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ABSTRACT e
R
o
The stability of the slope of an earthen embankment supporting I:;n-
the overrun of Runway 18 at Washington National Airport was -r"
N
examined using the finite element method. The purpose of this work L
was 1o study the applicability of the finite element method to the ;.-;
design of the slopes of embankments. The embankment is partially :?;f.
£
submerged, layered and reinforced with a geotextile. The ,.* .
embankment was designed by the Baltimore District of the US. Army :
Corps of Engineers based upon analysis results obtained using the j_
simplified Bishop method- a version of the method of slices which is ®
widely used for estimating the stability of slopes.
Finite element analyses were conducted considering the 253:2:'
l’ 3
embankment with and without a reinforcing geotextile. The factors of "._
safety obtained using the finite element method were compared with :r_'.:-:-_f
l"'-"
those obtained using the simplified Bishop method. Additionally, the %
development of failure within the embankment and the deformations !__,;
of the embankment at failure were studied. \
The finite element method was found to be capable of providing ::l::i
e
physically reasonable descriptions of the behavior of embankment !_;
slopes. Fair agreement was observed between the corresponding :,I:_‘_'-I
factors of safety obtained using the simplified Bishop method and the \,.
finite element method. The finite element method resulted in higher !.;
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factors of safety. However, difficulty was encountered in precisely : B
defining the state of failure. :'_..
It was concluded that the finite element method can provide ':‘;-.
refined estimates of behavior for complex problems but may require .’
considerable effort, cost, and expertise. As aresult, this method would j_
appear best suited for later stages in the design of critical lacilities.
‘ Several areas toward which future work could be directed were ;” -
identified. Work in these areas would be intended to advance the E
ability of the finite element method to describe the behavior of J_:
embankment slopes. These areas include more precise definitions of ':‘
the state of failure, more realistic modeling of soil behavior, use of l
effective stress analysis, accounting for partial dissipation of pore -_:
water pressures and the development of boundary conditions which {\
can describe more effectively the behavior of regions surrounding the o

region of interest.
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CHAPTER |
INTRODUCTION

1.1 Introduction
In this chapter the objective and the purpose of the work

described herein are discussed. The organization of this thesis is also

presented.

1.2 Objective
The objective of the work described herein was to carry out

finite element analyses (see Chapter 4) for a partially submerged,
layered, earthen embankment with and without a reinforcing
geotextile (a thin, flexible, porous sheet of fibrous plastic). The results
obtained from the finite element analyses were to be compared with
results obtained using the simplified Bishop method (see Chapter 4), a
method of analysis often used for estimating the stability of slopes.
The progressive development of the failure of the slope of the

embankment and the deformation of the embankment at failure were

to be studied.

1.3 Purpose
The purpose of the study reported in this thesis was to
investigate the applicability of finite element analysis to the design of 3
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the slopes of parually submerged, layered earthen embankments
reinforced with geotextiles. Analvses currentlyv used (for example. the
simplificd Bishop method) offer ease of usage. However, in some
cascs, such analvees ma not be ag details ! as i desirable. leading 1o
uncertaintyv with respect to slope siabilitv The finite eleni. a3t method
mav be quile representative of the embankment slope of interest
This method may permit the modeling of complex geometry, material
behavior, and loading. This method may be capable of accuratelv
describing such 1tems as the progressive development of failure and
the deformation at failure. As a result of its potential for material
behavior descriptiveness. the finite element method mav lead 1o less

uncertaintyv in the design of the slopes of embank ments.

1.4 Organization

Chapter 2 provides a discussion of relevant literature. Chapter
3 provides information on the embankment of interest at Washington
National Airport. Chapter 4 provides a summary of the simplified
Bishop method and the finite element method as applied to
embankments. [n Chapter 5 the results from comparable analvses
conducted using these two methods are presented and discussed. In

Chapter 6 conclusions and suggestions for future work are presented.
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Chapter 2 :

Review of Literature A

2.1 Introduction -;

In this chapter, literature is discussed which relates to 4
estimating the stability of slopes on layered deposits reinforced with

geotextiles.

2.2 Literature Review J

Various analysis methods have been developed for estimating :

the stability of slopes. The method of slices (see Chapter 4) was

developed by Fellenius [28] Basically, in the method of slices, a E\

continuous, arc-shaped, potential failure surface across the slope is é.:

P+

assumed. The potential sliding mass above this surface is divided into

T Ay

vertical slices. Conditions of equilibrium are imposed and factor of

safety against sliding estimated.

In the method of slices it is assumed that the slope consists of

.y

.
w1

an ideal plastic (perfectly plastic) material. An ideal plastic material

= "

]
T o4

has a defined yield stress. Failure is assumed to occur simultaneously

- e

i

4 ARAS

along the selected arc-shaped surface. A trial factor of satety is \
>,

calculated for the selected surface. “
several appropriate surfaces are examined to determine the .

o

smallest trial factor of safety for a given slope. The smallest trial .
.

.
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factor of safety is considered to be the best estimate of the factor of

safety. The corresponding surface is considered to represent the most
probable failure surface of the slope. Other investigators, for example,
Bishop (2], and Morgenstern and Price [20] refined the method of
slices to account for such items as interslice {orces.

As a result of assumptions, analyses based on the method of
slices may only provide rough estimates of the factor of safety and
failure surface [S]. Assumptions that are likely to cause significant
errors include the assumption of an arc-shaped fatlure surface, and
simultaneous failure along the failure arc. Sowers (28] and Terzaghi
and Peck [31] pointed out that in slopes on layered soil deposits
failure surfaces generally pass through the weakest soil layers along
interfaces. Thus, in such deposits the shapes of actual failure surfaces
may be highly irregular. Additionally, failures are usually
progressive. Frohlich [S] indicated that local failures often occur at
isolated locations within a slope prior to overall failure. Overall failure
of the slope occurs when these local failure zones merge to form a
continuous failure surface. Such details are not considered in the
method of slices.

The finite element method (see Chapter 4) has the ability to
account for most of the important items discussed above. The method
has been used in a number of previous studies concerning the
behavior of slopes (see, for example, Lo and Lee [16], Naylor [21] and

Hoeg [10]).
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The finite element method is a powerful numerical technique of
solving well-posed boundary value prablems. To date the method has
been used to solve a varietv of problems a detailed discussion ¢
bevond the scnpe of this thesis

The finite element method invuives dividing an approprraie
region of interest into small regions called elements. [n the standard
finite element method. the elements are inter-connected at discrete
points known as nodes. Displacements at these nodes then form the
primary unknowns to be determined. Secondary variables, such as
stresses. are derived from the displacements  Within each element
the displacements are assumed to varyv in a certain manner The
variation 1§ represented by mathematical functions known as shape
functions (eg. linear, quadratic. eic! The primary unknowns are
determined bv emploving a suitable stationary principle.

Mintmizauon of the total potential energv functional over the
domain. after the imposition of boundary conditions, results (n a set of
linear algebraic equations for the unknowns. This matrix eqguation is
then solved using one of the standard methods of solving a svstem of
linear simultanecus equations.

Material properties and boundary conditions are defined for the
elements and the loading of the embankment 15 simulated Conditinne
of equilibrium are imposed The [inite element method mav represent
the embankment slope quite well For example. the progressive
nature of the failure of a slope and irregular failure surfaces mav be

described.  Using the [inite element analvses one can describe
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nonlinear stress-strain behavior. Also complex geometries and
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loading sequences may be described. Actual embankment slopes

<

which failed have been analytically modeled using finite element

ey

methods. The embankment models were loaded to failure. The finite

a-wz'

element method was found to closely predict the zones of failure and i
o
; factors of safety [14]. ’;E,
4 (\ :
Both the method of slices and finite element method have been i'
used to model embankments reinforced with geotextiles. A geotextile v
: is a thin, flexible, porous sheet of fibrous plastic. Basically, geotextiles :-_'J-
p ‘ o
{ act as tension members. Using the method of slices, Fowler [6] ;'
considered the resistance provided by a geotextile as additional soil ‘:-_'
y }
4 . . . . . . . .
; cohesion. Leshchinsky [17] considered this resistance as an additional )
b L
moment resisting movement of the slope. Using the finite element "'
method, Rowe [26] modeled a geotextile as an additional thin layer. In i
‘ each case, the geotextile was found to lead to an increase in the factor
of safety, as expected. ;7
The author is not aware of any publication which presents :l'.-
comparisons between results obtained using the method of slices and
finite element analysis to predict the behavior of partially submerged, . B
) . . ~
layered, embankments reinforced with geotextiles. o~
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CHAPTER 3
CASE STUDY

3.1 Introduction

In this chapter, relevant information concerning the design of
the safety overrun for Runway 18 of the Washington National Airport
is briefly summarized. A background is given, after which site
conditions, the final design concept and critical design conditions are

discussed. Details may be found in Reference 27.

3.2 Background

The Washington National Airport is located adjacent to the
Potomac River in Alexandria, Virginia. Land reclaimed from the
Potomac River was used for the landing field. The base for the facility
was constructed by pumping sand and gravel from the Potomac River
into a region surrounded by a dike [27].

In 1978, The Federal Aviation Administration (FAA) identified
the existing safety overrun area for Runway 18 as being insufficient

under existing guidelines. In 1979 the FAA commissioned the

Baltimore District of the US Armyv Corps of Engineers to design and
manage construction of a runway overrun [19]. This extension was to :
be an earthen embankment covering 4n area approximaltely 700 leet j
AN
lung by A00 feet wide ( 7 acres) as shown in Figure 3.1 [19]. ::‘
3
..
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Figure 3.1 Location of Proposed Embankment

3.3 Site Conditions

Several major geotechnical obstacles to an embankment were
encountered. Those relevant to the work described herein included
the submergence of the proposed construction site by six to seven feet
of water and a foundation of soft, highly plastic, silts and clays [27]
The foundation soils were judged to be inadequate for supporting the
proposed embankment based on extensive geotechnical subsurface
exploration.

An extensive geotechnical subsurface exploration was

conducted to define subsurface conditions. A total of thirty-three soil

borings were drilled. Standard penetration tests were conducted in all
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bore holes, while undisturbed samples were obtained for laboratory
testing. Field vane shear tests were conducted at eight bore holes [27].
A laboratory testing program was developed to détermine
various properties of the soil layers. Compaction tests, triaxial shear
tests, unconfined compression tests, consofidation tests, and standard
classification tests were conducted.
A cross-section, showing typical layering at the site, based on

the field and laboratory test data, is shown in Figure 3.2 {19].

20+
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o MH& T T T Ty
a CH ~ MIDDLE SILT & CLAY |
-20 —_— — e —— —— —— —— -
3 LOWER SILT & CLAY
g a0l Gtfsm sano
W
u |
o AV
404 / T T T T ' n ‘
€ or 100 200 300
RUNWAY DISTANCE (FEET)

Figure 3.2 Cross Section Typical of Site

The upper layers of soil were found to be primarily soft silts (MH)
and highlv plastic clays (CH). and silty sands (SM).
Relevant properties of the upper layers, inferred from the

laboratory and lield tests, are shown in Table 3.1 [27].
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10
Shear Strength -

Soil Type Y(sat) U-U(Q) Avg. jU-U (Q) Min.

(pcf) ¢ |c(psf) ¢ |c (pst)

Upper Silt & Clay 90 0} 100 0 S0

Middle Silt & Clay 90 0 ( 200 01 150
Lower Siit & Clay 90 0 | 250 0 200
Sandy Silt 120 32 0 32 0
Clay IS 01} 1000 01 1000

Table 3.1 Relevant Soil Data for Site

The saturated densities of the silt and clay layers, considered to be the

most critical layers, with respect to the sandy silt and clay layers,

ranged from approximately 80 to 100 pcf and the cohesive shear
strengths of these layers ranged from 50 psf near the mudline to 400
psf at isolated locations. Values of cohesive strength were typically
between 100 and 250 psf. In-situ vane shear tests indicated high
sensitivity of the upper silt and clay layers to disturbance. These soils
were found to lose 0% to 80% of their strength as a result of

remolding [18.19, 27].

3.4 Final Design Concept

Various design concepts, directed at eliminating the problems
created by the soft upper lavers, were considered. The Baltimore
District of the Corps of Engineers concluded that given the soil

conditions and available technology. the most effective means for
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providing an adequate foundation for the runway safety overrun
would be to place a reinforcing geotextile over the existing soft soils.
The American Society for Testing and Materials (ASTM)

identifies a geotextile as:

any permeable textile material used with foundation,
soil, rock, or any geotechnical related material, that
1s an integral part of a man-made project, structure
or system [23].

Geotextiles are the largest group of geosynthetics. Modern geotextiles
are referred to by a variety of names: filter fabrics, engineering
fabrics, geofabrics, and drainage fabrics. A detailed discussion of
geotextile properties, manufacturing processes, and functions are
provided by Koerner [14], Rankilor [23], and Van Zanten [32].

With a geotextile in place, granuiar and random soil could be
placed on the geotextile to create an embankment which would
support the runway overrun.

The reinforcing geotextile offered several features. The
geotextile, with its high strength, could prevent failures of the slopes
of the embankment, excessive vertical displacements of the
embankment, and lateral sliding of the embankment. The geotextile
could also separate the embankment fill from the underlying soft
material thus preventing penetration of the fill into the underlying

material.
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3.5 Critical Design Conditions

) Both the end-of-construction and sudden drawdown (rapid drop
in the level of surrounding water) conditions were considered by the
Corps of Engineers as critical to the design of stable slopes. The end-
of-construction condition was considered to be more critical by the
Corps of Engineers. As a result. only the end-of-construction condition

: was considered in the work presented herein.

§n

A

Failure at the end-of-construction would be expected to occur

Ay .'- Je .'l

within the slopes of the embankment as a result of unbalanced net

.I

Tay

applied gravity loads. For the modeling of the end-of-construction,

condition it was assumed that the embankment had been constructed
3 but that no consolidation of the foundation silt and clay had occurred
, under the joads from the embankment. This situation implies that the
foundation silt and clay does not have an inc¢rease in shear strength ?'-:Z
due to consolidation. For the end-of-construction condition the
minimum acceptable factor of safety was specified as 1.2.

For the sudden drawdown condition a rapid drop 1n the water

level was considered to take place after a high ude or flooding. Under

these conditions the embankment soils were considered to be totally

-
t

PN

, saturated. Again, failure would be expected to occur as a result of

‘r

unbalanced net applied gravitv loads but the fadure would be

N
»

assoctated with the dissipation of excess pore water pressures
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Chapter 4

Theory of Stability of Embankment Slopes
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4.1 Introduction
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In this chapter, various modes of failure of embankment slopes

n{-{‘

s

D

are discussed. Types of analyses for estimating the stability of slopes

are reviewed. The simplified Bishop method, often used for

c A %
e

]
f,

estimating the stability of embankment slopes, is summarized. The

. W -
Y

|-I

Finite Element Method (FEM), used for refined estimates of the

stability of embankment slopes, is discussed in some detail.

4.2 Failure of Embankment Slopes

An embankment slope is said to experience failure when a
portion of the slope undergoes large movement relative to its
surroundings. Failures of embankment slopes often occur along
distinct surfaces. The slope of an embankment may fail in one of

three possible modes (Figure 4.1) [4].
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Figure 4.1 Modes of Slope Failure -~
The shape of the failure surface may be irregular, depending on o~
the homogeneity of the material of the slope (Figure 4.1). If the ;:‘
material is homogeneous and a large circle can be formed, the most ,
critical failure surface will be cylindrical (Figure 4.1(a}). This occurs -3
because a circle has the least surface are per unit mass. In the case of 5

the infinite slope with depth much smaller than length (Figure 4.1(b)),
the most critical failure surface will be a plane parallel to the slope. If l;

several planes of weakness exist, the most critical failure surface will

be a series of planes passing through the weak strata. In some cases,
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a combination of plane, cylindrical, and other irregular failure surfaces
may exist (Figure 4.1(c)).

Failure generally occurs when the shear stress (1), which acts
along some continuous surface across the slope equals, at every point
along the surface, the shear strength of the soil (s). Slope failures are
generally progressive. That is, initally the shear stress may exceed
the shear strength only at 1solated locations along the ultimate failure
surface. As the net applied load is increased, as in the case of the
construction of an earthen embankment, the localized failure zone
may extend, leading to overall failure. A state of limiting equilibrium

is said to exist when a slope is on the verge of failure.

4.3 Types of Stability Analyses

Slope stability analyses are conducted for a slope mainly to
estimate the factor of safety of the slope with respect to a failure of
the slope. Two types of stability analysis may be performed, a total
stress analysis and an effective stress analysts. Both are discussed
below. Tezaghi and Peck [31] and Huang [11] discuss these types of
analyses in modest detail.

The results presented herein are based on t_otal stress analyses.
In a total stress analysis, effective stresses a.nAd'.pore water pressures
are not treated separately. The effects of pore water pressures on soil
strength are taken into account by testing the soil samples at
conditions compdrable to those which are likely to prevail in the tield.

Total stress analyses are often used for analyzing embankments
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constructed on saturated cohesive soils. The layers judged to be the

most critical with respect to the stability of the slopes of the

embankment analyzed herein consist of saturated cohesive soil. With

such soils, the dissipation of pore water pressures resulting from
loading may take considerable time. Thus, at the end-of-construction
the soil may be in its weakest state and end-of -construction conditions
may be critical. In this case, the appropriate strength for use in
analysis would be the undrained shear strength corresponding to
conditions at the end-of -construction.

In an effective stress analysis, effective stresses and pore water
pressures are treated separately. Pore water pressures as well as
effective strength parameters must be known to carry out an effective
stress analysis.

A total stress analysis is often used for determining short-term
stability during or at the end-of-construction. Total stress analysis
has an advantage of not requiring additional, often costly testing
procedures to determine pore water pressure. An effective stress
analysis is often used for long-term stability. Three cases of long-
term stability often considered by effective stress analyses cre:
steady-state seepage, rapid drawdown, and earthquake sites. An
advantage of an effective stress analysis is knowledge of the drained

shear strength of the soil.
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4.4 Estimating Stability of Slopes - Simplified Bishop Method

4.4.1 General- Simplified Bishop Method

The simplified Bishop method is often used for estimating the
stability of slopes [11]. The simplified Bishop method is based on the
method of slices (Figure 4.2) [2]. A circular, potential failure surface is
assumed. The soil mass above this surface is subdivided into vertical
sections or slices. A trial factor of safety is determined by imposing
the conditions of equilibruim on the mass and the slices. The forces or
stresses acting on the potential failed mass are shown in Figure 4.2(a).
These forces or stresses may include the weights of the soil mass and
any water (W), external loads, water pressure (up and ug) and
shearing (S) and normal stresses (P') within the soil. The slices are
assumed to have unit thickness and width b. The forces which may
act on a typical slice include the normal force (P) which may include

components due to effective normal stresses within the soil,

hydrostatic pore water pressures ( up) and excess pore water pressure

(ug). the shear force (S) from the soil, the total weight of the slice (W),

and the shear (T) and normal (E) forces acting on the vertical faces of

the slice.
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(a) Slope Potential Failed Mass (b) Slice

Figure 4.2 Freebody Diagrams for Potential
Failed Mass and Slice

The trial factor of safety, FS, based on the simplified Bishop
method, is defined as the ratio of the resisting moment, about the
center, 0. of the trial circular arc, (Figure 4.2(a)), to the net applied

moment :

FS = _ Resisting Moment
Net Applied Moment

The net applied moment tends to cause movement of the soil mass
above the potential failure surface. The resisting moment tends to
resist such movement. The resisting moment corresponds to the
moment developed as a result of the development, along the potential
failure surface. of shear stresses equaling the value of the shear
strengths of the soil.

For a partially submerged slope, the trial factor of salety (FS) as

defined by the simplified Bishop Method for a total stress analysis is:
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FS = Z[cb + (W +Wyezyy,b) tanollsec /(1 + tangtana /FS)|  (4.2)
2 (W +Wy + zyyb) sina

cohesion

= width of slice

angle of internal friction (degrees)

weight of portion of slice above water table
submerged weight of portion of slice below
water table

a = angle between base of slice and horizontal
h - height of slice

z = depth to base of slice below water table

Yw = unit weight of water

where

]

C

b

o
Wi
W2

]

For a total stress analysis, the values of cohesion (c) and angle of
internal friction (¢), are determined by means of undrained soil tests.
The trial factor of safety may also be obtained using an effective
stress analysis if appropriate values are used for the parameters in Eq.
(4.2).

Because the variable FS appears on both sides of Eq. (4.2) an
iterative solution is needed to determine FS Convergence 10 a solution
is rapid [31] When using the simplified Bishop Method several
potential failure surfaces must be examined The surface leading to
the smallest value of FS 1s said to be the critical surface. The
corresponding value of FS 1s considered to be the best estimate of the

factor of safety.

4.4 2 Sources of Error- Simplified Bishop Method
The stmplified Bishop method involves several sources of error.

For a total stress analvsis. appropriate strength parameters must be

Sl ol oA Al el all ke e




estimated for the soil. For an effective stress analysis, the intensity
and distribution of pore water pressures must be estimated along the

failure surface. Terzaghi and Peck [31] indicate that generally these

Vel tr e e e

are the greatest source of error in estimates of stability.

' .
R

A failure surface must be assumed. Generally failure is

T
/&

assumed to occur along a continuous circular arc. The actual failure

y \'.‘l,'\{‘h,. '

surface may not be circular. Non-circular failure surfaces would be

expected in layered embankments. Additionally, failure is assumed to

PN 0 0K

take place simultaneously along the failure surface.

s

Equation 4.2 is based on the assumption that the forces on the
vertical faces can be ignored. This assumption, which leads to the

simplified Bishop method, has been reported to result in insignificant

aJ
~
-
)
~
-

error [2,11].

Assumptions are introduced to simplify computations. The
slices are assumed to be quadrilateral in shape. The weight of a slice
is assumed to act vertically downward through the midpoint of the
width of the slice. The base of the shce i1s assumed to be a plane

surface.

4.5 Estimating Stability of Slopes- Finite Element Method

451 General- Finite Element Method
The finite element method is an approximate method for
solving complex physical probiems This method hdas numerous

applications. For example, the finite element method can be used (o
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describe the mechanical behavior of solids. heat transfer. and fluid S
flow. Complex geometries. excitations. and material behavior mav be oA
e
described A detailed discussinn of finite ¢lement anaivsis 1s provided o
“,
'| L)\ Redu\ ‘..41 :- d
\
Lot coie cennent anals s one iden L .of a region of interesi B
p aind divides the region into smaller regiuns calied elements  Edch
N element 1s assigned material properties. Boundary conditions )
applicable to the enure region are specified. At this point. an ';?
. T A . N
appropriate excitation 1s simulated. One can then identify a set of
ot
2 mathematical equations which describe the behavior of the entire Y
+
region. A solution is obtained bv solving these equations. -
-_: The objective in obtaining a solution for the set of finite element '.-;1
;3 equations is to minimize the total potenual energy functional. Ilvdl ;'-'
The total potential energyv functional associated with the equations 3
-~ -
s governing a plane elastic bodv is [24] .
A Midl = 1 he [{e)eTloledx dy - [ (d} T {f}e dx dv - @ (diTitlo ds 143
2 Qe Qe [*e '\‘
\: .
' where !dl, - element displacement vector -
! A iele = element strain vector .
(fle = clement body force vector
" . . S
o (tie = element traction vector <
N he = thickness of eiement -
. -,
! fo'e = clement stress vector 'y
| ] .
0t =element domain -
. [® = element boundary i'
’ .
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The foliowing equations express the strain-displacement. the
ciress-sirain. and the siress-equinbrium relauons for the elements

respectivelv [24].

A? ' TR AN
v v B d
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where [Cl, = elasticitv (material) constants matrix
(D] = differenual operators matrix

From the above relations tEquations 44 45 and 40! the
element suffness matrix is expressed as [24]

Ikie)] - thmeT (Cl [Bl, dx dv 47
nNe

-

where [Bl.
(¥]e

(DIl¥ e
element interpolation functions matrix

Setting the first variation of IT with respect to the displacement

vector. {Al equal to zero obtains {24]:

[L(e)] A(ell lF(e)l

The element load vector resulting from the bodv forces 15 {24].

, /" _ :
(Fleny o Ulwl T, dx dy -Jﬁw}cmrc ds 4
)Qe re

4.5.2 Modeling of Embank ment Sjopes- Finite Element Method
The basic considerations for finite element modeling of the

slopes of earthen embankments are presented below. The
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considerations include the geometry of the embankment, boundary
conditions, the behavior of the embankment materials and the

loading of the embankment.

RN

The embankment being analyzed is represented as a collection

of elements called a finite-element mesh. One example of a finite

S

element mesh for an embankment slope is shown in Figure 4.3. The
elements are generally triangular or quadrilateral in shape and the
collection of elements has the geometry of the region of interest. The
angle of the embankment slope requires special consideration when
selecting the size and shape of elements located there. In such a case,
specifying triangular elements in the vicinity of the slope may lead to

better results.

10

e T Y T
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Figure 4.3 Example of Finite Element Mesh for Embankment Slope
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&

Boundarv conditions specify behavior at the boundaries of the
model. The length of an embankment perpendicular to the plane of
interest s often large. in reidton o the problem herem studied, the

embankment modeled was 600 ft long and 250 ft wide. As a result,
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plane-strain condittons are often assumed  Under plane-stram
conditions deformations are not permutted perpendicular to the plane
of interest. Along the base of the made! ro'ier supports were cher
These rodjer supposts allow froc horgental movemest but do pot 2
vertical movemeni Roller suppuoiis are also paaced aong both side
boundaries. These supports allow free vertical movement but do not
allow horizontal movement The roller supports along the centerline
allow the model to deform in a manner that would be expected of a
svmmetrical embankment under gravity loading. The roller supports
along the other side (front) of the model allow deformations which
would be expected far from the slope of the embankment under
gravity tvpe loads. The upper boundary is free  This permits
unrestricted movement of the soil at this boundarv.

The locations of the front side and base boundaries mav be
selected using Samnt-Venant s principle. This would be done so that
simple boundary conditions may be imposed at these boundaries.
Saint-Venant's principle states that the complex stresses caused bv a
localized source decrease in intensity with distance from the source
Thus. Saint-Venant ¢ principle suggests that ¢ a simple boundarv is
located far enough from a source of concentrated stress. such as a
finite slope. the simple boundary will closely represent correct
behavior. [t has been found that for models of embankment. such as
that shown in Figure 4.3, the base and front side boundaries should be

located at a distance of at least three times the thickness of the slope

o

T L I S el e 0

. R
- - : - A ‘ B P PRI U - T e T W - PR
et e .. R T R TRt SR S P MR R A BN N R R IS
- Ih"ﬁ.‘ LAl PR ".‘ TR PP U i GO T i e o W Y LR oA A oA
A N anaa . — W



‘‘‘‘‘‘‘‘‘‘‘‘

away from the slope of the embankment (9, 24]. For the embankment
herein studied, more accuracy was obtained using greater distances
for the boundaries (see Appendix B).

The material properties for which values must be specified are

parameters which describe stress-strain behavior. Figure 4.4 shows

Ghdhiaz W R S L R S

stress-strain curves for two types of materials. The C matrix
appearing in equation 4.5 refers to the element stiffness (material
elasticity) matrix which is continually updated by the stress-strain
behavior of the material. The stress-strain behavior of a soil is best
represented by the nonlinear curve shown in Figure 4.4(a). For
computational simplicity soil is often modeled as an ideal elastic-
plastic material (Figure 4.4(b)). Such a material behaves linearly to

the yield stress. At this level the material may undergo unrestrained
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Figure 4.4 Stress- Strain Curves

The material properties needed to define the stress-strain
behavior of an ideal elastic-perfectly plastic material incfude the
modulus of elasticity (E), a measure of the yield and Poisson’s ratio (v).
The modulus of elasticity relates the normal stress acting on an
element of material to the resulting deformation of the element in the

direction of the normal stress (Figure 4.5) (28].
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L R
3 R
y The modulus of elasticity (E) is defined as ‘.-"
S
-ﬁ%
-_\
E- Ao (4.9) M
|"-\
Ae "
’
A
where Ac = increment of normal stress Y
At = increment of normal strain in direction of increment e
s
normal stress, AC N
)
For an ideal elastic-plastic material. the modulus of elasticity is the oy
RN
slope of the linear portion of the stress-strain curve (Figure 4.4(b)). o
.‘:«.
A material that does not show permanent deformation on a0
unloading is called an elastic material. A material which does show "5"
o
permanent deformation on unloading is called an inelastic (or plastic) an
N
material (Figure 4.4). Soils are generally inelastic materials but, may St
)
be assumed to behave elastically up to a certain level of stress. .o
Generally, the region on the stress-strain curve for which there is a
large increase in strain with only a small increase in stress is the P
)
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plastic region (Figure 4.4) Generally, a material is said to have failed

plastically if stresses are in this region.

The strength of greatest interest for stability estimates is the
shear strength of a soi! (s). The shear strength is usually determined
by triaxial tests. In such tests axial and radial normal stresses are
applied to a cylindrical sample of soil. Generally, the radial stress is
held constant while the axial stress is increased unti! the sample fails.
Typically, unconsolidated-undrained triaxial tests are performed on
clayey soil samples to provide information needed for total stress
analyses [28]

For finite element modeling a failure criteria must be specified
for each element. One can establish an appropriate failure criterion
for an element of soil based on a suitable available failure criterion
and the results from triaxial tests. The von Mises or Tresca failure
criterion are generally considered (o be suitable for metals and alloys.
As the shear strength of the soil depends on the confining pressure,
the Mohr-Coulomb failure criteria will best represent the failure of
sotls  However. for simplicity, the von Mises criterion 1s chosen here.

The von Mises lailure criterion is expressed as

20‘.2:(0)(_0",;2‘[0‘\,.0212.mzﬁ,xiz 14101

where of = von Mises failure stress of material

Oxygz = principal stresses in x. v and 7z directions,
respectively
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An element is said to have failed when the combination of principal >
. stresses acting on the element is such that the right side of Equation o
‘i 4.10 equals or exceeds the left side. The quantity of may be specified :3\
3 for an element based on triaxial test results. Test values of oy, 0y and ba
. o, at failure are substituted into Equation 4.10. For an ?
: unconsolidated-undrained triaxial test oy and Oy are both equal in Ef.
value to the radial stress. The guantity o, is equal in value to the axial s

stress. Equation 4.10 is solved for of and the value obtained is :

specified the von Mises failure stress of the element of interest . :
s Poisson's ratio relates vertical and horizontal deformations of an ~
! element of material under load. When an axial (vertical) compressive
':.i load is applied to an element of material the element will expand :
laterally (horizontally) (Figure4.5). Poisson's ratio is defined as the o

negative of the ratio of the lateral normal strain (g4 or ty] to the axial ’
normal strain (g;), 3

.
e e
et

Poisson's ratio for soils usually ranges from 0 to 0.5 {28]. A Poisson’s

o s
| 4

N

ratio of 0.5 indicates that there would be no volume change upon

XA

e

.
- loading. X
: A material may be isotropic or anisotropic and a mass of 8
., material mav be homogeneous or nonhomogeneous.  An 1sotropic X
N material has the same mechanical properties (ie., E and v} in all ,

= "o directions. A homogeneous mass of material has uniform properties

N
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throughout.  Most naturally occurring soils are anisotropic and most
soil deposits are nonhomogeneous. However, soil deposits or layers
are often modeled as isotropic and homogeneous for convenience.

The loads for a model of an embankment may include the
weights of the various soil layers and water, and surcharges. One can
account for the effects of a horizontal water table in several ways. For
example, for a total stress analysis the hydrostatic water pressure
acting on a submerged surface may be represented as a distributed
load applied to the surface of appropriate elements. The water below
the water table and within the soil can be accounted for by using the
saturated unit weight (yg,) of the soil.

To carry out a finite element analysis for an embankment, the
material properties, boundary conditions, and loads associated with
each element are specified. Element stiffness matrices and force and
displacement vectors are formed.

Based on equilibrium at each node, a set of simultaneous
equations 1s developed. A solution is obtained by solving this matrix
equation for unknown nodal displacements. The matrix equation
involves a global stiffness matrix and a load vector, which are formed
by combining the corresponding element quantities. Stresses and
strains for elements are derived from the solution. This procedure
describes the steps needed to obtain a linear elastic solution,

An iterative solution procedure is required if an elastic-plastic -

model is used. i such a4 case the embankment Joad 1s applied -
incrementally. The stiffness matrix is updated iteratively within each .
. o
b
-.1
.i:i\l‘
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increment of loading to account for the nonlinear behavior  The
llerations are terminated when a preset tolerance criterion for nodal

. P O . . - Tl . N P PR N . -
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The lactor of safet~ for the slope of an emhan! ment mav he
defined as the fraction of the gravitv load applied which cauces
faniure. Failure may be said to occur at the lever of gravity load for
which either a nonconvergent solution is obtained or a continuous lor
near continuous! band of vielded elements exists across the slope of
the maodel. A vielded element mayv be identified as an element for
which the specified von Mises stress is obtained at integration points.

The estimated factor of safetv based on finite element analvses
is normallv specified as a continuous band of yielded elements. This
failure criterion is related to a continuous potential failure arc as
specified by the simplified Bishop method. The factor of safetv in
both methods is based on the shear stress exceeding the shear
strength along a specified surface.

For finite element analvsis. the geotextile laver can be
represented by additional elements within the embankment model.
Material properties, boundary conditions, and location of the elements

are specified which best represent the geotextile laver.

4.5.3 Sources of Error- Finite Element Method
The finite element method as applied 10 estimaung the stabilityv

of embankment slopes generallv involves several sources of error or
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uncertainty. For geotechnical analyses the values used for soil " o
properties may have a significant effect on results from the analyses. I‘_'-;
S
N [t is believed, in general, that soil properties must be determined to a )
- :-‘f
p reasonable level of accuracy and in reasonable detail for the effective -
.v.
use of finite element analysis. e
.. /.
- The failure criterion used for a finite element analysis may also e
. s
create uncertainty. A specified failure criterion may not apply to all 0
types of loading. :-_;
The loading sequence may have an effect on the results
obtained using the finite element method. Loading sequences which e
model actual construction sequences may provide the best results.
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Chapter S
Stability Analyses for Embankment Slope at Washington

National Airport

5.1 Introduction

In this chapter the stability of the slope of the East-West side of
the safety overrun of Runway 18 at Washington National Airport is
investigated. Analysis results obtained by the US. Army Corps of
Engineers using the simplified Bishop method (see Chapter 4) are
summarized.  Analysis results obtained at The Johns Hopkins
University using the finite element method (see Chapter 4) are
presented and discussed. The results obtained using the two methods

are compared.

5.2 Stability Analyses - Simplified Bishop Method

Stability analyses were performed for the embankment of
‘nterest by the Baltimore District Corps of Engineers using a computer
program entitled Slip Circle Slope Stability with Side Forces (computer
program 741-11-F5030) [27]. This program, developed by the Corps
of Engineers, is based on the simplified Bishop method of analvzing
the stability of slopes.

Conditions judged o be critical for design are shown in Figure

S.1. Based on results from their analyses, the Corps of Engineers
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concluded that the East-West slopes of the runway embankment were
the least stable and that the end-of -construction conditions would be
critical for design purposes. These conclusions were based on

assuming minimum values for soil strengths. The results from

analyses conducted by the Corps of Engineers for the East-West sides
of the runway overrun assuming end-of-construction conditions and
minimum values for soil strengths are discussed below. Results are

discussed from analyses which considered

an unreinforced

embankment and an embankment reinforced with a geotextile.

so
— 1 -}
Y RANDomM el
~ 43 C:2500 5% D=ao 5_\
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Figure 5.1 Critical Conditions for Design

5.2.1 Unreinforced Embankment

The soil data used for theanalyses of the East-West slopes of

the embankment of interest are shown in Table 5.1 [27]. This table,

and Figure S'1 are based on the assumption of construction on the

existing foundation soil. The random and pervious granular fills were

assumed to add a weight load on the existing foundation soil.
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However, it was assumed that tension cracks may develop in these
layers. Thus, these layers were not considered to provide resistance
against a slope failure in the slope stability analyses.

The critical potential failure surface is shown in Figure 5.2 [27].
The corresponding factor of safety was calculated to be 0.81. This was
less than the required factor of safety of 1.2 for end-of-construction
conditions and indicated that the soft foundation soil could not support

the embankment.
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Shear Strength

:
[ ]
]
G
l-
N
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’,
"
0
E
.
v

Soil Type Ysat U-U (Q) Min
{(pcf) o ¢ (psf)

Random Fill 125 20 1 500
Pervious Fill 115 30 0
Upper Silt 90 0 50
Middle Silt 90 0 150
Lower Silt 90 0 200
Sandy Silt 120 32 0
Clay 115 0 1000

Table 5.1 Summary of Soil Data

(285,50)
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Figure 5.2 Critical Potential Failure Surface-
Unreinforced Embankment
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5.2.2 Embankment Reinforced with Geotextile

The model discussed above was modified to include the
additional resistance provided by a reinforcing geotextile. The Corps
of Engineers have developed a method for estimating the tensile
sterngth (T¢) required of a reinforcing geotextile for a desired level of
slope stability [6]. The method is based on the simplified Bishop
method of analysis (see Chapter 4) and involves two steps.

First, a rough estimate is made of the tensile strength needed
from the reinforcing geotextile for a desired factor of safety against a
slope failure. For this a critical arc is established for the appropriate
unreinforced slope using the simplified Bishop method. The depth

ratio (D) (see Figure 5.3) is calculated.

1
H /Embankmem \
z Depth Ratio- D
h Foundation Laver = _H
H+h
}
xx e

Figurc 5.3 Depth Ratio

A total stability number for the embankment, N, is obtained for a
specified factor of safety trom a design curve tsee Appendix A, Figure

A.2). A stability number for the foundation laver, N,. where N, =

ol S0 8 St L) Vaa g Sl Sl Tl Ond Tod Sl Sall Vel

A
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c/(yH), is calculated. A stability number for the geotextile, Ny, is

calculated as

Ne=N-Ny (5.1)

The equivalent cohesion required of the geotextile, ¢y, for the specified

factor of safety is calculated as

cp=Npyy H (5.2)

where y, = unit weight of embankment.
A second design chart (see Appendix A, Figure A.3) is used to estimate
the required geotextile strength, (T¢), from the depth ratio and

equivalent cohesion, ¢;. Appendix A contains a flowchart for the

above procedure.

Second, a more rigorous stability analysis is conducted to
determine more precisely the factor of safety of the reinforced slope.
The geotextile is considered to provide additional cohesion. based on
the strength estimated for the geotextile as described above, 10 layers

which provide shear resistance (see Figure 5.4) [6].
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Figure 5.4 Critical Potential Failure Surface- Geotextile
Reinforced Embankment

- The equivalent cohesive strength provided by the geotextile (cg) is

expressed as:

I~ Cr = _lf_ (53)
A Lf

where Ly¢ = length of the failure arc in soil laver in foundation soil
beneath geotextile

Failure is assumed to occur along the potential failure arc indicated by

N the simplified Bishop method for the corresponding unreinforced
embankment (see Figure 5.2).

Basically with this method, 1t is assumed that the tensile

2 strength of the geotextile and the shear strength of the soil are

y: mobilized simultaneously.  Additionally, with this method i1t s
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' assumed that the tensile strength provided by the geotextile is -
- directed tangent to the potential failure arc at failure. "'

The properties of the geotextile in the warp (lengthwise thread) >
direction were judged to be critical for the stability analyses [19]. The .
tensile force at failure was taken to be the tensile force corresponding ‘
to an elongation of 5%. This tensile force was specified as 200 Ib/in.

Summarizing the results obtained by the Corps of Engineers,
from their stability analysis for the reinforced embankment the
critical potential failure surface was, by assumption, identical to that
estimated for the unreinforced slope (see Figure 5.2 and S.4). The R
equivalent cohesion of the geotextile was calculated to be 47.2 psf and
the factor of safetv of the slope, based on minimum shear strength,
was estimated to be 0.99.

Though the factor of safetv obtained was less than the required
factor of safety (1.2). based on average shear strength, the Corps of
Engineers was willing to accept the lower factor of safety in the very
few isolated locations where the soil strength was judged to have the iiil
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5.3 Stability Analyses- Finitc Element Mcthod

The finite element stability computations were performed using
the convmercial program UV T prodites oo 4 S 1T
Tov o2 Tre prevram wWor ughe, aood b L0 LD L nE L arn.
Sorensen, inc., Providence. Rl Results obtained modelins baoih
unreinforced and reinforced embankments are presented below 3

detailed description of the mode] development is provided in

Appendix B.

S 3.1 Unreinforced Embantment

The unreinforced embankment corresponding to the model
developed bv the Corps of Engineers and shown in Figure 5.2 was
modeled using the finite element method. For each model as
indicated by the model shown in Figure 5.5, svmmetry was assumed
about the centerline of the embankment The mesh consisted of 453
quadrilateral elements. Each element was a four node rectangie. tvpe
CPE4H selected from the ABAQUS element iibrary for plane struin
conditions  The mesh was formed such that element boundaries
coincided with the boundaries of the soil lavers. This simplified

specification of material properties.

Saint-Venant s principle 1see Section 4.5.2¢ was used to locate

the base and right side boundaries. The base boundary was placed 59

rat

. R Y

ft below the mean level of the water. The right side of the model was o

located 560 ft. from the centerline Thus the base boundary was 4

times the height of the slope from the slope. and the right side
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~ boundary was 18 times the thickness of the slope from the slope. :
v These boundaries were established from preliminary convergence ~
- e
< studies (see Appendix B). E
L «
W Values for the soil properties used for the finite element 2
N analyses are given in Table 5.2. '
Soil Type Eq v c o of K's Y sat o
(ksf) (psf) |(deg.) | (psf) (pcl) ]
- '-_
2: Random Fill o] o ofo | o] o 125 =
N Pervious Fill 0 0 00 0 0 115 2]
yo Upper Silt & Clay 100 {0.50 501 0 100 0.6 G0 .
\ Middle Silt & Clay 200 | 050 | 150} O | 300 0.6 ¢0 N
H Lower Silt & Clay 250 [ 050 | 200 | O | 400 0.6 0 Z-_:
. Sandy Silt 364 0.35 0|32 |6116] 06 120 R\
*; Clav 1000 | 050 {1000 0 {2000{ 06 115 o
< >
- Table 5.2 Soil Properties Used for FEM Analyses -
: :
The work described herein was carried out assuming the soil within .
‘; each laver to be isotropic. homogeneous and to behave as a linearlv f
j elastic-plastic material Because of the assumption of tension cracking. :
the strengths of the upper two lavers were neglected. Values for the .
’ elastic parameters, Eq and v, were selected from typical ranges '.?:
* “a
= provided by Bowles [3] The effective coefficients of earth pressure at 1;“

rest. K, were selected from onpacal values provided by Sowers [28]

.

o “»

. As discussed n the paragraph below. the failure stresses for the sail ."

v -

’ lavers were derived from the unconsolidated-undrained strength -E:'
o

parameters. ¢ and ¢. estimated by the Corps of Engineers [27] Soil -
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v
layers located beneath the clay layer were given the properties of the y
~ {
clay layer. ey
The von Mises stresses, of, for the foundation soils were 2
S
obtained using the unconsolidated-undrained strength parameters, ¢ =
and ¢, based on results from triaxial tests. For the silt and clay soils (¢ ti.
= 0). the radial confining stress, and thus, ox and oy, was taken to be f_:
equal to zero. From Equation 4.5, the von Mises failure stress becomes v
3
)
Of =0, (5.4) ;_'.;
"\
&
where o, = axial normal stress at failure. >
Since the axial stress at failure, in an unconsolidated-undrained \
triaxial test conducted on a soil sample for which ¢=0, is larger than -
the radial confining stress by the amount 2¢ for clay and silt soils, the ::
RS
failure stress was specified as i
A
of = 2¢ (5.5) ]

To estimate the von Mises failure stress for the sandy silt layer
it was first necessary to estimate the average lateral stress within the

layer. This was necessary so that the strength of the soil under

R .
Vs x .
vy R

stk nd s oo . i

unconsolidated-undrained conditions in a triaxial test could be

estimated. The average lateral stress, oy, was obtained from the static -‘
total overburden pressure at the center of the sandy silt layer using _::Zﬁ.
the following equation [28];
=
o
N
Y
)
R
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Op = (Syh + SYh) K’y + vy Z (5.6)
o
ke

where y =total unit weight of soil layer above the water table -

Yy = effective unit weight of soil layer below water table _

K’y = effective coefficient of earth pressure at rest -
Yy = Unit weight of water -

h = thickness of layer (1/2 thickness for sandy silt

layer) -
z - depth of water (to center of sandy silt layer). o

A radial confining pressure equal in value to oy was assumed 10 ”'
be applied to a triaxial test sample from the sandy silt layer. The axial e,
stress acting on the sample at failure, was estimated using the : '
following equation based on the Mohr-Coulomb failure criterion: -
3

6, - 0 1an2(459 + ¢/2) + 2ctan(45° + ¢/2) (5.7) =

where ¢ = angle of internal friction for unconsolidated-undrained N
conditions <

Substituting 0x= 0= G} into equation 4.10, the von \ises failure stress

was obtained as

Of = 0 - Op (5.8)

The loading of the model required special attention. Using the
ABAQUS program, we were not able to specify a value of zero for the

von Mises failure stress (see Appendix B). It was necessarv to model
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the random fill and pervious fill layers as a vertical surcharge acting
along the surface of the foundation soils (see Figure 5.5). This
surcharge was added to that corresponding to the water surrounding
the embankment. The loading due to the weight of the foundation soil
was treated as a gravity loading.

The loads from the embankment, its foundation, and the water

surrounding the embankment were applied simultaneously in

AR A S ST S e Y YR TE

increments. The incrementing of load was initiated at 20% of the full

N
. gravity load and increased at minimum increments of 0.5% The
-::: tolerance for a convergent force solution was specified as 10 Ibs.

Thus, a convergent solution was said to have been obtained if each of
the element load values at the nodal integration points from an
iteration were within 10 Ibs. of those obtained from the preceding
iteration.

The factor of safety for the slope of the unreinforced embankment
was estimated to be 1.00 based on the development of a nearly
continuous band of yielded elements across the slope. Figure 5.6

shows the band of elements which vielded under the load

corresponding to failure. A mesh showing the deformation of the
embankment under this load is presented in Figure 5.7 along with an

outline of the original undeformed mesh.
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3
’-
5.3.2 Embankment Reinforced with Geotextile j:‘_f_
The reinforced embankment corresponding to the model ::
developed by the Corps of Engineers was modeled using the finite :’
element method. Basically, elements representing a single geotextile L-_‘.
layer reinforcing the embankment were added to the model of the
unreinforced embankment discussed in section 5.3.1. .
The geotextile was represented as a thin one dimensional layer ?’
placed on top of the upper silt layer. The elements representing the :
geotextile layer were allowed to withstand tension forces only. The ;
element selected from the ABAQUS element library to represent the "f'_?
geotextile was a two node element, type C1D2. The geotextile layer
was specified to extend from the centerline of the model to a distance '
of 50 feet beyond the edge of the embankment slope. The thickness ~
of this additional layer was specified to be 0.100 in. E
It was specified that no slip could occur between the geotextile .
elements and the soil elements. This was done to model the geotextile
following the deformation of the upper laver of the soil. The \f
boundary of the geotextile layer at the centerline of the model was ::"’:
represented as a vertical roller. The boundary at the other end of the (:.):
geotextile laver was specified as free. -r
The properties of the geotextile layer used for the finite ;‘" |
element analysis were based on the material properties specified by |
the manufacturer. The properties specitied for the linte element
analysis are shown in Table 5.3. The failure stress of the geotextile, o, !'
N
B
',
N O AR A G T R Y R A O A QRS SV -i~-:~';--.:-'{-2--.~<-:;'-'
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was obtained by dividing the tensile force at 5% strain within a

specified portion of the geotextile by the cross sectional area of the

geotextile. The modulus of elasticity was obtained by dividing o¢ by

this strain.

Modulus of Elasticity, E 5760 ksf
Poisson's Ratio, v 0.3
Failure Stress, of 288000 psf

v

Table 5.3 Properties of Geotextile Layer Specified for Finite
Element Analysis

The same loads that were applied in the case of the
unreinforced embank ment (see Section 5.3.1) were applied in the case
of the reinforced embankment. The weight of the geotextile layer was
considered insignificant. To determine the factor of safety and failure
surface the loads were applied to the elements representing the
geotextile layer and to the elements representing the {oundation soil.
The applied loads were transfered to the nodes joining the elements
that represented the geotextile layer were specified to be common to
the upper nodes of the elements representing the upper silt layer.

The factor of safety for the slope of the reinforced embankment
was estimated to be .00 based on the development of a nearly
continuous band of yielded elements across the slope. Figure 5.8
shows the band of elements which vyielded under the Jload

corresponding to failure. A mesh showing the deformation of the
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embankment under this [oad 1s presented n Figure 59 along with an
outline of the original undefcrmed mesh.
S.o4 Biscussien of B calt Faoarte Bleawcat 1V chod
Resutts obtained bv the Corps of Engin 7= uaing tho cimplitied
bishop method are compared to results obtained at The Johns Hopkins
University using the finite element method. The comparisons as well
as the results obtained using the finite efement method are discuseed
Possible sources of error in the results obtained using the finite

element method are presenied.

541 Discussion and Comparison of Results- Finite Element Method

The factors of safetv estimated using both the simplified Bishop
method and finite element method are presented together in Table
5.4. Reasonablyv close agreement was observed between the factors of
safely obtained using the two methoeds. The factors of safetv
estimated using the finite eiement method were higher than the
corresponding factors of safety estimated using the simplified Bishop
method. As would be expected the modeling of a reinforcing
geotextile resulted in an increase in the factor of safety obtained by
each method. AHowever, the increase observed using the finite element

method was much less than that observed using the simplified Bishop
method.
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Factor of Safety

w/0 Geotextilel w/ Geotextile

Simplified Bishop Method 081 0.99
Finite Element Method 1.00 1.00
Percent Difference 19% 1%

Table 5.4 Estimated Factors of Safety

There was difficulty in obtaining nonconvergent solutions using
the finite element method. Nonconvergence was not observed in any
of the solutions presented herein, even at levels of loading that
corresponded to twice those due to gravity. These difficulties were
understood to result from the use of linear elastic-plastic material
modeling. Apparently. this type of modeling creates conditions under
which 1t is fairly difficult to obtain nonconvergent solutions.

The factors of safetv obtained for the two models of the
embankment slope using the finite element method were to be based
on studving  both the wvielded elements and embankment
displacements as functions of the fraction of gravity load applied. A
factor of safety based on vielding was defined as the fraction of the
full gravity load for which a continuous or nearly continuous band of
yrelded elements was observed to develop across the slope of the
embankment (see Figure 510 (a) & (¢}). An element was arbitrarily
considered to be vielding when the stresses at each integration point

were such that the right side of equation 4.10 was equal to or greater
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than 98% of the left side. A factor of safetv based on displacements
was defined as the fraction of the full gravity load for which a distinct

chanze in the rate of ¢chanpe of the totar veruca! dis~lacemopts was

N DR S A R

ofsirned T thr emtankmnent S v e e Sl & udit

e final estimates of the fac..« of safety were baseu ¢ e
fractions of gravity load for which the greatest number of vielded
elements appeared across the face of the siopes  This method was
selected because. for the given <sel of results 1l was easier o
physically relate failures to the number of yielded elements across the
slope than to the vertical displacements of the slopes.

As indicated in Figures 5.6 and SR fair agreement was obtained
between the [failure surfaces predicted by the simphilied Bishop
meihod and the finite element method. The failure surfaces predicted
by the finite element method are the surfaces which separate the
nearly continuous bands of vieided elements across the slopes from
the nonvielded elements above These surfaces agree roughlv with
the corresponding circular failure surfaces predicted using the bishop
method. As would be expected. in each case the failure surface passes
through the weakest layer of soil [t was found that the progressive
development of failure surfaces may be studied using the finite
element method by examining the behavior of linite element meches
under different levels of load Basicallv, under loads of low enough
level no elements vield Then as the load 1s increased more elements

yield. With a large enough load one ma. observe faiiure
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finite element meshes under different levels of load
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Thie section discusses the mdyor sources of uncertainty n the
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recuits oblained using the finite element method  This discussion
St lrom thdl o Sect noa 3 5 an ana the discussnon in Section 4 8 S
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doih T senvpenience gained dorine the course of Hhis studn
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3 calculated by the simplified Bishop method unless a common basis can
be identified.

Another source of uncertainty was the description of soil
behavior. Failure criteria were specified as independent of states of
stress. However, failure in a soil would be expected to depend on the
(. state of stress. The failure criteria used for the soil layers of the finite

. element models were based on results from triaxial compression tests.

. The triaxial compression test involves a state of stress which is

NN SN

g relatively simple compared to the states of stress experienced by soil

P
PREAE!
T, 4%

elements during the finite element analyses.

The manner in which the finite element models were loaded

involved uncertainty. All loads were applied simultaneously. A more
realistic loading sequence would have been one which simulated more
r- closely the actual deposition/construction sequence.

K- In developing the finite element models it was assumed that
the upper two layers do not contribute to shearing resistance. These ‘o

layers were modeled as a distributed vertical load. However, these

Ay A Ny Tr
;S

layers do have the strength to maintain internal stability and would

N

be expected to provide at least some resistance to a failure of the

slope.
An effective stress analysis may have resulted in somewhat

‘ more accurate predictions of the behavior of the embankment slopes

than a total stress analysis. Treating the soil structure and water S

separaleiv, as % Jdone in o an efiective Suress aindiy 88, dhows each of
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‘I
these components to be assigned property values which better =)

represent material behavior under load.
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Chapter 6

Summary, Conclusions and Future Work

6.1 Introduction
In this chapter a brief summary of the work described herein is
presented and conclusions are provided. Future work i1s also

suggested.

6.2 Summary of Work
An existing, partially submerged embankment constructed on a

layered soil deposit was analyzed using the finite element method.

This was done to study the applicability of the finite element methad

N R
N

to the design of the slopes of embankments. Only loads due to gravity

&Y
7/

were considered 1o act on the embankment Analvses were conducted
for the embankment both with and without a reinforcing geotextile
Factors of safety were estimated for slopes of the embankment from
the results of the analyses These factors of saletv were compared
with factors of safety estimated for the slopes bv the Baltimore
District of the US Armyv Corps of Engineers  The Corps of Engineers
who had designed the embankments used the <imphitied Bichop
method for their estimates Also, the development of overall tarlure ol

the slopes of the embanhmient ax descnibed by the finite clemend
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B analyses and the deformed shapes of the embankment at failure were
. studied. ]
- .J'
g .J:
I }
2 6.3 Conclusions .
: The finite element method appears capable of providing "'-;
detailed, physically reasonable descriptions of the behavior of
embankment slopes. Fair agreement was observed between the factor
" of safety obtained using the simplified Bishop method and those ;
\. '-
N obtained using the finite element method. The finite element method <
. K
> resulted in higher factors of safety. The modeling of a geotextile -
& resulted in increased factors of safety however, the results of the b
- finite element method were found to be relatively insensitive to the o
- presence of a reinforcing geotextile  The finite element solutions for A
4 .
- the unreinforced and reinforced embankment had the same estimated
- factor of safety (] 01 and the same failure surface
-
The finite element method mav be useful for describing the
X progressive deveiopment of the faure of slopes of embankments For
‘
- this the behavior of an embankment would be examined under
~ different levels of load  Inmitially under fow Jevels of loading elements )
g would not be expecied to vield  However. as the joad 15 increased
N vielding of elements would be expected At 4 large enough load 4
~ Continuoue of regenngh v contna e Pand D el b e n w0 Y
_ be expected to develop across the siope indicating Lanure of the slape
s
. S S TR O T CRT PN PP
P
- embank ment under oad o mdy be stadied uving the Hinte element
.
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method. However, the [inite element method, as used in the study
described herein, does not appear to describe a failure mass which has
distinctly slipped relative to its surroundings.

Some difficulties were encountered in the use of the finite
element method. It was found to be difficult to precisely define a
state of failure. The most reasonable method for defining a state of
failure seems to be a method based on the number and distribution of
yielded elements. Also, the modeling of a soil mass having either little
shear or little tension strength was found to be difficult.

The finite element method appears to be a potentially effective
method for providing refined estimates of the behavior of the slopes
of embankments. This method appears to have the capability of
reasonabhly closely modeling the progressive nature of slope failures,
complex geometries, complex stress-strain behavior, and complex
loadings as well as soil lavering. submergence beneath water, and
reinforcement from a geotextile  However, considerable effort and
spectalized experience mav be needed to effectively conduct finite
element andivses  Additionally costlv specialized soil testing mayv be
needed o determine soif properties to the level of accuracy and in the
detai] beireved to he necessary tor the effective use of the linite
clement method A d result of the teatures and drawbacks of the
finate elesert method 50 oae telt that this method would be most

dppropridic o the advanced stages of the desiwn of critical facitities
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:: l
A 6.4 Future Work 3
N There are several areas toward which future work should be .
S o,
e directed. The future work would be intended to advance the ability of y
~ ‘-'
b the finite element method to describe the behavior of embankment 4
i slopes. N
= .
g Work should be directed at developing a method for precisely D
Lr. N
" defining the state of failure and subsequently a definition for the ]
S factor of safety. There is no unique way of defining the factor of
- . .
- safety, and this is particularly true when one attempts to compute a
& . . '
, factor of safety from finite element results. It 1s difficult to compare ;
N the factor of safety calculated by the finite element method with the .
‘fj factor of safety calculated by the simplified Bishop method, unless a j
. . . . #
) common basis can be identified. 1
*" In the future attention should be directed at the modeling of A
\"‘ f.
e soil which has either little shear or little tensile strength. Other areas -
7 ,
toward which attention should be directed include the modeling actual g
3 of loading sequences, use of effective stress analyses, accounting for
_‘ partial dissipation of excess pore water pressures and the
development of boundary conditions which can describe more ~
'-J' effectively the behavior of regions surrounding the region of interest. N
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Appendix A

Geotextile Desigr Charts

A.1 Introduction
In this appendix geotextile design charts developed by the

Corps of Engineers are presented.

A.2 Geotextile Design Charts

The Corps of Engineers have developed design charts for
determining the stability number (N} and geotextile strength (Tf)
required for slope stability (6] Figure Al is a flowchart which
describes the process necessary to determine the required geotextile

strength. Figures A2 and A.3 are design charts | and 2 respectively.
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N=Cu=C =y v cr= Ny~ Ny >
vH vi  vH =
3
o
N Y
\I YTy \
cr = NeivH1
where :
)
-
N = stability number for combined contributions from soil and N
geotextile =
Nu = component number for soil cohesion. ¢ o
. Nr = component number for gevtextile cohesion, ¢y e
. . <y -~ '
Cy = unit cohesion of soii. kst -
¢f = unit cohesion of geotextile. ksf .
. - . '
Figure A.l1 Flowchart and Description of Basic Definitions -
for Dimensionless Geotextile Design Charts | and 2 -]
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Appendix B
Preliminary Model Development-

Finite Element Method

B.1 Introduction

In this appendix preliminary studies carried out by the author
to develop finite element models for the embankment of interest are
presented and discussed. The studies involved both linear elastic and

linear elastic-plastic models.

B.2 Linear Elastic Model

The 1nual finite element analvses were conducted using a
linear efasuc model  This was done to roughlv check behavior and to
doveop some model parameters,

The iniual meshas shown n Figure Bl Twentv-four elements,
re R were osed to maodel the embankment  The soil was
assumed 1o be homogeneous  Properties corresponding to the upper

CAnG b dver were used lor all elements tsee Table 5.2).
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Figure B.1 Initial Mesh- Linear Elastic Maodel

Plane-strain conditions were assumed for planes perpendicular
to the longitudinal axis of the embankment (see section 4521 The
conditions at the left vertical boundary and base boundarv were
represented by roller supports. The right boundary was unrestrained

The loads applied to the mesh were those associated with the
weight of the soil and hvdrostatic pressure due 1o the water
surrounding the embankment slope.

With the above items identified, a linear elastic analysis was
conducted. In the linear elastic analysis. the full gravity load was
applied at one time.

The results of the linear elastic analysis indicated that changes
were required in the mesh and boundary conditions. The elements
along the embankment slope were judged to be excessively deformed
for adequate estimates of behavior. These elements were modified for
future analvses. This was accomplished by redefining the shape of the

elements (see Figure B.3).
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Figure B.2 Displacements Eiastic Muodel

B.3 Linear Elastic Plastic Models

The initial linear elastic piastic modes used Lor finite elemy

-t
RN

analyses (Figure B 3) was based on the linear elastic model discussed

e A .. R RS S e e N N e T I BRI R elee et

(P IR L I I | ‘-“‘J‘..'—')"\J‘.;-. ‘._.‘\
e et ey e D




I
»
»
]
i

P
Bl el e

* f) + - i
oV SR i ' T o O N SRR L s o TR S PR o
b o~ b
, . e b 4
.
.
.
.
4
[ ]
. ve
- . ot
-
-
-~ *

Figure B 3 - u fa 0 Flacue Mode,

R Toundaly conadaiens were amibially L diedy Finite

CooTen o drg e were aondo e uaing either roller or fived

Pourldanes Do the verto g e an fhar e Al the depth of the base

Wd oL died

First the joad applied to the embankment and foundalion was
Lot oL U O Rl e s The foad wds appiied as discussed
inosection S 5 1 Then a hvdrosiatc pressure was applied along with
L)

e weirht of the soil along the surtace of the embankment and

surrounding foonddlion <ol
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To check the results obtained using the models. comparisen
studies wee carried out  The models described above represent

L Do ! ; L ia ke Sdro s U S

Eeivma - for the tactors
v Sael, x e

cuch cucankhient siopes can also be oliained wusing

st il umber charts «.oh as thase provide.t by Sowers (28] or

Terzaghi and Peck [31] These charts are often used to estimate the
factors of safetv of slopes. These charts were used io obtain resuits
for comparison with results obtained using the finite element method.

The results ubtlained from the initial finite element analyses are
shown in Table Bl Additionally, factors of safelv estimated using
stabilitv number charts are shown Results are also shown for models

which accounted for hydrostatic pressure [n each case, the [actor of

safetv estimated using the finite element method is based on a

nonconvergent sojution.

Estimated Factor of Safety
Depth to FEM withno Stability No FEM with
Firm Base Hvdrostatic Pressure Chart Hydrostatic Pressure
Roiler Fixed T& P | Sowers Roller Fixed
Base Base Base Base
S ft 580 870 527 1 554 4067 981
71 f1 392 SR7 402 | 408 S00 737
Infinite -- -- 3831 386 -- --

AP Rl [ Y e . ¥ PR S - - - WY -{"hw\
Lot 'r" ,4‘;‘:,‘. Lean o Q- ' W O " . L

* Terzagh: and Peck

Table B.1 Factors of Safety Estimated using Finite Element
Method and Stability Number Charts
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The factors of safety estimated using the finite element models
with roller supports at the base and no hydrostatic pressures closely
approximate the factor of safety estimated using the stability number
chart and assuming infinite depth to firm base. Thus, it was felt that
the roller supports allowed the best overall representation of the
failure of the slope.

The increase in the estimatzd factor of safety caused by the
addition of hydrostatic pressure was consistent with expected
behavior. The hydrostatic pressure on the slope face was expected to
have a stabilizing effect by providing a moment which would partially
counterbalance the moment due to the weight of the embankment.

The finite element model with hydrostatic pressure was further
refined to model two and three layers of foundation soil. The lower
layers were assigned greater strengths. The properties associated
with the middle silt and clay and lower silt and clay layers (see Table
5.21 were used to describe the fower lavers of the model. The
thicknesses of these lavers corresponded to thicknesses found through
field testing.

In all cases, the modeling of the layers of the foundation led to
increases in the estimated factors of safety. In each case. a
nonconvergent solution was obtained The factor of safetv was
estimated using the nonconvergent solution. Additionally, in each
cuse, [ailure was dccompanied by the development of 4 nearly

continuous band of yielded elements in the upper foundation layer
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ciemente n the mesh from the nomber ol b bl

amda o ellect on the esunaie d Ta 0 valeny Thus the numbes
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clements used an each mesh for the preceding studies war jada 4
he adegudle

The ehiects Of ine docanoins o the Side feuiiddr by W eie Jiso
studied  The left boundanies of both the two and three Taver mode's
were exiended to the cenwerimnes of the embanhment models  The
right boundaries were propressivey extended trom SSU 3T to 658 1T
from the centerlines Elements were added (o the existing models to
increase the widths The location of the base boundarv was not
changed The estimated factors of safetv did not change from the:r
original values of S42 (2 lavers) and 637 (3 laverst  This indizated
that the factor of safety was insensitive to an incredse in width of the

model]
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The ettects o b wadt o o the e bounddties were <tudied

Loy the two and thiee javer moder aath the deit bounddrnies jocated

dt the centerfines and the right boundanies Jocated SO0 trom the

centerlines the depthy o0 the base bounddries were gncredsed n
AL Y

steps d total of 25 0 Depth wds ancreased By omeans of additional

ciements the anoreaser o depth reculted anonceredces n the

estimated factor o caretny b abaut oy Thie mdicdled that additiondl
noredses i derth ol bdee Wound resuitan modestanoredsesan the
factor of salety Moadeling the remaming two lavers of toundation tor
dlota ol ive cold lavers indicdied o depth (o firm base speadied as 9
It below medn water level provided ddequdte results

Baced on the gabove Jditcusred studies g hinile clement maode]
Wt spedicd Tor the embane ment Sommeirs was desumed about the
centerhine of the embanement  Plane stram conditions were specitied
The madel was cpeaticd (o have roller supports along the vertical and
base buunddries  The width of the model Irom the centerhine of the
embdiement Lo e bt boaundary wads speanied das oo 1 i he
thickness of the myader was 700 g the centerbac and Sa 1L tront o
the slope  Loadings Jue to the wenghts of the <ail lavers and water
were modeled

The next ared which was studied was the modehing of the
embankment 11l Imtailv the embankment 11l was assiened a <hear
strength of zero  This was done for consistency with the Corps of
Fomineei s i ac T 0l L eacd e a0 n bt cednnaiond did

not have shear strength because of the possibihity of tension cracking
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Hoowenwer wor e SEA T proskram we were not dble to spealy g
Vdbue cf cero o e won Mises tanure siress Thus the embankment
YW W d [ oowressivens arger shedr strength o Tenside lorces
developed mnothe wrdnuidr lavers ol the Ldl violating the conditions
desumed By the Corps of Engineers

Cooavond noonsastenaies with the models o the Corps o
Paxineer he embank ment ddvers were replaced with a surcharge
fdd o The Lo ol g nurdharge load wds more consistent with therr
models besause the surcharge basicallv represented a net apphied
moment witheut the addition of a resisting moment

Once the studies Jdescribed above were conducted. a second
Sudy wds condudted to determine the eftects ol the number ol
viemenits T hie cohimement was done inoan altempt to obtain more
decuraie linite ciement solutions Fach model was [oaded 1n an
attemp o obtain g nonconvergent solution The imtial mesh consisted
of 120 viements Fven at four times the loading due to gravity, a non
convereent soution wds not obtdined  Analvses using hiner meshes ol
45% and Lo 0 elemenis were conducted Agam. n each case
nonconvergence wds not observed even at multiple levels of gravitv
loading  As discussed in section S 41 studies were made of the
number o tailed elements and displacements as functions of the level
of gravitv load  In eeneral within each mesh the same area failed and
displacements amongst the meshes were similar. From these analyses,

ICwds judpod thide o iesit consaning o 0 elements would provide



v

adequate results [t was judged that surcharge loading effected the

analyses such that a nonconvergent solution was not obtained.

As discussed in section S 4.1, the above discussed study also
lcad to the development of a method for estimating a failure [oad. A
distinct failure surface was not observed in the results from any of the
analvses [t was judged that since a continuous band of yielded
elements did not exist a distinct slip surface did not develop As a
result. a vield criteria was selected to define faitlure. A study of the
vielded elements was conducted on the solutions obtained using the
120 and 4595 element meshes. Yielding of an element was said to
occur if the stresses at each of the integration points of the element
satisfied the criterion of Equation 4 10 to within 2% [n each model. at
100% of the gravity load. a nearly continuous band of yielded
elements was observed across the face of the slope in the upper silt
and clay laver The load for which such a condition developed was
considered to be the failure load

In all finite element analyses conducted, under load, the
centerhine side of the mesh dropped while the side 1n front of the
slope rose. This behavior is the basic overall response anticipated.
However. in an actual embankment slope the soil far in front of the
slope would not be expected to feel the effects of the embankment
jaad. Withaut further research. the author cannot give a definite
reason for the observed rise in the far field. This behavior may have

resulted from the combinauon ol the large horizontal reaction forces

that developed on the vertical boundaries in response to the
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embankment load and the roller supports along the base. Also,
smaller elements directly under the slope may lead to results which
better represent expected behavior.

The addition of the geotextile was modestly studied. The
geotextile was modeled as a thin, one dimensional, tension only
element. The properties specified for the geotextile are shown in
Table 5.3.

The geotextile elements were placed on top of the upper silt and
clay layer. The geotextile was specified to extend from the centerline
of the model to a distance of 48 ft beyond the edge of the
embankment slope.

It was specified that no slip could occur between the geotextile
elements and the soil elements. This was accomplished by specifying
the nodes representing the geotextile elements to be common to the
upper nodes of the elements representing the upper silt and clay.

The boundary of the geotextile at the centerline of the model
was represented as a vertical roller. The boundary at the other end of
the geotextile was specified as free.

The same loads that were applied in the case of the
unreinforced embankment were applied in the case of the reinforced
embankment. Asin the unreinforced model. a nonconvergent solution
nor distinct failure surface was obtained As a result a vield criteria,
similar to the one used for the unreinforced embankment, was

selecied (v Jdeline lailure.
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