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ABSTRACT

Conventional methods of slope analyses are based on the concept of limit equilibrium and enab e
only the calculation of the critical height or the minimum factor of safety of a slope. These methodls
are not usually concerned with the stress distribution within a slope either above or below assumed
surfaces of failure. This task can be done through the finite element method. In this paper, this
method is used for the analysis of embankments. It was found that a good agreement could te
obtained between the simple non-linear elastic-plastic finite element analysis, adopted in this paper,
and sophisticated analyses whick deal with plastic behavior of soils. This can be done when
choosing the appropriate material parameters.
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INTRODUCTION

It is common practice among geotechnical engineers to use conventional limit equilibrium methods
for the evaluation of slope stability in designing earth and rockfill dams and other slopes.

Despite its widespread use, the limit equilibrium stability analysis method is subjected to severzl
theoretical shortcomings. This led to the development of the finite element method of stability
analysis, which eliminates most of the limitations found in limit equilibrium methods. Theoreticel
objections that apply in general to all limit equilibrium analysis methods, either total or effectivz
stress, have been reported by Wright et al. (1973). These methods also have a number of commo
characteristics, (Adikari and Cummins, 1985).
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Duncan and Wright (1980) studies and others have frequently compared limit equilibrium methods
that are in existence and have reported their relative merits and shortcomings.
Tavenas et al. (1980) summarise four major shortcomings of existing effective stress analysis
methods as below. These arise from the use of oversimplistic assumptions which do not correspond
to the actual stress conditions in-situ and which in fact are in contradiction with the objective >f
effective stress analysis:
- The effective normal stress used in the stability analysis may differ significantly from those
prevailing just prior to failure,
2- The indiscriminate use of simple Mohr Coulomb criterion ignores the existence of limit state
and critical state of the materials in question.
3- The degree of mobilization of the material strength is expressed mathematically in a way that
implies a specific stress path up to failure.
4-  The equation between local and overall values of the factor of safety is valid only under
specific circumstances that are generally impossible to meet.
Despite these shortcomings, many investigators have found that the classical stability analys:s
result in a surprisingly small error on the computed factor of safety when applied to case histories,
(Adikari arid Cummins, 1985).

METHODS OF ANALYSIS

Two methods of analysis are adopted in this research:
1- Bishop's simplified and modified method of slices.
2-  (Non - linear) finite elements method.

Bishop's Method of Slices

Despite that Bishop's simplified method does not perform all conditions of equilibrium, the littie
iterations and the accuracy of its results make it more attractive to use. This method of solving is
applied in this rescarch by using the computer program (STABGM).

The STABGM program was written at University of California Berkeley. It was then modified n
1974 and, in 1981.

The program will be used to compare the results obtained by the finite element analysis .

Non - Linéar Finite Elements Method:

Previous studies on embankment analysis, i.e. Duncan and Seed (1966), Al-Damluji (1981) have
shown that non-linear incremental finite element analysis appear to model actual behavior of the
embankments much more closely than do linear analysis.

This method consists of using the internal stresses determined by performing analysis of the slopcs
to determine, (Wright et al., 1973):

1- The variation of the normal stress and the factor of safety along the shear surface.

2- The overall factor of safety of each slope.
Al-Saady, (1989) used the finite element mesh for foundation-embankment system as shown in

Fig. (1)
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- Typical finite element mesh for foundation- embankment systems (from Al-Saady, 1989)
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Eight-node quadrilateral isoparametric plane strain elements are used, and a computer progran

edited by Smith and Griffiths (1988) (program, 6.1) was used with the following modifications:

I- The program was modified to consider different types of geometries and materials.

2-  The initial stresses in the soil were taken into account, A procedure called "gravity turn-on
analysis" which had been improved by Dunlop and Duncan (1970) was used in this program. n
the plane strain case, the in-situ stresses are calculated by considering the lateral earth pressu-e
coefficient (K,).

3- The program considers gravity loading only. It was modified to consider external loads too.

4- The input data was simplified by adding subroutines (which were written for this purpose) "0
calculate:

a- the (half-band width) value of the stiffness matrix.
b- number of nodes in the mesh.

¢- total nwiaber of degrees of freedom in the mesh.

d- the freedom data for restrained nodes.

5- The program was modified to examine whether elements were yielded and decide if that element
failed or not by comparing the shear strength value (Cu), (which is equal to shear strength at
failure) with shear stress at each element which is equal to((01-03) /2)

T peak _ C

Telement 3 (Gl_ 03) /2

If (stress level = =1), this means that the element is failed.

6- The program was modified to calculate the factor of safety, internal stresses, and displacemens
at each node and decide what region is failed.

The problem to be analyzed is a slope of (Mohr-Coulomb) failure criterion material subjected 1o
gravity loading and external loads..The loads in this program are applied in a single increment and a
"trial factor, of safety loop" is considered. The material behaviour is clastic-plastic.

Keeping the loads constant, several values of (F) are attempted until the algorithm fails to converge.
For simplification, the yield and ultimate failure surfaces are considered identical, (Smith and
Griffiths, 1988).

DISCRETIZATION OF EMBANKMENTS: .

Discretization of a system such as an embankment on a "rigid" foundation is straightforward
because the boundaries are defined, but in problems involving "infinite" media, e.g., embankment
foundations in deep geologic masses, finite boundaries must be established. It is helpful if a
relatively hard material is encountered at shallow depth, in which case the boundary for the finite
element mesh is established at the interface of the relatively hard material,
(Desai and Christian, 1977) .

It has been thought that relatively hard material can be defined as one, which has a modulus eque!
to 500 to 1000 times that of the overlying material, (Desai and Christian, 1977). When a relatively
hard material is not present, it is necessary to establish finite boundaries within which ths
significant influence of the construction operations occurs.

Dunlop and Duncan, (1969) suggested that the extension from the toe of slope should be at least
three times the foundation depth (3D). . o _

Fig. (2) summarizes the results of several studies to determine the minimum extents required for
modeling a finite media.
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Fig. (2) Discretization of embankments.

STABILITY EVALUATION:

In addition to compute the stresses and displacements, the results of the finite element solutions cun
be used effectively to:

1-  Isolate zones of local yielding.

2-  Compute the overall factor of safety of an embankment.

Utilizing an appropriate failure criterion during construction, one can follow the progression of the
failure zones.

The overall stability can be evaluated by evaluating the computed mobilized shear stresses along a
critical shear surface and comparing these stresses with the strength along the surface. The factor of
safety is essentially the same or slightly larger than the factor of safety computed from the Bishop's
method of slices and that the factor of safety increases slightly with increasing values of Poisson’s
ratio. a

CASE STUDY EXAMPLE:

In order to apply the slope stability finite element program in solving problems, a case history will
be presented below. A comparison is made between the slope stability finite element program's
results and the published results, which are obtained using another finite element program adoptirg
triangular elements. The case is taken from Desai and Christian (1977)- example (3-2).

In this problem, the stability of an embankment is investigated using associated and non- associated
flow rules.- The results of embankment studies are expressed in terms of a factor of safety with
respect to collapse, and in this case (Desai and Christian, 1977) follow a similar procedure ty
determining the minimum value of cohesion for which a stable solution can be obtained. The ang e
of friction was held constant at (20°), and the cohesion was reduced until failure occurred. Tte
results of this analysis are presented in the form of cohesion verus displacement curve.

Using the same properties and dimensions of this case, a mesh is made, and reducing the value of

cohesion until the failure occurs does the analysis.

Fig. (3) shows the finite element mesh used in the analysis. The left and right boundaries ate
considered free to move vertically. Material properties are also presented in this figure.

Fig. (4) shows the embankment deformation resulted from gravity loading only.

In this Figure the vertical displacement for point (A) is varied with reduction of cohesion. When
comparing the results of (the slope stability finite element program) with those obtained by
(Desai and Christian, 1977), one can observe that there is a good agreement between the two
results. It is noticed from Fig. (4) that the values of the factor of safety obtained are very close to
those obtained by Desai and Christian (1977). This reflects the suitability of the algorithra
convergence adopted in the program. The visco - plastic material behavior following the
(Zienkiewicz and Cormeau, 1974) method is successful. Through this method, the material is
allowed to sustain stresses outside the failure criterion for finite periods.

The factor of safety which was obtained from the stability analysis using the two methods (Bishop's
method represented by STABGM program, and the non - linear finite elements program) are showa ®
in Table (1) for ¢ =3 kN/m?.
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Fig. (3)- The finite element mesh for the embankment, and the material properties, (Desai and
Christian, 1977).
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Fig. (4) - Embankment deformations resulting from reduction of
cohesion, (application of gravity loading only).
Table (1) Results of stability analysis.
Method (Bishop’s Method of Slices) (STABGM) program | Finite Elements
1.032
Fig. (5) shows the variation of the value of the factor of safety with the value of cohesion obtained
from the non-linear finite elements program, and from STABGM program.
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L) Variation of the value of the factor of safety with the value of cohesion.
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Figs. (6) and (7) show the contours of stresses at failure in y and x-directions, representatively.
A comparison between Fig. (6) and Fig. (7) reveals that the coefficient of lateral stresses (the ratio
of horizontal to vertical stresses) is approximately (0.5).
Figs. (8) and (9) show the contours of displacements at failure in y and x-dircctions,
representatively.

SLOPESTABILITY OF EMBANKMENTS BY THE
and ML The AL Hadidi FINITE ELEMENT METHOD

It is noticed that vertical displacements are greater near the surface, while horizontal displacements
concentrate in a region near the toe, which means that spreading out of soil will take place near the
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Fig. (8) Vertical displacement contours (m) in the embankment at tailure.
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Fig. (9) Horizontal displacement contours (m) in the embankment at failure.

CONCLUSIONS:

I- The computer program developed for this work which adopts finite element analysis gives
good results (factor of safety) for slope stability problems compared with those obtained by
Bishop’s method of slices.

2- A good agreement can be obtained between the simple non-linear elasto-plastic finite
clement analysis adopted in this paper and sophisticated analyses which deal with plastic
behaviar of soils.

The algorithm of convergence followed here for attaining the material non-linearity; constaat

stiffness method gives good results. The visco-plastic material behavior following the (Zienkiewicz

and Cormeau, 1974) method is successful.

Through this method, the material is allowed to sustain stresses outside the failure criterion for

finite periods.
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NOTATION

B half width of the crest of embankment

Cy undrained cohesion

D depth of the foundation

F factor of safety

H height of embankment

K, at- rest lateral earth pressure coefficient

n side slope of embankment (n horizontal to 1 vertical)

Ox, 0y lateial stress (x- direction) and (y- direction) respectively
o)1, 03 principal stresses
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