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Abstract

During the spring of 2003, the downstream slope of an embankment dam began to 
move during an extreme flooding event.  The current study was implemented to 
evaluate the slope stability of the embankmentand as a case-study to compare the 
limit equilibrium and continuum modeling methods.  Initially, stability analyses were 
performed using conservative shear strengthof soils estimated from both boring log 
data and an infinite slope back analysis.  The Mohr-Coulomb failure criterion was 
employed in the computer simulations. The computer program UTEXAS4 and 
Spencer method of solution was used to evaluate the limit equilibrium factors of 
safety andthe critical failure surface. The computer program FLAC4.0 was used to 
evaluate the stress/strain behavior of the slope and determine factors of safety using 
the strength reduction method. Both these limit equilibrium and continuum models
yielded slip surfaces that were close in geometry and location to the actual slip 
surface observed in the field.  The factor of safety for the pre-failure embankment 
geometry was lower utilizing the limit equilibrium approach than that estimated by 
the continuum approach; however, the continuum approach appeared to yield more 
accurate results when using the best estimate of the shear strength. Back-analyses 
performed based on the observed failure surface in the field after flooding event 
provided estimates of shear strength of the embankment soil.The back calculated 
shear strength utilizing the continuum model fell within acceptable ranges as 
determined from the boring log data, with the continuum model yielding the more 
conservative (lower) back calculated shear strength.  Back calculated shear strength
using the limit equilibrium method was higher and its use may result in 
unconservative designs.

Introduction

Stability of earth dams under extreme natural events such as flooding and 
earthquakes is often a major concern to geotechnical professionals in the United 
States and worldwide. This paper presents the results of a study conducted to 
determine stability of an embankment dam under extreme flooding conditions. The 
dam is a 408.4 m long 13.7 m high earth embankment dam located in the United 
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States (Figure 1). The dam was constructed with no compaction of the downstream 
slope by dumping poorly graded medium-fine sand into place from a rail trestle that 
ran along the crest of the dam. The method of construction left the downstream slope 
near the natural angle of repose.  The upstream slope was flattened by hydraulically 
distributing the dumped material during the initial construction.  The embankment is 
currently configured with approximately 2H:1V downstream slope and a flatter 
upstream slope with a 15.2 m wide crest.  Minimal foundation treatment was done 
prior to placement of the embankment materials as evidenced by the presence of 
occasional residual soil along the base of the dam.
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Figure 1.  Aerial photo of the dam.

 is underlain by alluvial granular soils.  The alluvium is divided into 
m with similar characteristics as the embankment fill; and a lower 

 is also poorly graded sand but with a larger percentage of fines than 
um.  The bedrock surface is slate, found at depths from 7.5m to 24 m

ankment and Upper Alluvium materials are classified as uniform SP
in accordance with the Unified Soil Classification System composed 
f medium sand that contain on average 5% fines.   SPT values 
d is loose sand.  Figure 2 shows a cross section of the dam including
 nd the normal and extreme phreatic levels.
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Figure 2.  Cross-section of the damprior to slope failure.

Given the gradations and uniformity coefficients, we estimated that the 
maximum hydraulic conductivity of the embankment soil is 8.5 x 10-2 cm/sec.  An 
embankment with such a high hydraulic conductivity would have a relatively flat 
phreatic surface and high seepage exit point on the downstream slope.  Phreatic levels 
in the piezometers screened within the embankment confirm this characteristic.  
Phreatic levels measured within the foundation indicate generally lower potential than 
those measured for shallower intervals within the embankment fill.  

Analysis Methodology

Stability Analysis Methods. This study utilized two different methods to 
analyze slope stability: limit equilibrium method and continuum method.  These two 
methods wereselected to allow for comparison of each method and to provide better 
insight into the overall behavior of the dam and the variables that may be controlling 
factors.  The study was conducted in three stages; 1) evaluate slope stability of the 
dam with a limit equilibrium approach based on an estimate of the shear strength 
parameters developed from soil index properties; 2) similarly determine the factor of 
safety for slope stability using the continuum method with the same shear strength 
parameters, and 3) back calculate shear strengthbased on the observed failure surface 
in the field under extreme flooding event using both the limit equilibrium approach 
and continuum approach for comparison.  The results of the analyses helped to assess 
the performance of each analysis method.

The program UTEXAS4 developed by Wright (1999) was used to assess the 
limit equilibrium stability of the dam.  The limit equilibrium method used in this 
evaluation employs the method of slices and Spencer (1967) solution to estimate a 
factor of safety for the slope. The Spencer’s solution method is considered a rigorous 
solution method in that it requires force and moment balance before a solution is 
considered valid.The computer program FLAC4.0 developed by the Itasca 
Consulting Group (2002) was used for the continuum analysis of slope stability. 
FLAC (which stands for Fast Lagrangian Analysis of Continua) is a model that 
computes the stresses and resultant strains in continua by a finite difference method.  
It uses an explicit solution method.  Hence, the usual problems of numerical 
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instability commonly encountered with implicit finite difference codes are not as 
pervasive with FLAC.  FLAC also has the ability to model groundwater flow in either 
coupled or uncoupled mode with mechanical analysis of deformations.  Lagrangian 
analysis allows for distortion of the grid, so that the end state at each node is the 
beginning state of the next stress cycle.

There are a number of methods that could have been employed to determine 
the factor of safety using FLAC.  The FLAC shear strength reduction (SSR) method 
of computing a factor of safety performs a series of computations to bracket the range 
of possible factors of safety.  Cala and Flisiak (2001) provide a good overview of the 
method.  During SSR, the program lowers the strength (φ angle) of the soil and 
computes the maximum unbalanced force to determine if the slope is moving.  If the 
force unbalance exceeds a certain value, the strength is increased and the original 
stresses returned to the initial value and the deformation analyses recomputed.  This 
process continues until the force unbalance is representative of the initial movement 
of the slope and the φ angle for this condition is compared to the φ angle available for 
the soil to compute the factor of safety.  

The flow model can be incorporated into the FLAC analysis as either coupled 
or uncoupled flow.  In the coupled flow model, flow and mechanical deformations 
are computed in alternate time steps by default.  The advantage of the coupled 
method is that deformation in the slope may impact the flow characteristics and vice-
versa.  Alternatively, the two computations can be uncoupled and a steady seepage 
condition can be modeled without deformation.  Once the steady seepage condition is 
reached, the flow can be turned off and the mechanical deformation computations 
proceed independently.  The coupled mode may be a better method for modeling 
situations where pore pressure dissipation plays and important role in the deformation 
process.  However, the embankment under consideration is composed of freely 
draining materials.  Hence, the uncoupled flow model was selected for the current 
study.  This is more analogous to the UTEXAS4 model since phreatic levels are static 
during the analysis and a simple Mohr-Coulomb failure criterion is employed.

Model Discretization. Two slope geometries were considered in the model 
study: Case 1- conditions existing just prior to slope failure (Original Slope), and 
Case 2- conditions existing after placement of a reverse filter that was used to 
stabilize the slopefollowing the 2003 event (Repaired Slope).

The dam was modeled as two-dimensional layers of uniform isotropic 
material in both UTEXAS4 and FLAC, with the base of fill located at an elevation
determined from the site exploration data.  The underlying alluvium was divided into 
an Upper and Lower Alluvium due to the minor variation in unit weight between the 
Upper Alluvium and the embankment fill.  The two layers of alluvium were also 
assumed to be uniform and isotropic.  Due to the fact that the existing borings do not 
penetrate to bedrock through the section analyzed, bedrock depth was estimated from 
borings taken near the dam abutments.  Bedrock was assumed to be roughly 
horizontal and the other contacts between strata were selected from boring logs.  The 
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