become a major part of
critical infrastructure in different sectors. Evidence of increased
rain intensity due to climate change as well as occurrence of several
precipitation-induced failures in MSE walls emphasize the need to
assess the resilience of MSE walls in a changing climate. Increased
rain intensity increases the degree of saturation of unsaturated
backfill, leading to a reduction in soil suction and soil strength
and an increase in earth pressures behind the wall and reinforce-
ment loads.
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This study quantitatively compared the performance of an MSE
wall built with marginal backfill in Seattle area based on (1) histori-
cal (baseline) rainfall extremes and (2) future (projected) extreme
rainfall considering a warming climate. The baseline and projected
IDF curves were used in a series of fully coupled stress-unsaturated
flow FE simulations of an MSE wall and the differences were
compared.

The behavior of the modeled MSE wall was monitored at the
end of construction under two initial uniform suctions followed
by a transient infiltration under expected extreme rainfall events
in a changing climate. The analyses were performed on a wall
constructed with marginal backfill (with high fines content)
due to rapidly increasing interest in using marginal backfills in
construction of MSE walls to reduce construction costs. The
behavior of the modeled wall at 1-day and 7-day rainfall dura-
tions obtained for a 50-year recurrence interval were compared
in terms of effective suction and effective degree of saturation of
the backfill soil and wall displacement and maximum reinforce-
ment loads.

For the study area selected for this study, the analyses did not
show substantial impacts on the performance of the modeled MSE
wall when considering the median of the future precipitation ex-
tremes relative to the historical baseline rainfall. The presented
model did, however, indicate that the impact can be significant
when considering the 95th percentile of the projected precipitation
extremes from climate models. It is imperative to consider the
aforementioned precipitation extremes to ensure that geotechnical
structures are safe and competent. The results showed that the
upper part of the wall was highly influenced by both baseline
and projected extremes, whereas the lower part of the wall did
not show any notable and yet meaningful response to change
in the rain intensity. The greater influence of the rain on the upper
part of the wall was attributed to the hydraulic properties of the
marginal backfill used in the FE analyses. It was also observed
that the duration of rain also could be a determining factor in
the performance of MSE walls. Furthermore, it was shown that
the wall with higher initial suction was influenced more by the
extreme rainfalls than was the wall with lower initial suction.

The results highlight the importance of assessing potential im-
pacts of climate change and variability on the performance of MSE
walls. Such consideration gains even more importance consider-
ing the fact that marginal backfills are becoming an attractive
choice for geotechnical and structural engineers in design and
construction of MSE walls. Although this paper studied a spe-
cific region (Seattle), the proposed methodology can be adopted
for other regions as well as other natural and engineered earthen
structures.
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