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The effects of progressive failure on flood embankments with underlying thin layers of soft, sensitive soils are investigated. Finite
element analysis allows for investigation of strain-softening effects and progressive failure in soft and sensitive soils. However,
limit equilibrium methods for slope stability analysis, widely used in industry, cannot capture these effects and may result in
unconservative factors of safety. A parametric analysis was conducted to investigate the effect of thin layers of soft sensitive soils
on the stability of flood embankments. A flood embankment was modeled using both the limit equilibrium method and the finite
element method. The foundation profile was altered to determine the extent to which varying soft and sensitive soils affected the
stability of the embankment, with respect to progressive failure. The results from the two methods were compared to determine
reduction factors that can be applied towards factors of safety computed using limit equilibrium methods, in order to capture
progressive failure.

1. Introduction

The design and construction of levee systems are often
challenging tasks due to the complex nature of the geologic
conditions that typically comprise the site of a levee or
flood embankment. This complex geology is the result of the
processes of deposition and erosion that take place along
coasts and riverbanks. The failure of the 17th Street Drainage
Canal in New Orleans, during Hurricane Katrina, illustrates
the potentially dangerous effects of thin layers of soft and
sensitivematerial beneath a levee [1, 2], which are often found
in such geologic environments. The additional load placed
on a levee during a storm surge or high-water event has the
potential to initiate progressive failure through the layer of
soft, sensitive material, causing the levee to fail.

The importance of strain-softening soils and the role
they play in progressive failure and delayed collapse of
earthen embankments has long been established [3–5]. The
potential for progressive failure to occur arises when strain-
softening soils are present. As the levee is loaded with a

rising water level on the water side, shear strains develop
beneath the levee in a nonuniform fashion. The peak shear
strength throughout the developing sliding surface is not
simultaneously mobilized because the shear stresses that
develop within sensitive soils are highly strain dependent.
This critical mechanism however cannot be captured by
limit equilibrium analysis methods, which are widely used
in industry for their ease and simplicity but assume that
the stress-strain characteristics of soils forming the slope
are nonbrittle [6, 7]. The use of peak strengths, therefore,
to model sensitive soils results in an overestimation of the
available shear strength and thus an overestimation of the
slope stability factor of safety, defined as the ratio of available
shear strength to the shear strength at slope failure. The
alternative approach, using residual shear strengths in design,
has proven to result in an underestimation of the factor of
safety [8].

The purpose of this study is to determine the extent to
which progressive failure in thin layers of soft sensitive soils
underlying levees affects the stability of the levee. Parametric
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analyses were conducted in which a levee, founded upon
medium stiff clay with an embedded thin layer of soft,
sensitive clay, was modeled using both limit equilibrium
analysis and finite element analysis. The strength parameters
of the thin layer of sensitive soil, as well as the thickness
of the layer and the location of the layer beneath the levee,
were varied to assess the influence of each parameter on levee
stability. The results of the two analysis types were compared
to derive reduction factors that can be applied toward limit
equilibrium analysis factors of safety, in order to capture
progressive failure effects.

The potential effects of progressive failure in sensitive
soils have been studied and presented in the literature over
the past several decades. Bjerrum [9] addressed progressive
failure as a potential factor contributing to the vane shear
overestimation of undrained shear strength of clay, which
then led to embankment failures. Chirapuntu and Duncan
[10] suggested that progressive failure may occur if an
embankment is stiffer and stronger than its foundation and
presented shear strength reduction factors to account for
this. Specifically, the potential for progressive failure through
thin layers of soft sensitive soil has been recognized [11].
Up until this point, most of the literature focusing on the
effects of progressive failure was primarily qualitative and did
not offer guidelines as to how to incorporate them into the
design process. More recently, Filz et al. [12] studied the effect
of progressive failure through thin layers in the context of
lined waste impoundments and showed that accounting for
progressive failure is critical in the design of such facilities.
They proposed shear strength reduction factors for use in
limit equilibriumanalysis of lined landfills in order to account
for progressive failure.

The issue of incorporating strain softening into geome-
chanics finite element analyses has been addressed by
researchers as early as 1972 [13]. One approach to capturing
progressive failure in finite-element analysis is to incorpo-
rate true strain-softening constitutive models such as those
developed byDuncan andChang [14], Pietruszczak andMroz
[15], Yoshida et al. [16], and Yoshida et al. [17]. These models
capture the contraction of the yield surface and reduce the soil
strength parameters in accordance with plastic theory. These
models are theoretically robust; however they are complex
and pose several challenges with regard to theirmathematical
formulation. Suchmodels suffer from problems such as mesh
dependency and difficulty in monitoring convergence as
pointed out by numerous researchers such as de Borst et al.
[18], Potts and Zdravkovic [19], Zhou and Randolph [20],
Wu and Wang [21], and Galavi and Schweiger [22]. Also,
these models require a large number of input parameters and
therefore extensive calibration.These issues often combine to
hinder such constitutive models from being used in practical
applications where strain softening is applicable.

An alternative approach followed by Lo and Lee [23]
employed an incremental stress release method to approx-
imately capture strain softening in finite element analysis
of slopes. In their approach, the strength of individual
elements is iteratively reduced based on the strains devel-
oped. The stress is then transferred from the overstressed
elements to the surrounding elements. Although this method

is approximate, it is relatively simple to implement in
terms of the parameters required and the results agree
well with field observations. This approach was furthered
at the Soil Mechanics Section of Imperial College, Lon-
don, using the Imperial College Finite Element Program
(ICFEP) [24]. The model used for the analysis is a nonlinear
strain-softening/hardening model that incorporates a Mohr-
Coulomb yield criterion.Themodel accounts for softening by
varying the angle of shearing resistance and cohesionwith the
calculated deviatoric plastic strain invariant. In this manner,
undrained strength is reduced with increasing plastic strain.
The model is presented in detail in Potts and Zdravkovic
[25]. The approach has been used to analyze numerous
documented slope failures (Chingford Embankment, Cars-
ington Dam, EppinghamDam, Abberton Reservoir, etc.) and
hypothetical embankment sections where progressive failure
was thought to play a role [24, 26–30]. The results showed
good agreement with the field observations and confirmed
the validity of the approach. Other authors have followed the
approach set out by Dounias et al. [24] and implemented it in
“user defined models” in programs such as Plaxis (Gens and
Alonso [31]), GeoStudio (Hughes et al. [32], Kelln et al. [33],
andKelln et al. [34]), andTOCHNOG(Troncone [35]).These
additional analyses also showed good agreement with field
observations further verifying the validity of the approach
and confirming the critical effect of progressive failure. This
approach has been used extensively and confidence in this
approach has grown to the point where it has also been
used to predict the likelihood of progressive failure in future
projects. For example, this approach was used in a 700m
tall escarpment underwater in the Gulf of Mexico [36] and
in the heightening of the Abberton Reservoir embankment
[30].This approach has advantages over true strain-softening
models since it is easier to implement and has been shown to
achieve a level of accuracy suitable for practical applications.

Some additional recent advances by other researchers
include Wu and Wang [21] and Galavi and Schweiger [37]
who demonstrated the ability of “nonlocal” approaches as a
way of overcoming mesh dependence. Zhou and Randolph
[20] investigated large displacement finite element (LDFE)
analysis as a way to overcome mesh dependence when
modeling cylindrical and spherical penetrometers in strain-
softening clays. They made use of remeshing and inter-
polation technique with small strain (RITSS) implemented
in AFENA. Zabala and Alonso [38] successfully modeled
progressive failure of the Aznalcóllar Dam using the material
point method.

2. Slope Stability Analysis

In order to determine the effects of progressive failure on
the stability of a levee with an underlying thin layer of soft
sensitive material, slope stability analyses were performed on
a series of levee-foundation profiles with each profile being
analyzed using both the limit equilibrium analysis method
and the finite element analysismethod.Theprofile used in the
study is a generic, symmetric levee cross-section constructed
on a soft soil foundation. The levee consists of stiff clay with
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Table 1: Material parameters used in limit equilibrium analyses.

Material Soil model 𝛾sat (kN/m
3) 𝛾unsat (kN/m

3) Undrained shear strength (kPa)
Embankment Undrained (𝜑 = 0) 18.1 16.5 43.1
Foundation clay Undrained (𝜑 = 0) 17.6 15.7 Varied: 35.9–47.8a

Thin layer material Undrained (𝜑 = 0) 18.1 16.5 Varied: 14.4–19.1a
aThese strengths were varied throughout the parametric analysis. See Table 3 and Figures 3 and 4 for strengths used within range.

Table 2: Material parameters used in finite element analyses.

Material Soil model 𝐸ref (kPa) 𝑐ref (kPa) 𝜑 (∘) 𝑘
ℎ

(m/day) 𝑘] (m/day)
Embankment Mohr-Coulomb 2215 43.1 0 0.008 0.002
Foundation clay Mohr-Coulomb 2299 Varied: 35.9–47.8 0 0.08 0.02
Thin layer material Mohr-Coulomba Variedb Variedb 0 0.08 0.02
aA stepwise strength reduction scheme was used in conjunction with the Mohr-Coulomb model to capture strain-softening behavior. See the description of
this method in Section 2.2.
bThese strengths were varied throughout the parametric analysis. See Table 3 and Figures 3 and 4 for strengths used within range.
Unit weights used in finite element modeling are equal to those used in limit equilibrium modeling. Refer to Table 1 for values.

a height of 7.6 meters, 3 : 1 (H : V) slopes, and a 6.1 meter crest
width. The foundation soil consists of medium stiff clay, in
which a thin layer of soft, sensitive clay is embedded. The
depth, at which the thin layer occurs, and the thickness of
the layer are two of the parameters varied in the parametric
analysis. An example profile from the study is presented
in Figure 1. The analyses were conducted using undrained
material properties to investigate the short-term behavior of
the system under loading by an increase in water level due
to a storm surge. For each profile, the factor of safety against
slope instability was calculated with the levee under high-
water conditions (i.e., water elevation on one side at the levee
crest and on the other side at the ground surface and the
phreatic surface varying linearly between the toe and the crest
as shown in Figure 1).

The limit equilibrium analysis was performed without
accounting for the possibility of progressive failure through
the thin layer of sensitive soil, that is, assigning peak strength
to all soil materials in the embankment foundation. In the
finite element analysis an approximate method to capture
progressive failure effects was used. Sections 2.1 and 2.2
present the details of the limit equilibrium analyses and
the finite element analyses, respectively. Finally, a strain-
softening soil model was used in finite difference analysis to
perform analysis for validating the simplified finite element
approach, as described in Section 6.

2.1. Limit Equilibrium Analysis Modeling. Limit equilibrium
analysis (LEA) was performed using the Morgenstern-Price
method as implemented in the computer program SLOPE/W
[39]. The embankment soil, the thin layer of sensitive clay,
and the foundation material above the thin layer were
modeled as undrained using a Tresca yield condition (𝜑

𝑢
=

0). The thin layer of sensitive clay was modeled using the
peak undrained shear strength of the material. Preliminary
analysis was performed to determine the geometry of the
failure surface and showed that the critical failure surface
was approximately circular through the upper foundation
material and linear along the sensitive clay layer, consistent

with field observations of slope stability failures in New
Orleans [2]. This observation was also later confirmed with
the finite element analyses. Because a portion of the critical
failure surface is expected to progress along the thin layer
of sensitive clay, the foundation material underlying the thin
layer was modeled as impenetrable. The material properties
used to model the soils in the limit equilibrium analyses are
presented in Table 1. The range of strengths used for the thin
layer material is presented in Section 3.

2.2. Finite Element AnalysisModeling. Finite element analysis
(FEA) was performed using the finite element code Plaxis
2D [40]. The levee and foundation materials were modeled
as undrained with elastoplastic models. The thin layer of
sensitive soil was also modeled as elastoplastic, but an
approximated strain-softening approach, described later in
this section, was used to capture the effects of progressive
rupture. Table 2 summarizes the material properties used to
model the soils in the finite element analyses.

Initial stress stateswere generated using the𝐾
𝑜
procedure.

Plastic analysis of the levee profile was conducted using
staged construction, with the levee being placed in five lifts
of equal thickness, followed by an incremental increase in
the water level on one side of the levee. The water level
remained at the ground surface on the opposite side of the
levee throughout the staged construction process. Static pore
pressures within the profile were calculated using the phreatic
level.

At the expense of some accuracy relative to other strain-
softening methods, an approximate method was used in
this parametric analysis which is simpler to implement.
The approximate method used here avoids several of the
mathematical implications of true strain-softening models
and requires less input parameters. The method consists of
using incremental elasto-plasticmodels, discussed below, and
therefore avoids a negative tangent modulus in the constitu-
tive model which prevents violation of the stability criterion
and the mesh sensitivity associated with localization and
strain softening. The method is similar to those presented by
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Lo and Lee [23] and Potts et al. [26] in its approach at tracking
plastic strains and reducing shear strength accordingly.

In order to capture the strain-softening behavior of the
sensitive material comprising the thin layer embedded in
the foundation, a stepwise strength reduction scheme was
employed. The thin layer of sensitive soil was divided into
several smaller regions (clusters) to allow for local assignment
of strength parameters, as shown in Figure 2. These clusters
do not represent elements of the mesh but rather regions
in which soil is assigned a single set of shear strength and
stiffness parameters.

To capture the strain dependence of the thin layer soil
strength, the strain development within the layer was tracked
through the staged construction process. The calculation
process was paused at the conclusion of each incremental
loading in order to investigate the strains developed and
accordingly reassign strength parameters to the thin layer
regions. Depending on the strains within each cluster, a new
strength was assigned which better reflects the “new” peak
shear strength and the calculation was allowed to proceed to
the next incremental loading. This can essentially be thought
of as incrementally replacing the soil in small areas with
weaker soil. This captured the effect of progressive rupture
in the factor of safety calculation, discussed below, since
different levels of shear strength were mobilized along the
failure surface.

It is important to emphasize that the assigned clusters
do not significantly affect or constrain the formation of the
shear surface and potential failure surface. This was assured
by comparing shear surfaces with and without the clusters.
No differences were observed between the two approaches
with respect to the formation of the sliding surface.

Following the strain-based strength reduction process,
once the model was allowed to reach equilibrium, factors of
safety against levee instability were determined using a phi-c
reduction methodology employed by PLAXIS, in which the
soil strength parameters are successively reduced along the
failure surface until failure occurs.

3. Parametric Analysis

To investigate the effects of various parameters on the
performance of flood embankments founded on soils with
potential for progressive failure, an embankment was mod-
eled with varying foundation conditions. A list of parameters
was identified which potentially affect the degree to which
progressive failure occurs.The parameters investigated in this
study were (1) depth of the thin layer of sensitive material, (2)
peak and residual shear strengths of the thin layer material,
(3) thickness of the thin layer, (4) undrained shear strength of
the foundation material, and (5) embankment height. This is
not intended to be an all-inclusive list of parameters that may
affect progressive failure but rather a list of what the authors
believe are the most critical parameters. Furthermore, some
of the parameters were investigated more extensively than
others. A large range of thin layer depths and thin layer
strength parameters were investigated, while only two thin

Medium stiff clay

Stiff clay

Soft sensitive clay layer

Scale
10 m

Figure 1: Levee profile used in analyses.

Thin layer

Scale 10 m

Figure 2: Finite element model geometry showing the thin layer
separated into regions.

layer thicknesses, two foundation material strengths, and
three embankment heights were examined.

Three main groups of analyses were performed in the
parametric analysis and are presented in tabular form in
Table 3.

The first group of analyses was performed for an embank-
ment with a foundation material having an undrained shear
strength of 47.8 kPa and an embedded thin layer of sensitive
material with a thickness of 0.6 meters. The depth of the thin
layer was varied from 1.8 to 10.1 meters, and the stress-strain
characteristics of the soil material forming the thin layer were
varied as shown in Figures 3(a) and 4(b).

The stress-strain relationship for curve 1(a) is based on
the strain-softening parameters for Onsøy Clay presented by
Randolph and Andersen [41] and is characteristic of mod-
erately sensitive clays. The remaining stress-strain curves are
synthetic andwere created by scaling the original relationship
(curve 1(a)) to suit the needs of the parametric analysis. The
second group of analyses was performed for an embankment
with a foundation material having undrained shear strength
of 47.8 kPa and an embedded thin layer of sensitive material
with a thickness of 0.9 meters. The depth of the thin layer
was varied from 2.4 to 15.2 meters, and the stress-strain
characteristics of the soil material forming the thin layer
were varied as shown in Figures 3(a) and 3(b). The third
group of analyses was performed for an embankment with
a foundation material having undrained shear strength of
35.9 kPa and embedded thin layer depths of both 0.6 and
0.9 meters. The depth of the thin layer was varied from 5.2
to 10.1 meters, and the stress-strain characteristics of the
soil material forming the thin layer were varied as shown in
Figure 4. The change in thin layer depth range and thin layer
strength parameters between groups 1 and 2 and group 3 was
necessary to ensure that enough shear strain was mobilized
within the thin layer to induce strain softening and thereby
progressive failure.

4. Analyses Results

Each group of analyses was performed using both limit
equilibrium analysis (LEA) and finite element analysis (FEA)
with the strain-softening approximation. Figure 5 presents
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Figure 3: Shear stress-shear strain curves for thin layer material (curves 1 and 2).

Table 3: Parameter combinations investigated in the present study.

Analysis group Foundation material strength (kPa) Thin layer thickness (m) Thin layer depth range (m) Thin layer curve number

Group 1 47.8 0.6

1.8–10.1 1(a)
2.4–10.1 1(b)
1.8–10.1 1(c)
1.8–10.1 2(a)
2.4–10.1 2(b)
1.8–10.1 2(c)

Group 2 47.8 0.9

2.4–12.2 1(a)
2.4–15.2 1(b)
2.4–12.2 1(c)
2.4–12.2 2(a)
2.4–12.2 2(b)
2.4–10.1 2(c)

Group 3 35.9
0.6

5.2–10.1 3(a)
5.2–10.1 3(b)
5.2–10.1 3(c)

0.9 5.2–10.1 3(b)
5.2–10.1 3(c)

the finite element factors of safety plotted against the limit
equilibrium factors of safety.

As seen in Figure 5, the vast majority of the data points
plot below the 1 : 1 line, indicating that the progressive failure
indeed significantly reduces the stability of the embankment.
The results from the three analyses groups, for each analysis
method (i.e., LEA and FEA), were then compared to deter-
mine to what extent each parameter affects the stability of the
slope with regard to progressive failure for each analysis type.
For each combination of parameters, the resulting factors

of safety against slope instability from the limit equilibrium
analysis (FSLE) and the finite element analysis (FSFE) were
compared.

Figures 6(a)–6(e) show plots of the FSFE/FSLE versus
sensitivity (defined as the ratio of peak strength to residual
strength) for various combinations of foundation soil shear
strength, thin layer depth, thin layer thickness, and thin
layer peak shear strength. Figures 7(a)–7(f) show plots of
FSFE/FSLE versus thin layer depth for various combinations of
foundation soil shear strength, thin layer thickness, thin layer
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Figure 4: Shear stress-shear strain curves for thin layer material
(curve 3).
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Figure 5: Summary plot of parametric analysis data points.

peak shear strengths, and thin layer sensitivity. From these
figures, the relative effect on the potential for progressive
failure of each of the parameters investigated can be observed.

4.1. Effect of Thin Layer Sensitivity and Shear Strength. The
analyses performed in this study indicate that the peak shear
strength and sensitivity are the most influential parameters
with regard to progressive failure. It is difficult to discern
the effects of the two parameters separately and some of
their effects appear to be a function of their combination.
Figures 6(a)–6(e) show that, in general, as the sensitivity of
the thin layer increases, the extent towhich progressive failure
influences the embankment stability increases. As the peak

strength of the thin layer decreases, the impact of progressive
failure on slope stability increases.

4.2. Effect of Thin Layer Depth. It can be readily seen that
the depth of the thin layer plays a significant role in the
occurrence of progressive failure for the profiles investigated
in this study. Comparison of Figure 6(a) with Figure 6(b) and
Figure 6(c) with Figure 6(d) shows that as thin layer depth
increases the impact of thin layer peak shear strength on
progressive failure decreases. Figure 6(e) and Figures 7(a)–
7(f) show that as the thin layer depth increases, the ratio
of finite element factor of safety to limit equilibrium factor
of safety decreases, suggesting that progressive failure has a
greater effect for deeper thin layers. This trend continues to a
certain thin layer depth, after which the effect of progressive
failure diminishes with an increase in thin layer depth. The
effect of thin layer depth observed in this study is logical,
since as the depth increases, the driving force increases. The
resisting force also increases, due to the extended failure
surface, but, due to the presence of the embankment, does
not entirely compensate for the increased driving force until
a certain depth, after which an increase in thin layer depth
causes a decrease in progressive failure. It would be expected
that for large thin layer depths (beyond those investigated
here), progressive failure through the thin layer would play
no role, since a more critical failure through the overlying
material would develop.

4.3. Effect ofThin LayerThickness. Comparison of Figure 6(a)
with Figure 6(c) and Figure 6(b) with Figure 6(d) shows that
the thin layer thickness has a negligible impact on progressive
failure. For layers with a thickness that is thin relative to the
depth beneath the embankment, it is logical that the thickness
would have little impact on progressive failure, since the
failure surface through the sensitive material is primarily
linear.This however is only true over this narrow range of thin
layer thicknesses. It has been shown that for thicker layers of
soft and sensitive soils beneath embankments (on the order
of 3 meters and greater) the thickness of the layer is a key
parameter with respect to the degree to which progressive
failure affects the stability of the embankment [42].

4.4. Effect of Foundation Soil Shear Strength. Although not
studied in extensive detail, the effect of foundation soil shear
strength can be evaluated by comparing Figures 7(a)–7(d)
with Figures 7(e)-7(f). The foundation soil shear strength
was reduced to produce Figures 7(e) and 7(f) and so in
order to allow for the mobilization of adequate shear strains
for the initiation of progressive failure, the thin layer peak
strength was increased. It appears that as foundation soil
shear strength decreases the influence of progressive failure
on slope stability increases. Also, progressive failure appears
to have significantly less effect at shallower depths for the
cases with the lower foundation material strength.

4.5. Effect of Embankment Height. To investigate the effect of
embankment height the embankment properties were held
constant while the height was varied. The external water
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Figure 6: Plots of FSFE/FSLE versus thin layer sensitivity.
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Figure 7: Plots of FSFE/FSLE versus thin layer depth for various sensitivities (S).
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Figure 8: Plots of reduction factor versus thin layer depth.
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level at which strain softening occurred was recorded and
the factors of safety were calculated using the finite element
method, with approximate modeling of strain softening, and
the limit equilibriummethod. Table 4 shows the results of this
study.

The numerical analysis showed that regardless of
embankment height the mechanism of failure is still the
same (i.e., progressive failure initiating within the thin layer
beneath the toe of the downstream face and running along
the thin layer). The effect of embankment height on the
influence of progressive failure is, somewhat intuitively, that
as embankment height increases the external load at which
progressive failure occurs decreases.

Table 4: Analyses Results for different embankment heights.

Slope height (ft) Water level at
progressive failure (ft) FSFE FSLE FSFE/FSLE

25 No progressive failure 1.82 1.67 1.09
30 20 1.48 1.51 0.98
35 10 1.25 1.34 0.93

As seen in Figures 6 and 7 some of the FSFE/FSLE ratios
are slightly greater than 1.0. This should not be interpreted
as the effects of progressive failure increasing the factor of
safety against slope stability. Rather, it is an indication of the
range of error that arises when comparing the two methods
when the factors of safety are essentially equal.This occurs for
cases when progressive failure either barely initiates or does
not initiate at all (for shallow thin layer depths and relatively
strong thin layer parameters).

5. Factor of Safety Reduction Factors

The percent decrease in the limit equilibrium factor of safety
required tomatch the finite element (with approximate strain
softening) factor of safety was designated as the necessary
reduction factor to account for progressive failure effects
when using limit equilibrium analysis. The behavior and
trends of the reduction factor, based on the combination
of parameters, were studied and the resulting observations
and correlations are presented in the following section. The
reduction factor (RF) is defined as

RF = FSLE − FSFE
FSLE

⋅ 100%. (1)

Figures 8(a)–8(f) show plots of RF against thin layer
depth for a combination of embankment and soil properties.
The plots can be used to determine the necessary reduction in
factor of safety (from limit equilibrium analysis) to account
for strain softening, for properties matching those for a
specific plot. A negative reduction factor should be neglected,
since including strain softening should not lead to an increase
in factor of safety. Instead it should be assumed that in those
cases the role of strain softening is negligible and the factor
of safety from limit equilibrium analysis does not need to be
modified.

6. Strain-Softening Model Validation

In order to validate the stepwise reduction method used to
account for strain softening in the parametric analysis, a
comparison analysis was conducted using the finite difference
software FLAC 2D [43]. The sensitive thin layer material
was modeled using a built-in strain softening model which
is a Mohr-Coulomb formulation that accounts for strain
softening by varying the model strength parameters as a
function of plastic strain. The comparison analysis was
conducted for a 25-foot levee with a 2-foot thick thin layer
located at 17 feet below the levee. The thin layer had a peak
strength of 16.75 kPa and a sensitivity of 1.4. All material
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Figure 11: Shear strain contours at high water level in (a) FLAC and (b) PLAXIS.

properties and staged construction sequences were the same
as for the analyses conducted in PLAXIS, except for the thin
layer model, for which the cohesion was defined as a function
of plastic strain, as shown in Figure 9.

The results of the FLAC analysis, using the built-in strain-
softening model, were used to validate the stepwise strength
reduction technique used in the PLAXIS analyses. Figure 10
presents the stress strain curve from the FLAC analysis
calculated within the thin layer, at the location of maximum
shear strain. The target stress strain curve for the thin layer
material is also plotted for comparison, and it can be seen that
the FLAC analysis accurately captures the strain-softening
behavior of the sensitive material. Figures 11(a) and 11(b)
present the shear strain contours at the high water level in
FLAC and PLAXIS, respectively. The shear strains from the

two analyses have very similar extents within the thin layer
and have maximum values at roughly the same locations.
Also, the magnitudes of the strains for the two analyses are
very close, with the FLAC analysis having a maximum value
of approximately 22.5% and the PLAXIS analysis having a
maximum value of approximately 20.3%.

7. Concluding Remarks and Recommendations

A parametric analysis was conducted to investigate the effect
of thin layers of soft, sensitive soils on the stability of flood
embankments and to propose factor of safety reduction
factors that can be applied to factors of safety computed using
limit equilibrium analysis.The results of the parametric anal-
ysis emphasize the importance of accounting for progressive
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failure in thin layers of soft sensitive soils and the inadequacy
of limit equilibrium methods with respect to accounting for
progressive failure. From the parametric analysis presented
here, it can be concluded that progressive failure can have a
significant effect on the stability of flood embankments with
underlying thin layers of sensitivematerial. A host of parame-
ters (i.e., thin layer depth, thin layer thickness, thin layer peak
and residual shear strength, foundation soil shear strength,
and embankment height) have been shown to contribute
to the development and likelihood of progressive failure.
However, the parameters that mostly affect the reduction
factors recommended herein are the depth of the sensitive,
soft layer and the peak shear strength and sensitivity of the
sensitive, soft layer. The reduction factors shown in Figure 8
are recommended when performing limit equilibrium slope
stability analysis of embankments with geometries and soil
properties similar to the ones included in this study.

Additional analysis is needed to investigate the effect of
soil type of the levee foundation materials surrounding the
sensitive soft layer, as well as the effect of inclined layering, to
be able to provide similar recommendations for a wider range
of levees.
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