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Stability analysis of earth dams and slopes requires consideration
of the coupled effects of external loads and seepage forces due to the
steady or transient flow of water. A sufficient number of failures of earth
dams under unsteady drawdown conditions have been reported in the
literature to demonstrate that is important if it is not critical, to investigate

the stability of dams under these conditions [Sherard et al., Y 31Y].

The first part of this work therefore presents a finite element
procedure for determination of the time dependent locations of free
surface, seepage heads and pore pressures within the dam body. The
seepage analysis is based on Galerkin method involving saturated and
unsaturated zones in which the original mesh remains invariant during
unsteady flow and iterations. The cases of the sudden and gradual (linear)
drawdown conditions are studied by this method. The method is stable
but requires a large number of time steps to reach the steady state,
comparison with analytical results indicate that the maximum percentages
of absolute differences are insignificant (less than Y7).

The second part presents a computation procedure by which the
most critical slip surface and its relevant minimum factor of safety are
obtained. The procedure adopts the more general Morgenstern — Price
method of slope stability, no restrictions are imposed on the shape and
location of the slip surfaces and the analysis satisfies all equilibrium
conditions. Comparison between the present analysis results and those
reported in the literature shows a fair correspondence, but in every case a
more critical slip surface with lower factor of safety is found.

The present procedures are then utilized to re-analyze the stability
of upstream side slope of a zoned earth dam. The results indicate that the
dam is safe under the different water conditions that have been studied.
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| NOTATION I

Most of the commonly used symbols are listed below; other are
defined where they appear in the research.

Item | Description
C Cohesion.
D The problem domain.
[D] Assemblage permeability matrix.
[D] | Element matrix.
E Normal stress component of interslice force.
E; Maximum relative error.
f(t) Function specifying variation of water level.
f(x) Function variation with respect to X.
F Factor of safety.
Fr, Fm | Safety functional.
{F} Forcing vector.
h Head.
H° Head within the element.
H; Height of slice (i).
Hq Drawdown head at given time.
H. Head of exit point of slope.
i Hydraulic gradient.
I Modified Bessel function.
Js Bessel function of first kind of orders.
[J] Jacobian matrix.
[J]" | Inverse of Jacobian matrix.
K Coefficient of permeability.
[K] | Permeability matrix.
Ky Ky | Permeability in x and y directions respectively.
l; Portion of a boundary.
[L] Transformation matrix
m Total number of elements in the flow domain.
[M] Assemblage mass matrix.




Item | Description

[M? | Mass matrix.
n Porosity.

N; Shape function of the element.

P*, P¥ | Forces in x and y direction per slice, respectively.

pY Force due to pore water pressure.

On Flux normal to the boundary.

R Residual.

R" Element residual.

S Distance between two points.
Ss Specific storage.

T Time.

U Pore water pressure.

V Seepage velocity of fluid.

Vy, Vly, | Velocities in the directions of three axes x,y,z.

[V] | Velocity vector.

{Vp} | Particle velocity vector.

W Weighting function.

X, Y, Z | Global coordinate system.

a Angle of inclination of slice base.

a, B | Angles of slope inclination.

AT Time step.

&, & | Tolerances.

¢ Angle of internal friction.

y Bulk density of fill.

ot Water density.

A Constant.

()] Potential head.

A(T) | Parameter.

6 Angle of inclination of interslice forces.

o Normal stress.

¥ Shear components of interslice forces.
¢, n | Local coordinates system.

T Shear stress.







Appendix A

SHAPE FUNCTION

The shape functions for a four-nodded quadrilateral with corner nodes

where n = +), and £ = £, takes the form:

RS ) I — (A-)
Lt (R N — (A-Y)
N, :%(1+ a+n) (A-7)
T e — (A-9)
1y N

Figure (A-1): Typical quadrilateral finite element



EXPLANATION OF PROGRAMS

B-\ General

The following paragraph presents a brief explanation of the various parts
of the plane free surface flow program and slope stability program used in this
thesis. Some of the subroutines are extracted from I.M. Smith (Y4AA) and from

R. Baker (Y4A+), while the others are modified in this work.

B-¥ Divisions of Plane Free Surface Flow Program
The main program includes a number of major subroutines as shown in

Figure (v.¢). The major subroutines are:

V. Geometry Subroutine

This subroutine forms the coordinates and steering vector for four-node
quadrilaterals element, numbering in x-direction. Generating invariant mesh,

V-freedom per node as shown in Figure (B-)).

Y. FORMLN Subroutine

This subroutine forms the shape functions and there derivatives for four
noded quadrilateral element in local coordinates (n, £). Gaussian integration
points needed in this subroutine specified from GASS subroutines as shown in

Figure (B-Y).

. MATMUL Subroutine

This subroutine forms Jacobian matrix by multiplication of shape function
derivatives matrix by coordinate matrix, as this routine calls another subroutine

as follows.



Appendix B: Explanation of Programs

(a) JACOB Subroutine

This subroutine forms the inverse of Jacobian matrix and its determinant

as shown in Figure(B-¥).

¢. FSURF Subroutine

This subroutine is used to determine the coordinate of free surface nodes

for each time level during drawdown process as shown in Figure (B.¢).

. CHECON Subroutine

This subroutine is used to perform convergence criterion by set
converged to “false” if relative change in HEAD and OLHEAD is greater than
tolerance and updates OLD HEAD, as shown in Figure (B-°).

START

Read from input file, number of element
in x direction (NXE), Number of element
in y direction (NYE), number of

integration point per dimension (NGP)

For I=Y, to NGP .
For J=), to NGP .

Create numbering vector NUM(I)
Forms the steering vector G(I),
and coordinate matrix COORD.

Next J, |

End Sub

Figure (B-1): Geometry subroutine flowchart



e Appendix B: Explanation of Programs

START
Read number of nodes per element (NOD)
dimensions of problem (IT)
Specifying quadrate

< abscissas and
weights

\ 4
| For I=Y to NOD .

Evaluate the local coordinate n, €
for given Gauss points

Evaluate shape functions FUN(I).

Next | .
ForI=YtoIT .
#7

Evaluate the shape function derivatives
with respect to n, and ¢, DER(1,J).

Next |

End Sub

Figure (B-Y): FORMLN subroutine flowchart



Appendix B: Explanation of Programs

START

Read the coordinates of Gauss points

Evaluate the Jacobian matrix, JAC

Evaluate the determinant and inverse of
Jacobian matrix

Evaluate the derivative of the shape
function  with  respect to  Cartesian

End Sub

Figure (B-*): JACOB subroutine flowchart

START

Input the following information

x-coordinates of free surface nodes in array
WIDTH.
Initial height of free surface nodes in array SURF.
The angles of column lines inclination in array

For all free surface nodal points

Calculate hydraulic gradients
oh oh .
— and — respectively

0 X oy

Calculate Vx
and Vy from
Equation (¥.¥\a)

Calculate Vx
and Vy from
Equation

Evaluate the new position of free surface by
using Equations (¥.¥c to ¥.¥Ygand ¥.YY)

Figure (B-¢): FSURF subroutine flowchart



Appendix B: Explanation of Programs

START
[T | For free surface nodes I

Calculate Maximum relative
error (E), Equation (¥.¢9)

Adopt the new
position of free
surface. Sets
SURF=HEAD, and
WIDTH from
Equation (¥.¥Y)

HEAD = OLHEAD I

()

P
<«

End Sub

Figure (B-2): CHECON subroutine flowchart

R >

B-¥ Divisions of Slope Stability Program

In this program the major subroutine is MPM (Morgenstern-Price
Method). This subroutine is used to perform the slope stability computation

according to Mergenstern-Price Method as shown in Figure (B-1).



Appendix B: Explanation of Programs

Given description of the slope and
(Xi, y.) i=) ... (n+\)

[Ciyiw; P P P]=
Geomt(Xi, Xisr, Vi, Vi)

Calculate S; and Eli, i=) ... n Using
®—> Equations ¥.Y ¢, ¥.ye

| Assume 0 .

Calculate Rji=) ... n Using
Equation Y.¢Y

Assume A .

> i=)

Calculate m; Using Equation ¥.¥1
@—" and N; = w; cos0s

m;=cos(o;-0)
Ei =

.= e

S LG
Change A




Appendix B: Explanation of Programs

Calculate Fm
using equation
yoey

Calculate F;

using equation o @

Print 0, Ff, Fm, Del
YES

A 4

A\ 4
| Take k=Y i=)...n . The solution F=F,,=F; and

0,=0 is obtained

Figure (B-"): The procedure MPM (Morgenstern-Price Method).
(Fs, 6s)=MPM {(x;yi)i="...(n+")}

\ 4



Appendix C

INTERPOLATION OF PORE PRESSURE

The pore pressure values used in slope stability analysis are interpolated
from a data file created by a finite element analysis for seepage problem. The
subroutine PFIND used in slope stability program uses the coordinate positions
and pore pressure values form the seepage data file, selects the three closest
points to the center base of slice under consideration as shown in Figure (C-Y),
and calculates the appropriate pore pressure value using the linear interpolation
formula:

- Oy xlyx P(1y)+ 0, x05xP(1,)+ 0, x £,xP(l5)

P(x
Coxlg+lyxly+0,x0,

c? JC

where:

P(x., Yc) = interpolated pore pressure in the center base of slice (i).

I, I, I=the distance between the closest three points to the center base of slice
(i)

P(l,), P(l+), P(I+) = the pore pressure values at these points.



Appendix C: Interpolation of Pore Pressure

/

P(Iv) (X(Iv), Y(1h))

Slice (i) in

failure surface | P(I¥) (x(I¥), y(Iv))
ﬁ\ : ;
| | /
|

° /

/
/
/ -
/ Failure surface

P (X, Ye)

P(ly) (x(Iv), y(Iv))

\

Figure (C-1): Interpolation of pore pressure from data file



Chapter One

INTRODUCTION

V.Y General Remarks

It is probably safe to say that few engineering projects have a greater
ability to stir men’s minds than the design and construction of a large dam.
Within the engineering profession there is the excitement that a massive

integrated engineering endeavor creates.

The ability of civil engineering profession to produce successful designs
has promoted precedent as the most significant factor influencing the design of
new dams. Dams designed on the base of precedent tend to be conservative,
especially where uncertainties regarding the material properties or structural
behavior exist. Performance of a new dam is estimated from previous experience
and simple analysis rather than as a result of a truly fundamental understanding

of the structure itself [Al-Qaisi, )444].

When the reservoir is full, the critical region is near the downstream face.
If no drainage arrangement is made and the slope is also steep, the phreatic line
may intersect the downstream slope creating serious conditions there. This can
be avoided by provide drainage filter or drainage toe, etc. or by broadening the
base of dam so that the head loss is great enough to bring the line of saturation
beneath the downstream toe of the dam. For the upstream slope, the critical
condition can occur, when the reservoir suddenly emptied. In such a case, the
water level with the soil will remain, as it was when the soil pores were full of
water. The weight of this water within the soil, now, tends to slide the upstream

slope along a circular arc [Garrg, Y24A].

QO



Chapter One: Introduction

A sufficient number of failures of earth dams under draw down conditions
have been recorded to demonstrate that it is important, if not critical, to
investigate the stability of the structure under these conditions. These details of
earth dam failures which occurred due to the draw down of the reservoir have

been given by [Sherard )de¥, quoted from Sherard et al., Ya1¥].

No two dams are exactly a like, individual dams different their
dimensions, design, and purpose. They differ in the nature of the site they
occupy and in the size of the reservoir they impound. In the present work the

role of ground water is examined in the context of large earth dams.

V.Y Numerical Analysis and Design of Dams

A numerical analysis is of a particular significance if a new design
concept is involved. The major contribution of numerical analysis in the design

of dam may be divided into two aspects:

Ranges of solutions are possible using different values of material

parameters. Variation on the geometry can also be studied with ease.

The idealization of the structure and identification of the factors affecting
it is behavior result in a better understanding overall the structural
performance. Thus, design concepts may improved and innovations in a

design can be made with confidence.

As the numerical procedures develop and improve and material properties
are more closely identified, the accuracy predictions also improved. The results
that will be predicted may differ form the observed measurements by only small
amounts. Errors may be due, not to weakness in the analysis, but only
variability of construction materials used and other associated or non-technical

factors.

O
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Chapter One: Introduction

\.¥ Aims of the Present Work

The main targets of the present work can be summarized as follows:

To build a general model to study seepage problem under transient

conditions and overall stability of side slopes of the earth dams.

To verify the model to check the reliability of the program. The following

problems are solved to investigate the aforementioned parameters:

Analytical solution for the previously published work by Suresh
and Harr () a1Y).

The Otter Brook dam constructed in New Hampshire, U.K.

To prepare stability charts to be used as guidelines for the analysis and

design of earth dams.

¢, Re-analysis the stability of side slopes of one of Iragi zoned earth dam.



Chapter Two
A REVIEW ON SEEPAGE AND STABILITY THEORIES

Y.y General

The aim of this chapter is to present the necessary background and theory
upon which stability and seepage are based upon. Consideration must, therefore,
be given to a number of different topics. First, a description of seepage theories
in soil mechanics are presented . Later on, a brief description of the theories of

stability are described.

.Y Review on Calculation of Seepage Pressures in Embankment
Dams

Y.¥.) General

The stability of earth dams subjected to the effects of changing reservoir
levels is dependent on, among other factors, the pore pressures induced within
the earth mass due to seepage. The pore pressures are generally estimated from
flow net analysis obtained under steady state conditions. However, a more
precise determination of pore pressures is warranted for the case of a
continuously moving free surface. The expected distribution of seepage
pressures and the position of the free surface are required so that filters and
drains can be designed and positioned correctly to give acceptable flow
distribution and seepage quantities. Civil engineering has traditionally relied
upon the graphical method of flow nets to determine seepage pressures for
steady state conditions in the earth dams. However, the process of flow net
construction requires skill and time and in many practical problems simplifying
assumptions have to be made. Analytical methods are available but they are

<



Chapter Tow: A Review on Seepage and Stability Theories

mostly limited to simple cases. Numerical methods based on finite difference
and finite elements approaches now remove the many limitations associated

with anisotropy and non-homogeneity.

v.v.¥ Steady-State Seepage Through Earth Dams

The most critical conditions are likely to occur with the reservoir full
under steady state seepage and those ensuring during and after rapid drawndown
of the reservoir. In order to assess the factor of safety of a potential slip surface,
the distribution of pore pressure in the dam must be known. Failures of earth or
rockfill dams can be resulted from excessive leakage from piping at the toe, or
from slope failures on the dam face [Freeze and Cherry, Y4va]. All the three
can be analyzed with the aid of steady-state flow net. For rare situations where
an earth dam is constructed on the impervious formation, the flow net can be
limited to the dam itself, where the foundation materials are also permeable and

the flow net must include the entire dam foundation system.

v.v.* Transient Seepage Through Earth Dams

Slope failures on the upstream face of a dam are usually the result of rapid
drawdowns in the reservoir level. At full supply levels the effects of high pore
pressures in the face are offset by the weight overlying reservoir water.
Following rapid drawdown, the high pore pressure remain, but the support has
been removed. Unless the transient dissipation of these pore pressure is rapid,
that is, unless the transient drainage of the dam face is rapid, instabilities may

develop on the critical slip surface and slope failures can occur.

v.v.t The Theory of Seepage in Porous Media

The principle of the flow of water in soils are outlined here and the

validity of Darcy’s law is discussed for saturated flow.

<



Chapter Tow: A Review on Seepage and Stability Theories

The equations of flow are written in terms of the total, or hydraulic heads,
these being the fundamental driving potentials for both saturated and unsaturated
flow. A full mathematical treatment of the whole subject is already given in

numerous [Harr, 41Y], and [Freeze and Cherry, Yava].

v.v.¢.) Darcy’s Law

The “Darcy’s law of seepage” establishes a linear relationship between
the seepage velocity and hydraulic head gradient. This law, which is a simple

consequence of viscous flow neglecting inertial effects, can obviously be written

in the form:
v=—ki (YY)
or v=—k% ................ (v.Y)
ds
where:

v : seepage velocity of fluid in porous medium,
k : coefficient of permeability or hydraulic conductivity,
I - hydraulic gradient,
¢ : total or potential head,
and s = distance between two points in flow media.

If the velocities in the direction of three orthogonal axes X, y and zZ are

designated by a vector, v, or

Vx
[\7]: Vel (v.va)
Vs

and if the head gradient is defined similarly by it’s three components,

O



Chapter Tow: A Review on Seepage and Stability Theories

s
ox
_[gradp]- _% .............. (v.vb)
_ %

o7 |

then the most general linear relationship that can exist between the two

quantities is of the form

Vl--Kloradh) (v70)
in which [IZ] Is a v¥-by — ¥ matrix defined by nine numerical coefficient. It can,

however, be shown that matrix [IZ] must be symmetrical to satisfy conservation
of energy and therefore it appears that only six coefficients are necessary to
define it. If direction of the axes is changed to X, y, z, then the velocity vector of

the direction of new axes can be found as,

viele -uvl (vrd)

V;

in which [L] is transformation matrix of direction cosines. Similarly the vector

of head gradient.

9]
O X

—[grad¢]=| —-— :_[L][gradﬂ .............. (v.ve)

combining Egs. (¥.¥c), (¥.vd), and (¥.ve) yields
V]=-|k]lgrad¢] (v.¥f)
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in which the new permeability matrix is

k=g (17g)

with this type of transformation, and if k is symmetrical, it is always possible to

find three orthogonal directions for which k reduces to a diagonal matrix giving

k, 0 0
V]=40 k, Olffgradg] (Y.vh)
0 0 k,

these directions are known as the principal axes of the porous material and the
particularly simple relationship Equation (¥.¥f), in the direction of these axes are
obviously worth noting. In a stratified material such as rock or soil the behavior
in a direction perpendicular to the strata is symmetrical and this axis coincides
with one of principal directions. In the plane of the strata the material often has
no preferential direction and axis in that plane is, therefore, a principle axis

[Zienkiewicz et al., Y411].

v.¥.¢.Y The Equation of Continuity

The equation of continuity states mathematically that matter can neither
be created nor destroyed. The derivation is standard and applies to both
saturated and unsaturated flow. The derivation is traditionally done by referring
to a unit volume of porous media as shown in Figure (¥.)), such an element is

usually called control volume.

The law of conservation of mass for transient flow requires that the net
rate of fluid mass flow into any elemental control volume be equal to the time
rate of change of fluid mass storage within the element. With reference to Figure

(¥.)), The equation of continuity takes the form:

a(pVX)+ 8(pVy)+ 8(pVZ):_6(pn) ................ (¥.9)
OX oy 0z ot '
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Figure (¥.V) Elemental control volume for flow through porous media. [After Freeze and
Cherry, Yav4]

where (p) is the fluid density, (t) is the time, and (n) is the porosity of soil. The
(pv) terms have the dimensions of a mass rate of flow a cross a unit cross section

area of elemental control volume.

v.v.¢.r Derivation of the Governing Equation

The governing equation is derived by mathematically combining the
Darcy’s equations of flow with the equation of continuity. Expanding the term

in right hand side of Equation (Y.¢) gives:

8(pVX)+a(pVy)+6(pVZ):n5_p+p@ ................ (¥.0)
Ox oy 01 ot ' ot '

known that change in (p) and change in (n) are both produced by a change in
hydraulic head (h). For a transient flow in two dimensions saturated porous

media, the simplifications may be made.
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The fluid under consideration is the water, i.e. p is constant, and %VZ =,
Z

By combining the Darcy’s equation for saturated porous media obtained,
V, :kxa—h, and V, :kya—h.
OX oy

The governing equation reduces to the form.
0y oh 0, oh_g o
oX “0x 0y °0Y ot
where (h) is the hydraulic head at any point P(x, y, t), and (S;) is the specific
storage. The governing equation for a homogeneous saturated porous media for

two dimensions in linearized form [Suresh and, Harr, Ya1Y; Desai and,

Sherman, Yavi] is:

o%h &%h oh
k, — +k =AMt — Y.V
X 8X2 y ayg (}at ( )
in which ky and k are the horizontal and vertical permeability respectively, and
n
Alt)=
© h(0,0,t)

This equation is often called Boussineq equation [Bear and Verrvijt, Y44.].
For steady state flow of saturated isotropic porous media, the well known

Laplace’s equation is:

8°h  0%h
_+——

=0 YA
ox> oy’ -

¥.Y.e Methods for Solution of Seepage Equations

In order to do seepage analysis, a general model describing the
phenomena of seepage must be available. Supplied with specific boundary
conditions and soil properties, this model can be used to determine heads and

flow distribution and seepage quantities. The Laplace’s equation is a
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mathematical basis for several methods have been developed to solve exactly or
approximately Laplace’s equation for various cases of seepage, Figure (V.Y)

[U.S. Army Crops. of Engineers, Y4A1]. One of most widely used methods.

4 )
Seepage Analysis
Flow Nets Models Analytical Numerical and
Electrical Methods Computer
analogy Mapping or Methods
). Wet- Transformation Finite
aqueous Semi Differences
solution or gel Empirical (relaxation)
YDor D method of XX
Fragments D0
Sand Y-D Closed Dimensional.
Finite
or YD form Yy y
Vi element ', 7,7 -
|3cous Dimensional
. v

Figure (.Y) Seepage analysis methods. [After U.S. Army Crops. of Engineers, ) 2A1]
v.Y.e.) Graphical Method-The Flow Net

Flow nets are one of the most useful and accepted methods for solution of
seepage equation (e.g., Laplace’s equation) [Cedergren, Y41v]. The solution of
seepage equation (¥.v) or (¥.A) in two dimensions may be presented by two
families of curves intersecting one another orthogonally and forming a pattern of
curvilinear squares. The two families of lines are known as equipotential lines,
or lines joining points of equal total head, and streamlines. A streamline is the
locus of the path of flow of an individual particle of water. The mesh formed by

the intersection of these two sets of curves is known as a flow net.

A unique solution of Laplace’s equation may therefore be obtained
graphically by trail-and-error sketching of a flow net, which satisfies the

boundary conditions, preserve right angle intersections and consists of
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curvilinear squares. The method may be extended to include simple anisotropic
conditions by transforming the section before the flow net is constructed so that
the dimensions of the cross section are shurk in the direction of greater
permeability [Lambe and Whitman, Y414 and Garrg, ‘%3], If a section
consists of two materials having different permeabilities, the net may be drawn
so that the length to width ratio of the squares is equal to the ratio of
permeabilities. Confined and unconfined flow solutions to transient advance
problems are also possible. Cedergren (Y21v) comprehensively describes the

method and many examples on the flow nets are given.

The undesirable feature of the flow net methods lies in the difficulty of
sketching the net. An accurate net for even a simple two-dimensional flow

situation can require many hours of skilful and experienced laborer.

However, the solution of two dimensional problem is relatively
insensitive to the quality of flow net and even a poor attempt may yield suitably
accurate results for the pore pressure, seepage quantities and gradients.
Nevertheless, a solution by the flow net method is scarcely possible for the case
of heterogeneous section or one in which the directions of the principal axes of
anisotropy do not coincide throughout the flow domain. Non-linear problems in
which the permeability is a function of pressure head are also excluded whether

these are concerned with non-Darcian or unsaturated flow.
¥.Y.e.¥ Analytical Method

Harr (Y21Y) explained the use of transformations and mapping to transfer
the geometry of seepage problem from one complex plane to another. In this
manner, the geometry of a problem may be taken from a plane where the
solution is unknown to a plane where the solution is known. While this method
has been used to obtain solution to general problems it is not frequently used for
solutions to site-specific seepage problems since it requires the use of complex

variable theory and proper choice of transformation functions.
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Unconfined flow in dams was also studied by Numerov [reported by
Harr Y31Y] who obtained solution in graphical form but, unfortunately, its

application is still not straight forward.

Suresh and Harr (Y21Y) has derived a general solution for a free surface
response to the history of the reservoir fluctuations. Detailed solutions are
obtained for reservoirs with constant head-water levels and with linear variations
of head-water levels for various inclinations of upstream slope. The results are
reduced into graphical form. Comparison between analytical results and
experimental results obtained from a Hele-show viscous flow model were done.
Comparisons with model studies strongly indicated that given the history of the
reservoir fluctuations the developed solution can predict with some reliability
the response of the free surface within homogenous earth dams, founded on

impervious base with any orientation of upstream slope.

Al-Assaf (Y224) has derived analytical solution for aquifer response to the
stage variation in a surface-water such as a stream. The effect of the stream
fluctuation on aquifer or aquiolude that is bounded laterally by a medium of
different hydraulic properties have been investigated. Analytical expressions for
the change in ground water flow rate of ground-water flow, and volume of
accumulated water in response to stream fluctuation have been derived. Two
different approaches of approximating the stream hydrograph i.e. the sudden
changes and the linear variations were investigated and given nearly the same

result.

v.v.e.¥ Numerical and Computer Methods

Numerical method are used for problems involving regional studies where
the simplified analytical models can no longer describe the hydraulic behavior
accurately [Wang and Anderson, Y3AY]. Moreover, even complex numerical

solutions, can be handled now-a-days with presence of a very high-speed
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computer. There are many methods of numerical solutions that are used in
seepage modeling. As stated in [Bear and Verruijt, Y44:], these methods are:
finite difference; finite elements; integrated finite difference; boundary elements
and analytical elements method. Each method has special features which may be

desirable for a particular application.
V- Finite — Difference Method

The finite difference method solves the flow equations by approximating
them with a set of linear algebraic equations. The flow region is divided into a
discrete rectangular grid with nodal points, which are assigned values of head.
Using Darcy’s law and the assumption that the head at a given node is the
average of the surrounding nodes, a set of N linear algebraic equation with N
unknown values of head are developed [U.S. Army Crops. of Engineers, YaA1].
A numerical finite difference solution to steady state flow situations was first
presented by Show and South well in Y4¢) but the development of the method

accelerated with advance of digital computers [Al-Qaisi, Y244].

Pinder and Bredehoeft (Y41A) presented a numerical solution to a
mathematical problem of unsteady state condition, using finite difference
approximation. The results of this model were compared with those obtained
from the analytical approach for problems in homogenous media of simple
geometry and with electric analogue results for realistic aquifer. The results of

this comparison indicated that the numerical solution gives good results.

Verma and Brutsaert ("4v)) presented a finite difference solution of
unsteady free surface ground water seepage problem. They obtained by using a
successive overrelaxation iterative scheme the fall of water table and the rate of
outflow into adjoining stream from two-dimensional unconfined aquifer of

rectangular cross section. The results and conclusions reached are summarized

by:
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I. In numerical solution the position of a moving free surface can be
accurately predicted by means of forward finite difference technique.
However, the finite difference approximations of the hydraulic
gradients at free surface must be determined very accurately to obtain

adequate results.

Ii. A Hele-Shaw model can be used to investigate a two-dimensional
saturated flow problem for predicting the position of the moving free
surface especially when mathematical formulation might be difficult

due to irregular geometry of the flow domain.

Freeze (Y4v)a) has been developed a mathematical model by using finite
difference method which may be applied to a two or three-dimensional transient
or steady state problem. The unsaturated region is also included. Unconfined
flow in earth dams has been studied by a simplified model in a later paper
[Freeze Yavib] particularly with regard to the influence of the unsaturated flow
domain above the free surface. Steady state and transient conditions are
considered and the conclusions reached are that the unsaturated flow
components take on a greater importance in small dams than in large, in dams
with sloping cores and downstream filter blankets than in dams with more
homogeneous sections, and in fine-grained, well graded soils common to
internal cores than in more permeable and more uniform soils of the external
sections. A simulation of the transient initial advance problem showed that the
rate of growth of the saturated zone is highly dependent on the unsaturated

properties of the soils and on the initial moisture contents.

Desai and Sherman (Y4Y)) presented a numerical solution for the problem
of unconfined transient flow with a free surface in heterogeneous soils involving
both rise and fall (draw down) of external water levels for river banks and

embankments by finite difference technique. Both non-linear form and
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linearized form of flow equation (Bousseinesq equation) were solved by

employing a numerical method.

Special iterative schemes are employed for locating the free surface and
the surface of seepage. The results of this scheme were compared with a number
of experiments which were conducted by the U.S. Army Engineers Water-Ways
Experiment Station with a viscous flow model. The results reached indicted a

satisfactory correlation between the numerical and experimental results .

A non-linear form of the flow equation showed promise of excellent agreement
with refinement of the time-wise subdivision. It is further showed that the
nonlinear equation proposed in this study gives better results than the linearized
equation. It is believed that the numerical method adopted by such study can be

conveniently adopted for field-design applications.

Amar (Vave) investigated two dimensional hydrodynamic behavior of
recharge of an unconfined aquifer based on the potential theory of flow through
porous media. Laplace’s equation in combination with time-dependent non-
linear boundary conditions on the curvilinear moving free surface solved by
finite difference technique. A computational algorithm to determine the
numerical solution and the location of moving free surface at any time stage was
proposed. The results of this model were compared with the pertinent
experimental data obtained from sand-model studies. The results of the
comparison between the theoretical solution curves with the pertinent
experimental data, have clearly demonstrated that, in general, may well provide
the answer for a correct description of the problem over a wide range of
significant parameters relating to the hydrodynamics of recharge into

unconfined aquifer phenomenon.

Stephenson (YavA) studied the recession of the free surface in an
embankment following sudden drawdown of a reservoir. The non-equilibrium

equation for flow in porous media was adopted and solved by using finite

O



(a)

(b)

(©)

Chapter Tow: A Review on Seepage and Stability Theories

difference indicating the variation of water surface with time, for both battered
cut and triangular embankments. The location of point of emergence of the
phreatic line was investigated and the relationship between the storage

coefficient and coefficient of consolidation was explained.
¥. Finite—Elements Method

The finite elements method is a second way of numerical solution .This
method is also based on grid pattern (not necessarily rectangular) which divides
the flow region into discrete elements and provides N equations with N
unknowns. Material properties, such as permeability, are specified for each
element and boundary conditions (heads and flow rates) are set. A system of
equations is solved to compute heads at nodes and flows in the elements. The
finite element has several advantages over the finite difference method for more

complex seepage problems. These include [U.S. Army Crops. of Engineers,

yaAt].

Complex geometry including sloping layers of material can be

easily accommodated.

By varying the size of elements, zones where seepage gradients or

velocity are high can be accurately modeled.
Pockets of material in a layer can be modeled.

The finite element method was first applied to boundary value field problems by
Zienkiewicz and Cheung (Y21°) and their method was later extended to obtain a
solution for steady state seepage in an anisotropic foundation under a concrete
dam (Zienkiewics et al., Y411). Solutions for unconfined flow problems were
presented by Finn (Y41v) and Taylor and Brown (Y41v) shortly after. In the
unconfined case the position of the free surface in the dam is unknown at the
start of the analysis and an assumption has to be made as to it’s position. In both

analyses the free surface is assumed to define the upper boundary of the mesh
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and an iterative procedure is adopted to adjust the position of nodes on this

boundary until all boundary conditions are satisfied.

Finn’s solution can be described in a number of steps

I. A free surface line is assumed for the section to be analyzed.

Ii. The saturated region below that line is divided into finite elements.

lii. The co-ordinate and element data are then supplied to the program
with the other boundary conditions. (The pressures within the and on

the free surface are assumed unknown).

Iv. A solution for the Laplace’s equations is obtained and the potentials

printed.

v. If the boundary condition of the pressure head () being zero on the
free surface is not at any node (to a reasonable degree of accuracy) the
co-ordinate data is modified so that the second guess would satisfy the
(y="+) condition along the free surface. If the first guess was poor the
mesh is also modified by adding or subtracting elements to avoid any

unreasonable deformation.

vi. A second solution is obtained and iteration continues until the

boundary conditions on the free surface are satisfied.

France, et al. ("2v") presented a numerical analysis of free surface seepage
problems by using finite element methods based on the principle of minimum
potential energy. Essentially the transient problem was solved by considering
the solution to be a series of steady state solutions at small intervals of time
apart. Four examples of transient state were analyzed. The conclusions reached
were despite their inherent complexity, free surface ground water flow problems
could be treated by using finite elements, which has proved to be extremely

versatile, and is completely general enough to solve most practical seepage

W
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Neuman and Witherspoon (Y4v1) presented their solution to the analysis
of non-steady flow conditions with a free surface the situation arising on
drawdown is considered and the contribution of the unsaturated region is
included indirectly by assuming a specific yield term for the unsaturated
domain. Flow from the unsaturated region is added into the free surface. The
method of adjusting the mesh to accommodate the falling position of the free
surface is not fully described and they assume that drastic alteration in the
geometry of mesh is necessary with the consequent loss of accuracy.

Desai (Y4VY) investigated the problem of unsteady unconfined seepage in
porous media by using finite element procedure. The changing free surface was
located by computing movements of the nodes on the free surface and by using
iterative scheme. The formulation has been presented in this study was
applicable also to axisymmetric idealizations. Moreover, the procedure could be
conveniently extended for three-dimensional analysis. In this study
isoparametric element was found to facilitate formulation and computational
efforts. An important answer adopted by this study for finite representation of
infinite media such as riverbanks depending upon results of numerical solutions.
The results obtained by this study were compared with laboratory tests and with
various boundary assumptions possible in long porous banks were examined.
Attention was directed toward developing a general computer procedure for
design analysis based upon such study.

Guvanasen and Volker (Y4A+) presented one finite difference and three
finite element schemes for solving unsteady flow problem in unconfined aquifer.
Results form various numerical schemes were compared with experimental
results from a sandbox model, which simulated the problem of unsteady free
surface seepage. The conclusions reached that the finite element schemes were
bound to be more computationally economical for this particular problem, the
particular finite element scheme preferred was one that incorporates the
prescribed flux and head conditions on the free surface in an iterative solution
for the new free surface at the end of each time step. The increased stability of
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this scheme allows a large time increment to be used without significantly
affecting accuracy, so that solutions can be obtained with minimum of
computational effort.

Li and Desai (Y2Av) developed a finite elements procedure for seepage
and stability analysis of dams and earth banks. The seepage analysis adopted in
this study was based on a residual flow scheme involving saturated and
unsaturated zones in which the original mesh remains invariant during transient
flow and iterations. Application of proposed procedure for solution of typical
problems involving seepage and stability analysis. The procedure has been
found to provide satisfactory correlation with analytical solutions and field
observations for a number of problems. It could be useful and appropriate for
seepage and stability analysis of dams and earth banks.

Rank and Werner ()3A1) adopted an adaptive finite element approach
and it was applied to the two dimensional fluid flow with free surface. It was
shown for a quite general class of non-linear iteration schemes, how the well-
known linear a posteriori error estimates could be used and how an adaptive
non-linear iteration could efficiently be carried out. As only very few iterations
have to be performed a coarse meshes, the ratio of adaptive mesh construction to
non-linear iterative solution on the finest mesh was much better than for linear
problems. This makes the use of adaptive codes even more attractive in the non-
linear case.

Al-Qaisi (Y29¢) made a numerical study of the elastic — inelastic finite
element solutions to investigate the behavior of the core of the Main Adhain
Dam. The effects of core geometry (shape and dimensions) and the relative core
stiffness to shell have been investigated. He found that the upstream inclination
of the core reduces the generation of pore pressure.

Y.Y.o.¢ Models

Models which scale or simulate the flow of water in porous media can

provide a good feel for what is occurring during seepage and allow a physical
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feel for the reaction of the flow system to changes in head, design geometry and

other assumptions. These models includes the following:

(a) Analogy Methods

Processes which involve movement of energy due to differences in energy
potential operate by the same principle as movement of ground water. These
processes include electricity and heat flow, which have been used as seepage
analogies. Electrical analogues have proven particularly useful in the study of
three-dimensional problems and in problems where geometric complexities do
not allow adequate simplifying assumptions for analytical methods. [U.S. Army

Crops of Engineers, YaA1].

(b) Sand Models

Which may use prototype materials can provide information about flow
path and head at particular points in the aquifer. The sand or porous material
may be placed under water to provide a homogenous condition, or layers of
different sand sizes may be used to study the effect of internal boundaries or
layers. If flow is unconfined and the same material is used for model and

prototype in the model.

Flow can be traced by dye injection and heads determine by small
piezometers. Disadvantages include effects of layering when the porous material

is placed, difficulty in modeling prototype permeability and boundary effects.

(c) Viscous flow Models

These type have been used to study transient flow (e.g., sudden
drawdown) and effects of drains. This method depends on the flow of a viscous
fluid such as oil or glycerin between two parallel plates and is normally used to
study two-dimensional flow. As with sand models, dye can be used to trace flow

lines. Construction is normally complicated and operation requires care since
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temperature and capillary forces affect the flow. Flow sharp changes in

boundary geometry.

v.v A Review on Stability Analysis
v.v.) General

Reservoirs can be subjected to rapid drawdown. In this case the lateral
forces provided by the water is removed and the excess pore water pressure does
not have enough time to dissipate. The net effect is that the slope can fail under
undrained conditions. If the water level in the reservoir remains at low levels
and failure did not occur under undrained conditions, seepage of ground water

would occur and the additional seepage forces can provoke failure.

The failure of a mass of soil in a downward and outward movement of a
slope is called a slide or slope failure. The surface a long which slide takes place
has a variety of shapes and represents the surface of minimum resistance. The
slope stability analysis is the matter of assigning the degree of safety of a certain
slope profile or to decide whether a slope of given geometry and material meets

the safety requirements.

A stability analysis of earth dams and banks requires consideration of the

coupled effects of:

External loads such as body weight, surcharge, and forces caused by

sequential construction.

Seepage forces due to steady or transient flow of water. Often, for
simplicity, the effects of external and seepage forces are uncoupled and

superimposed [Li and, Desai, ) 3A¥].

v.v.¥ Two Dimensional Slope Stability Analysis
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Slope Stability can be analyzed by using one or more of the following: the
limit equilibrium method, limit analysis, finite difference method and finite
element method. Several failure mechanics must be investigated and the
minimum load required for collapse is taken as the collapse load. The limit
equilibrium method gives an upper bound solution because a more efficient
mechanism of collapse is possible than those postulated. The limit analysis
makes use of stress-strain characteristics and a failure criterion for the soil. The
solution for a limit analysis is a lower bound. The finite element method requires
discretization of the soil and a failure criterion to identify soil regions that have
reached the failure Stress State. The finite element method does not require

speculation on a possible failure surface [Muni, Y+« +].

Most of the methods currently utilized in slope stability analysis are based
on the limit equilibrium approach. The essential assumption of this approach is
the validity of well known Moher-Coulomb failure criterion which defines the

shear strength of soil as follows:

S=c+octane (v.%)

where (c) and (¢) are cohesion intercept and effective angle of internal friction,
respectively and (o) is the normal effective stress. The methods of limit
equilibrium assume that the shear strength of the soil is partially mobilized a
long an assumed failure surface which my be a straight line, circular arc,
logarithmic spiral curve or any other irregular surface. The methods however,
defines the factor of safety (F) as the ratio of available shear strength the

developed shear stress, (7):

F=— (V.\')
T

Equation (¥.1+) is form of definition introduced by Bishop ()%¢¢) which has
gained fairly wide acceptance, the factor of safety (F) is taken as the ratio of the
total shear strength available on the slip surface to total shear strength mobilized
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(t) in order to maintain equilibrium [Spencer, Y41v]. Our interest lies in
materials that are saturated with ground water, in such case equation (¥.9) takes
the form:

S=c+(c-u)tanep (Y1)

in which (u) is the pore water pressure. For the present, the method of slices
appears to affair the good approach for obtaining an accurate solution for any
shape of failure [Whitman, and Bailey, Y41v]. There are many methods using
this general approach, from these methods :

v.v.¥.\ Ordinary Method

The ordinary method of slices is considered as the simplest method, since
it is the only procedure that results into a linear factor of safety equation. The
basic assumption of this method is that the resultant of interstice forces acting on
each slice has a line of action parallel to the base of that slice. This assumption
in fact violates Newton’s principle of “action equal reaction” at the interface
between any two adjacent slices [Al-Jorany, Y441]. Since forces equilibrium is
not satisfied at some slices. However, the factor of safety computed by this
method will be in error. In some problems, (F) from this method may be only
V.7 to Vo7 below the range of equally correct answer, but in other problems the
error may be as much as 17 [Whitman, and Bailey, Y41v].

v.v.x.v Simplified Bishop Method

This method was first described by Bishop ()4¢¢); simplified version of
method was developed further by Janbu et al. (Y4¢1) [Lambe, and Whitman,
ya114]. In this method it is assumed that the forces acting on the sides of any slice
have zero resultant in the vertical direction. According to [Whitman, and
Bailey, Y41v], the simplified Bishop method is recommended to be used for
routine calculations involving circular failure surfaces. Using this method, a
solution was obtained by successive approximation, an initial value for (F) being
obtained by using an expression which had been simplified by assuming that the
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inter-slice forces were horizontal. This simplified expression satisfies the
conditions of equilibrium in respect to moment but not in respect of forces
[Spencer, Ya1v].

v.r.v.¥ Morgenstern-Price Method

In this method [Morgenstern, and Price, ‘Y21v] an admissible
mathematical function is assumed to describe the direction of interstice forces:

éZXf(X) .............. (Y1)

where (x) and (E) are the shear and normal components of the interstice
respectively, (L) is the constant to be evaluated by solving for the factor of
safety, and f(x) is a function variation with respect to x. f(x) may be constant,
half sine, clipped sine or any other admissible function.

The value of the factor of safety is calculated by using two different
equations. The first is based on the forces equilibrium which gives the factor of
safety with respect to forces (Fs) while the other concerns the moment
equilibrium giving factor of safety with respect to moments (F). Both of (F)
and (F,) are depend on the value of (A). The solution is obtained as these two
factors of safety converge to a unique value.

This method of slope stability analysis which is valid for slip surfaces of
any arbitrary shape, is considered as the more general rigorous method [Baker,
vaA]. It stems its generality from the fact that no stringent restriction is imposed
neither on the direction or location of the interslice forces nor on the shape of
the slip surface analyzed [Al-Jorany, Ya41].

For these reasons, the Morgenstern — Price method is chosen among all
the other methods to be used in the limit equilibrium computation procedure
presented in this work. More details about this method will be introduced in the
following chapter.

From the preceding literature review on the available theoretical
investigations, no detailed work is found to study the stability of zoned earth
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dam under unsteady drawdown conditions. Such problem will be attempted to
studied well in the present work .



Chapter Three

FUNDAMENTALS AND THEORIES OF THE PRESENT WORK

Y.\ General

In this chapter, at first the governing equation for transient unconfined
seepage in porous media is formulated with aid of finite element technique. A
special procedure for locating the upper boundary (phreatic line) of flow domain

is adopted. The field variable (piezometric head in this work) is obtained.

The second part of the present work therefore includes the construction of
a complete computation procedure based on the Morgenstern — price method.
The most critical slip surface and the relevant minimum factor of safety of any
slope profile under different drawdown conditions can be obtained by this

procedure.

A computer program is then built. This program contains an algorithm to
solve the governing equation numerically. The solution of ground water flow
equation is used as input data to the stability program to examine the stability of

the slopes of earth dam undergoing seepage.

.Y Fundamental concept of the finite element method

The finite element method is a very powerful numerical method
[Zienkiewicz, YavV]. It requires the use of digital computer because of the large

number of computations involved.

In ground water flow problems, one could imagine that a region is
subdivided into small elements, these elements may be two, or three

dimensional and joined to each other by nodes existing on the element

Gy
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boundaries. Such that for each element the flow is described in terms of the head
in the nodal points, and that then a system of equations is obtained from the

conditions that the flow must be continuous at each node [Bear, and Verruijt,

144.].

The field variable model describing an approximate variation of

piezometric head (H®) within the element is

n

HeOGy) =N (oy)H (*.))

i=1
where:
x and y = The coordinates of element.
H; = Nodal value of head, H, of element.
n = Number of nodes per element.
N; = Shape function of the element.

and in matrix form

HE =[N J{H) (*.7)
where:

{Hi} = is the vector of nodal heads.

[Ni] = is the matrix of shape functions.

The approximate solution of head distribution, H, throughout the flow

domain is:

H=S[NIHY (v.¥)

e=1
where:

m = is the total number of elements in the flow domain.

<y
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¥.Y.\ Methods of approximate solution

The approximate solution techniques that are useful for a through

understanding of how finite element method work, are the following:

Ritz Method
Vartiational or Rayleigh-Ritz Method.
Weighted residual method.

Of these, weighted residual method is the most widely used in finite element

work [Smith, Y44A].

¥.v.).) Weighted residual Method

The weighted residual method is a technique, which can be used to obtain
approximate solutions to linear and non-linear differential equations. In such
method the finite element equations can be derived directly from governing
differential equation of the problem [Zienkiewicz, Yavv]. Considering a problem
for which the governing equation in the domain (D) involves one dependent
variable (h) and its derivatives, and several independent variables X, X, ..., X,
collectively denoted by x;. The governing equation can be written in the general
form

fo(h;x)=0 (v.€)

substitution of an approximate solution (H) as given in Equation (¥.v) into

Equation (v.¢) will not in general result in

fo(H;x)=0 (v.°)

and an equation error or residual (R) can be formed as:

R=fp(hx)-fo(H;x) (r.1)

<y



Chapter Three: Fundamentals and Theories of the Present Work

The closer the approximate solution (H) approaches the exact solution (h),
the nearer will the residual (R) approach toward zero. Substitution of

Equation(¥.¢) into Equation (*.7) allows the simplified residual form
R=—fp(H;x) (r.v)
to be obtained.

In residual trail function methods, the residual (R) is required to satisfy
some conditions that force it to be small. For residual finite element method it is

the weighted integral over the domain as:
fwf(R)dpD (v.A)

which is required to satisfy the smallness criterion, where (W) is a weighting

function, thus [Norrie, and DeVries, YaVvA]

Galerkin [ W;RdD L. (v.9)
m

or szWj R¢dD=0;j=12,..m (v
e=1

where:

m = total number of elements.
R® = element residual.

The method consists of multiplying or “weighting” the residual (R) by
each shape function (i.e., W; = N;) in turn, integrating over the element and

equating to zero [Smith, Y444].

¥.¥ Finite Element Formulation

The finite element method will be applied to Equation (¥.v) in terms of
piezometric head. The field variable model describing an approximate variation

of (H®) within the element is as indicated in Equation (¥.)).
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The shape function (N;) is assumed to be function of (x,y) i.e.:

OH® o O
-~ 5%N.H. ¥
ox éxgl' ' )
e n
oH :iZNiHi .............. (v.1y)
oy 0Yia

The finite element approximation is now applied to Equation (Y.V).

82
oy?

82 n n O &
k N.H +k NH [-A{)—)> NH =R ...
( xang il y gll i |j ()8t§ il

By applying Galerkin Method and substituting Equation (*.)¥) into the Equation

(v.)+) the result is:

m 52 n 52 n 5 d
ZjDNj ke —— 2 Ni Hy 4k, —— > Ny Hy = A(t) - D N; H; [dD=0 ..(v.)¢)
e—1 0X%ia 0y ia otia

where, dD = dx xdy ;i,j=), ", ...,nand K(t):ﬁ(OLOt)'

In Equation (v.v¢) the appearance of second derivatives for (H)
necessitates a smooth distribution in space due to the integration of this variable.
In order to overcome this limitation, by mean of Green’s theorem, which proves

that [Zienkiewicz, Yavv].

o 0
b 2L dD=-], 8—iwdD+L¢wnxds .............. (r.12)

where (S) is the boundary portion over which integration takes place, and (ny) is

the direction cosine between the normal and (x) direction.

By applying Green’s theorem, Equation (¥.) ¢) can be modified to:

O

(Y‘.H“)
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n

i{j{){%kxgiNH&%ky%ZNlH, () ZN H}dD [N, ZN H.d, |=0

e=1 0X i=1 Yy i=1
.............. (*7)
Re-arrange Equation (¥.)1), yields
aN- RL
. N.H;, + —k, — > N;H; |[dD+
e1|: ID( Z "oy yayé | ']
0 < 0 &
J.Dek(t)Njag,lNiHidD+Iijkn%£NiHidS}=0 -------------- (rv)
or, in matrices form
oH
e e )
in which
D= f[ J|< ZN H, LNy SNH, [dD e (*.)Aa)
ied oy i
m
M=>[.AN;NgdD L (*.1Ab)
e=1
m ON,
F=->»|.N;k,—Hds .. YOAC
ez—.’:LD J on ( )
where, [D°] represents the element matrix
o= el el ey (r.09)
where:
(ONf  ONE|
dX ox ky O
[Tl=| ~ % .| Kkl=|
ON;  ONg 0 ky
| 0y oXx |
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and from assemblage:
m
[D]= Z[De] ............ (r.)%a)
e=1

[M?] represents mass matrix.

M@ N Ny (r.r)

where:

[N]:{NlNl Nan}
N,N; - NN,

from assemblage:
Al €
[M]:Z[M ] ............ (v.v-a)
e=1

and [F°] represents forcing parameter vector. The assembled Equation (*.1A) is

solved by using explicit finite difference approximation for time derivative.

¥.¢ Isoparametric Representation

The isoparameteric concept allows any arbitrary geometry to be closely
approximated, thereby minimizing any errors associated with modeling the
geometry and without resorting to those of fine mesh along the boundaries. The
main advantages of this element are that it can follow curved boundaries and

that it predicts linear “stress” distributions over each element [Zienkiewicz,

\wv]_

The basic idea behind the isoparametric element is to use of the same
shape function or geometry as well as the field variable (piezometric head in this
work) within the element i.e., under special circumstances the same shape

functions can also be used to specify the relation between the global (x,y) and

O
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local (£, n) coordinates systems. If this is so the element is of type called

“isoparametric” [Smith, Y334A].

¥.¢.) Element Used

From previous discussion, apparently, there is appreciate agreement for
using isoparametric element especially for the solution of field equations that
govern such problems as flow through an aquifer Desai (Y4VvY) introduced the
four noded isoparametric quadrilateral element which was found to facilitate
formulation and computational efforts. Al-Assedy (Y44A) used two types of
elements to investigate the suitable schemes required to model soil
consolidation. First, was an isoparametric four nodded element used (See Figure
¥.)). He found that displacement and pore fluid pressure vary linearly. Second,
was an isoparametric eight-nodded element, in this type of element the
displacement and pore fluid pressure vary quadratically over the element. In the
present work the four nodded isoparametric element a two point Gauss rule for
each dimension is considered the optimum to be used. The shape function of
four noded isoparametric element with respect to local coordinate (£) and (n) as
given in [Segerlind, Y4A¢] is shown in Appendix A.

4 A )
y

Gauss point
position (Y*Y)
rule

& J/

Figure(*.') Four Nodded Quadrilateral Finite Element [After Segerlind,) 2 A¢]

O
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The coordinates transformation according to [Smith, Y444] are as follows:

x=>N;x=x(Cm) (v.¥))

1

n

Nyyi=y@m) (v.vY)

b
M=

2

where:

n = total number of nodes per element.
X; , Yi = are the coordinates of nodes.

when developing element matrix equations, using isoparametric elements it is
necessary to calculate derivatives of shape functions with respect to local
coordinate system from corresponding derivatives in the global coordinate
system. These sets of derivatives can conveniently be related through the

Jacobian matrix transformation [Norrie, and DeVries, YaVvA].

oG |_| 0 0C|] OX 1] ox e
ON; 0X 0y ||ON; oN [ .
_511_ on on|| oy oy

where, [J] is Jacobian matrix, or

[ON; ] ON,
OX | _r111) 0C
on |=D1 N

L 9y | on

where, [J]" is the inverse of Jacobian matrix.

Substitution of Equation (v.YY) and (¥.¥Y) into [J] yields

_aZNiXi aZNiYi_
[3]= 82‘3& x aZaNCi T (v.v¢)
L On on

©
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The infinitesimal area element (dx dy) is related to an infantilism at area

element in the (&, n) coordinate system by:
dx dy =det[J]d¢aqn AD

where, det [J] is the determinant of Jacobian matrix.

Substituting in Equation (¥.)A a& b) yields

[D]:.[De[-re]T [ke][Te]det[J]dé’dH ______________ AD

MA@ N [N Joetlo]dcay, (1)

¥.¢.Y The Initial Conditions

The initial conditions refer to head distribution every where in the system
at the beginning of the simulation and thus are boundary conditions in time. It is

standard practice to select as the initial condition a steady state head solution.

In selecting a starting head distribution for a transient simulation, an
arbitrarily define heads distribution is used and then run the transient model until
it matches field-measured heads. Then these heads are used as starting condition
in predictive simulation. The rational behind this selection of initial conditions is
that the influence of the initial conditions diminishes as the simulation
progresses, so errors associated with selecting possibly erroneous initial

conditions will be small provided sufficient simulated time has elapsed.

¥.¢.¥ The Boundary Conditions

The saturated soil which is considered for analysis must be defend by
boundaries, permeability of the soil, and heads imposed upon the water. Here in
defining the types of boundaries which may define a particular porous soil mass

considered for analysis, the nature and location of these boundaries are
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determined by a soil exploration program, assumptions based on engineering
judgment and conditions imposed by the proposed design. Normally,
simplifying assumptions are required in order to establish boundaries which will

make analysis feasible [U.S. Army Crops. of Engineers, Y3A1].

Considering the typical problem of flow through a dam with toe drain [see
Figure v.¥]. If the water level in the reservoir drops instantaneously or at some
prescribed rate, the free surface will start falling until a new state of equilibrium
is established. In general the following four kinds of boundaries are considers

[Neuman, and Witherspan, Yav)].

Prescribed head boundaries.
Prescribed flux boundaries
A free surface.

Seepage face.

S Free Surface

S, Seepage Face,S.

Impervious Boundary ,S. —

Figure(r.r) Schematic Representation Of Flow Region.

This boundary value problem can be described by the following set of equations:

h(x,y,t)=H(t) onsS (Y.YA)
oh
ql’l :kn%Ii on 82 .............. (V.Yﬁ)

O
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where (q,) is the flux normal to the boundary, and (l;) the component of unit

normal to the boundary.

h(x,y,t)=Y(x,t) on the free surface, and on the seepage face (S-) [Desai,

\‘WY]_

¥.¢.¢ Integration with Respect Time

Note that Equation (¥.VA) is a set of partial differential equations that must
be integrated with respect to time. In performing this integration, it is convenient
to divide the time domain into a discrete number of time steps (At), the approach

IS to replace the time derivatives in Equation (*.)A) with finite difference.

In so called forward difference scheme, Equation (¥.)A) is expressed at the
old time level (t) as

[DJ{H}! +[%}({H}”At —{H}‘)z Fr (r.r)
where (t) represents a time level at which the position of the free surface is
known. Equation (v.*+) can be solved explicitly for {H}"*. The method

described above for the time discrtization may regarded as explicit finite

difference approximation [Guvanasen, and Volker, YaA-].

v.¢.¢.) Size of Time Step

Selection of time step (At) is a critical step in model design because the
values of time discretization strongly influence the numerical results. Ideally, it
is desirable to use small time steps so that the numerical representation better
approximates the partial differential equation. Neuman and Witherspoon (Y4Y))
reported that this scheme becomes unstable unless (At) is kept sufficiently small,
and therefore an extremely large number of time steps may often be required to

obtain a satisfactory solution. It is good modeling practice to make several trail

Sy
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runs of model using different (At)’s. Then, the largest possible (At) that does not
significantly change the solution can be used in production runs [Anderson, and
Woessner, Ya4Y]. For instantaneous change in the reservoir level (constant head)
gradually increasing time — steps can be used. In actual analysis, therefore, a
few changes in time step size a long with the use of several steps of equal size at
each stage is the most economical. Obviously where the head is changing as a

function of time, small time-steps may be necessary throughout.

¥.e Determination of Changing Free Surface

The location of the free surface is a vexing problem in many areas of fluid
mechanics. Since part of the boundary values must be applied at surface, the
problem can not be solved without the knowledge of the location of the surface
[Liggett, yavv].

Under small change in external head, (see Figure v.¥) the free surface
experiences corresponding movements. For a transient problem, the conditions
of null normal flow and velocity across the free surface are not satisfied. The

actual particle velocities need to be computed from the following.

{Vp}:__l{v} ,,,,,,,,,,,,,, (r.r)

n

where {v} is the velocity vector computed by Darcy’s law, and (n) is the soil
porosity. The procedure adopted here can permit modification of coordinates of
a portion of the mesh in the neighborhood of the free surface. The following

equations summarize the process of modification of mesh [Desai, Y3Vv¥]:

\TX:me+#me+1
ymayms (oo (v.vva)
v - y
! 2




for all free surface nodes except at entrance and end faces.

at entr
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V,=vy and V, =vy

ance and end faces.

V,sin® +V, sin®

n

U, =V,.At
U

U =—"1",B="—a+0
cosp 2

U, =U, cosa

U, =U,sina

XA =Xt 4u,

yit+At _ Xit ru,

where, (i) denotes a nodal point, (t) denotes a time level. Other symbols are

explained in Figure (v.v). As the field variable model yields discontinuous

velocities at a node between tow elements, an average of the velocities at that

node is adopted for computing the forgoing movements (first two equations of

Eqg.v.v)). A number of iterations may be performed at each time increment in

order to improve satisfaction of the conditions at free surface. Various

investigations, including France, et al. ("2v)), and Guvanasen and Volker

(yaA+), employed the equations above for steady unconfined and unsteady flow

analysis.

(Y

~

Free Surface.
w [ at (t)
|

$Ah.

Free surface
at (t+At)
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Figure(r.r): Movement Of Free Surface .

.1 The Safety Functional for Morgenstern — Price Method

Considering a general slip surface that is shown in Figure (¥.ta), the
continuos slip surface y(x) is approximated by a sequence of coordinates (X;Y;),
I =),Y, ..., (n+Y) defining (n) slices. The analysis is performed in term of unit

1 b

weight and boundary water pressure.
Considering the forces acting on slice shown in Figure (*.£b):

Summation of forces in the direction parallel and perpendicular to the base of

slice and then the solving for dQ; yields:

dQ = FS=-& (r.¥v)

F.m,

(Xy V) \



where:
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Figure(*. ¢ ) Definition Of Variables .

S; =P*cosa; + (Wi + Piy)sin o (v.ve)

<y
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E; =C; +v; [(Piy + W, )COSOLi — Psin g —PiWJ .............. (AD
m, =cos(o; — 8, )1+ (y;/F)sin(o; =6;)] e (r.r)
in which:

P*,PY =forces in x and y directions per slice, respectively.
w; = slice weight.

o; = angle of inclination of slice base.

P." = forces due to pore water pressure on base of slice.

Ci = the forces due to effective cohesion.

yi = tang, ¢ is the effective angle of internal friction.

Fi = a factor of safety.

0; = angle of inclination of interslice force.

Now if the external forces on the embankment are in equilibrium, the
vertical sum of the interslice forces must be equal to zero. In other word, the
sum of horizontal components of the interslice forces must be zero and the sum

of vertical components must also be zero, i.e.

3(dQ;cos6, =0
>(d Qisinei):o}

Furthermore, if the sum of moments of the external forces about any point
IS zero, the sum of moments of the interslice forces about that point must also be

ZEro:

>dQ;Ry=0 (v.¥A)

where, R; is the distance between the force (dQ;) and any point about which the

moment are summed.

)
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The summation of forces in the horizontal direction yields:

S, 1 E
—tcosO, ——> —"Lcos6;, =0 Y.ra
Z m. | F Z m: ] ( )

i i
or:

> (E; cos6;)/m,
>'(S; cos6;)/m,

F:Ff:

Equation (¢.v+) represents the safety functional with respect to forces

equilibrium. The moments equilibrium Equation (¥.vA) can be written as

follows:
S 1 E x
SR -SSR +YPYH =0 e, Y6
Zmi | F Zmi | Z | | ( )
or:
F=F,= Z(Ei/mi)Ri ______________ (¥.£Y)
> (Si/mi)R; + X B H;
where:
R =(y; — Y. )cosd, — (%, —x.)sing, L (7.£Y)
and:

(xi, yi) = coordinates of the slice center.
(Xe, Ye) = coordinates of point about which moments are sumed.
H; = height of slice (i).

In this derivation the following remarks should be considered [Al-Jorany,

vaa.

The force (dQ;) represents the resultant of all forces that act on the slice
(). This force is assumed to act along a line that passes through the center of

the slice base. This assumption can be easily achieved by replacing each of

<y
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the forces that does not pass through the center, by a force and a moment.
This treatment explain the appearance of the term (>_P*H;) in Equation
(¥.£Y).

The inclination of the force (dQ;) with the horizontal is represented by the

angle (0;) which varies from the one slice to another. This variation of (6;)

with respect to (i) assumed as the follows:

tan 6, =tanO,xf(i)) (v.e¢)
where:

0, = an unknown to be determined during the solution.
f(i) = a certain presumed function of (i), it should be selected reasonably

to describe the variation of the inclination of interslice forces.

A Dbrief description of the Morgenstern-Price method is presented above
which adopted from [Al-Jorany, Y241]. A detail discursion of the whole subject
IS given in numerous [Morgenstern and, Price, Y41e] and [Whitman and,
Bailey, Ya1v].

¥.V Outline of Computer Program

The computer program is coded in QUICK BASIC language. The
Microsoft QUICK BASIC <. compiler, produced by Microsoft corporation is
used to create the program under PC PENTIUM IIlI at te. MHz Intel
Compatible computer with YYA MB RAM.

¥.v.\ Plane Free - Surface Flow Program

In this program considering a boundary condition frequently met in
geomechanics in relation to flow of water through dam. Time depended free
surface problems involve an upper boundary, the location of which is not known
priori. This boundary can be located by using the procedure detailed in Section

(v.¢). The main function of the program is to determine the fluid potential (head)

<y
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and pore pressure within dam body and foundations. The initial part of the
program includes the discretization process to region through dam. The region is
subdivided into four noded elements by using automatic mesh generation in
order to avoid the error which is involved in preparing the element data. After
generation of the mesh, a formation and reduction of the element and mass
matrices of the whole structure is performed element by element, integrations
have to be performed numerically using Gauss-Quadrature method. The main
loop concerns the different values of fluid head at each time step. The analysis is
starts by assuming an initial position for the free surface. Solution of flow
equation gives values of the fluid potential at each time level which will not in
general equal the elevation of the free surface. To determine whether these new
values are acceptable defining the maximum relative error on free surface as

hJ* —h/

hJ* —h

E = Max

i
where:
E = maximum relative error on free surface.
hij+1 = fluid potential at nodal point (i) for iteration (j+)).
h) = fluid potential at nodal point (i) for iteration (j).

h; = fluid potential at nodal point (i) at the beginning of process.

If E is found to be sufficiently small, the iteration is completed, and one
can proceed to the next time step. If E is larger than a prescribed error tolerance
(g0), the final step of the iteration is to shift the position of free surface. The
program is based on algorithm for explicit time integration from smith, (Y4AA),
and procedure of solution reported by Neuman and Witherspoon, ()3v)).
Figure (v-°) displays the overall structure chart of the program, an explanation

of the different parts of the program is indicated in Appendix (B).

Given;description of the dam geometry
and input data defining boundary
conditions and material properties




Loop over total number of problem

Loop over all integration points
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v

Initialize various arrays to zero .

Use a subroutine GAUSS to return
weights and abscissas of sampling
points in Gauss-Legeder quadrature
for integration points

Use a subroutine GEOMETRY to
generate the geometric data require
for the solution of problem.

Use a subroutine FORMLN to form
four node quad. shape functions and
derivatives in local coordinates.

Use subroutine JACOB
to form the inverse of
Jacobian matrix, and
its determinant

Use a subroutine MATMUL to form
Jacobian matrix by multiplication of
shape function derivatives matrix by
coordinate matrix.

Evaluate element and mass matrices D
and M, (Eq.(r.Y*) to (*.v°)).

Store  ([M]-At[D], calculate and
assemble global matrix GLM

Figure (*.¢) Overall structure chart of plan free surface flow program.

<
<
A 4

For TS=) to ISTEP

Set initial conditions .

Adjusting geometric data (mesh
coordinates) required
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NO

Figure (*.¢) Continued.

¥.v.Y Slope Stability Program

<)
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Figure (v.1) displays the overall structure chart of slope stability program.
The main input information includes slope geometry, soil stratification, soil
properties, discretization pattern, and the pore water condition. The pore water
pressure values used in the analysis are interpolated from data file created by a
finite element analysis of seepage problem which was described previously. The
interpolation process is detailed in Appendix C.

The computation procedure starts by assuming a certain reasonable value
for the factor of safety (F) and a value for the angle of inclination of the
interslice forces (0,). After assigning the function f(i) which described the
variation of the angle (6) with the slice number (i), each of angles (6i) can be
easily determined by using Equation (*.¢¢) [Al-Jorany, Y441]. Search procedure
is then performed by the subroutine (SEARCH), the searching for line of
minimum resistance carried out. A tentative solution (y;; i=), Y, ..., n+Y) is then
obtained as an output of this subroutine. The calculating of the precise values of
the factor of safety and angle (6,) corresponding to this tentative slip surface is
achieved by subroutine MPM (Morgenstern-Price Method). The factor of safety
value is obtained iteratively since for each trial value for the angle (6,) two
values for factor of safety are obtained. The first is determined according to the
equation of moment equilibrium (F,) and the other is based on the equation of
force equilibrium (Fs). The convergence is reached as the value of (F)
approaches to the value of (F;) to a certain tolerance (&,). The value of the angle
(6) at which convergence takes place and the corresponding factor of safety are
considered as the output of this subroutine.

Before starting another cycle of computations, the obtained values of (F)
and (0) are to be compared with those assumed in the beginning of the
computation procedure. When the difference between each corresponding pair is
greater than a certain tolerance, the process is repeated from the beginning to
determine anothetentative slip surface and so on until the required convergence
is reached [Baker, 4A:]. An explanation of different parts of program are
indicated in Appendix B.

Assume A, 9

<y

SUBROUTIEN SEARCH
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Take A, = A

Use a subroutine PFIND to interpolate the
pore pressure from a data file created by
seepage analysis program.

Use a subroutine SEARCH to obtain an
approximation for the critical slip surface.
[yi=i...n+]=SEARCH

Use for slip surface and the values of A and
0, calculate Si, Ei, mi, and Ri,i=\...n using
Equationsy.r¢,r.ve v.v1and v.¢ v respectively

Fm.

Use these values of Si, Ei, mi, and Ri in
Equation (r.¢¥) to obtain an trial values for

(F, 065) = MPM (yi i=Y...n+Y)

i
n

(an)

11
(«n)
n

The solution Fs = F, 05, and (Ye)i = Vi
i=)...(n+) is obtained

Figure (v.%) Overall structure chart of slope stability analysis.



Chapter Four
VERIFICATION AND APPLICATION Z

¢, General

The computation procedure for both seepage of water through earth dam
and slope stability analysis have been presented in the preceding chapter. It is
thought that the verification of these procedures is very important, thus it should
be done before applying the present approaches to any practical problem. The
main aims of the verification are; to check the reliability of the theoretical
aspects utilized in the derivation of the present approaches, and then examine
the proper working of the computer program that have been prepared to execute

the computations in the approach.

The verification is performed by applying the developed computation
procedure to some problems that had been analyzed previously by other
researchers. In this respect, two different problems are considered; the first is an
analytical solution presented by Suresh and Harr (Y41Y), while the second is the
analysis of Otter Brook dam which was done by Li and Desai ()44Y). Finally, a
stability charts are presented to facilitate the computation of the factor of safety
of earth slopes and dams during rapid drawdown.

¢.Y Analytical Solution

Analytical study had been made by Suresh and Harr (Y41Y) for
investigating the total head distribution in the porous body and determination of
the response of the free surface in an incompressible homogenous earth mass,
with an inclined up stream slopes (o) (Figure ¢.Y), given the history of head
water fluctuations, h = f(t). The structure is assumed to be found on a horizontal
impervious base.
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Figure (¢.Y) Section Through Porous Body on an Impervious Boundary [After Suresh
and Harr,)a1Y].

The problem is reduced to find a solution of Boussinesq equation that
satisfies the following water case which represents an instantaneous change in

reservoir level (or reservoir held at constant level H), for this case,
f(t)=H
where H is the constant level.

The solution for this particular case of f(t) is derived analytically using

Laplace transformations

le—— isin sejooe‘Tuz JS(u)du
H A =0 0 u

where,

h = total head at point P(r, 6) at time t.
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e=% With units( /T)

r2

(2n+1jn
S= —, and
2 o

Js(u) = is the Bessel function of first kind of order s, or

ot

Is_
45t ] =t
in which | represents the modified Bessel function.

h(r,0,t)
H

-2 > sin s
A n=0

Table (¢.V) indicates the percentage of absolute difference in the results of
finite element method from the analytical solution at different points within dam

body, that is computed from

Difference=|H,, —H,

where:

Difference = Difference between finite element head and analytical
head. Usually recorded as (%).

H,, = Model head.
H. = Head predicated analytically.

Table (¢.v) Comparison of Finite Element and Analytical Results for Various Entrance
Angles (ou) with Different 0's.

Entrance Angle (o) =
gle (o) Entrance Angle (o) = 1+° | Entrance Angle (o) = 4+°
Y.0
(VT . - -

(1) F.E.M | Analytic| o4 piff. | F.E-M |Analytic| o4 piff. | F.E-M |Analytic| o4 Diff.
(0=12°)| (B="¢°) of F.EM (0=Y+°) | (0="+°) of F.EM (0=t 2°) | (9=£05°) of F.E.M

A VAYA L LAY ).4Y A A% « ave Y. e YIVve YYVY AN

« ¢ e 9e9¢ ] AYY) YYY « 1841 TR Y oA v 0.9 Yy YV ¢

~_1 ~_‘15Tq ~_‘1°ii ~_V° ~.\/\~~~ ~_VVV‘L ~_V" ~.0Y‘~‘\ ~_°\~‘1Y \/\V

~_/\ ~_‘115Y ~_‘11‘\Y + O ~.\’\/\/i ~_V/\Vi ~_1~ ~.°/\5Y ._0‘1.‘1 \‘L\/

\_~ ~_‘1V\~/\ ~_‘1VV° ~_\~\/ ~./\~Q~ ~_/\\i~ + O xi\‘\‘/\ ~_1Y/\° ~.°\/
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From this table, it can be seen that maximum percentage difference is
(1.2v). In view of the number of assumptions in the finite element procedure, and
as in all transient solutions, the magnitude of time step deserves some difficult to
choose, it can be expected that this difference be due to these reasons. It can also
be noted that the differences are decreased as time increases, which indicates the
stability of the solution. Beside the numeric comparison between the finite
element and analytical results, a graphical comparison of the trend of variation
of heads distribution for typical points within dam body is always useful. This

could be viewed through Figures (£.Y) to (¢.¢) which shows a good agreement.
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Figure (¢.) Comparison of Analytical and Finite Element Results for Different 6’s with
o=19.°

¢.¥ Analysis of Otter Brook Dam
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The Otter Brook dam as described by Li and Desai (Y2AY) was constructed
in New Hampshaire in U.K. in Y4eY with a height of ¢-m (Vv ft), a base width of
Yy..em (4« ft) and crest width of v.im (Yeft). The upstream and downstream
slopes have roughly the same angels and the geometry is somewhat symmetrical
except for chimney drain on the downstream side. Part of final design cross
section of the dam which adopted from Desai and Abel (Y2vY) is shown in
Figure (¢.1), two material types were used in the analysis of Otter Brook dam.
The material properties for each material type, as shown in Table (¢.v) and
Table (¢.v), are adopted from Clough and Woodward () 41v).

The finite element mesh used in this analysis is drawn in Figure (£.v), in
the past, most finite elements procedures for free surfaces seepage involved
discretization of flow domain below free surface, this referred to as the variable
mesh procedure. The variable mesh procedure can cause computational
difficulties in cases of layered soil, particularly those with nearly horizontal
interfaces, and for soils involving pockets of nonhomogenties of a very low or
high permeability. It is also difficult to assign appropriate material properties
when the free surface crosses the interfaces. These difficulties are significantly
reduced in the case of the invariant mesh procedure based on weighted residual
method used here.

An idealized dam section [see Figure ¢.v] is analyzed by using a mesh
contains (YA+) finite elements and (v ¢) nodal points which arrange carefully to
consider the slope geometry and soil layering.

Figure (¢.A) shows three different rates of drawdown (-.v m/day, ¥ m/day,
Y. m/day), the drawdown involved a drop of water level from a height (¢ m)
measured from the bottom of foundation to a height of (¥ +m). This is a high rate
of drawdown corresponding to sudden drawdown [Li and Desai, Y3AY].
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Table (¢.¥) Material Properties Used for Analysis of Otter Brook dam; Seepage Analysis
[Collected from Clough and Wood Ward Y41v, and Li and Desai, Y2A¥].



Chapter Four: Verification and Application

Magnitude for Different Material
Parameter ! i
Dam Foundation | Drain
Horizontal permeability, ky (cm/sec) ) XV YV
Vertical permeability, ky (cm/sec) ) )Y YV
Specific storage, m™ Y ox) Y ox) e Vo)
Dry Soil
Cohesion, C, kN/m’ Vev.o AR T
Angle of internal friction, ¢, deg. Ve e Ve
. . v Y. 041 Y. 041 y 041
Unit weight, y, Ton/m
Wet Soll
Cohesion, C, kN/m’ AAACE ATNY AT
Angle of internal friction, ¢, deg. ve.t Y.t ve.t
. . v YAV Y YYe Y V)
Unit weight, y, Ton/m

Table (¢.r) Material Properties Used for Analysis of Otter Brook Dam; Stability Analysis.

Parameter Symbol Magnitude
Unit weight, Ton/m’ y Y.Yve
Cohesion, kN/m" C Veve
Angle of internal friction ) V¢©
Modulus number Vv CEA
Failure ratio Ry A
G, Y
Poisson’s ratio parameters F, -0
. e




vel(m)
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Figure (¢.A) Typical History of Variations of Water Level Versus Time for Otter Brook
Dam [After Li and Desai, ) 3A¥].

¢.¥.) Results and Comparison

Figure (¢.9) shows computed successive movement of free surface due to
drawdown of upstream water level. Figure (¢.)+) revealed the distribution of
pressure head within dam body corresponding steady state conditions.

A case of sudden drawdown is considered to be exist with a rate of
drawdown (v -m/day). Figure (¢.)) show contour map pressure head distribution
after (-.c day) of drawdown beginning, the head and pressure on the upstream
side are decrease at a much slower rate than the sudden drawdown rate. A case
of linear drawdown is considered to be exist with the rate of (¥ m/day).
Figure (¢. ¥a) to (¢.1¥c) show contour maps of pressure head distribution at
typical time levels (., ), ¥ days) during drawdown, the head and pressure are
decreased in a rate similar to the drawdown rate of reservoir.
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¢.¥.).) Analysis of Factors Effecting Solution

V. Improvement of accuracy

A four node isoparametric quadrilateral element, with linear field variable
model was used. this model did not affect the numerical solution to any
significant extent. High order model such as a cubic model includes the gradient
of the heads at the nodes as unknowns in addition to the nodal heads, so that,
there are four unknowns per element. Such element improve the solution only
slightly. Also, because of the compatibility of the gradients at interelement
nodes, a cubic model may not be suitable for nonhomogeneous media. It seems
that due to such factors as linearization and the Dupuit assumption, increasing

the order of the field variable model does not improve the solution significantly.

¥. Spatial and Temporal Discretizations

The time integration scheme used in the present work is essentially similar
to the forward difference procedure, and is subjected to numerical instability
beyond a certain range of discretization. A number of factors such as spatial and
time wise subdivision can influence the stability behavior. Within the range of
spatial and temporal discretization, the user may adopt irrespective of the
integration scheme, the proposed procedure provides solution of acceptable
accuracy. In this respect, it’s not usually to adopt a mesh coarser than that shown
in Figure (¢.v). In case of sudden drawdown the time interval is increased
gradually and the end of drawdown process reached after 2. time steps.
A constant time step was adopted for linear drawdown with At (-.-Y day). The
stability of the method is evident in Figures (¢.)¥) and (¢.)¢), the iterations
required to obtain a solution for a typical time step are shown in these figures.
Note that after five iterations, the maximum error was less than Y7 for gradually
increased time.While the maximum error was less than Y7 after eleven iterations

for constant increased time step.

Oy
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Figure (¢.1¢) Plot of Maximum Error E; Versus Number of lteration j for linear
drawdown process.
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v. Effect of Magnitude of Permeability

Several investigators (Desai, Y4vY; Ching, Y4AA) had studied the effect of
coefficients of permeability on the potential heads, and free surface movements.
According to Ching (Y24A) it is noted that the effect of hydraulic conductivity on
the calculated potential heads is relatively insignificant. From an engineering
point of view, it is desirable because the value of hydraulic conductivity in most

field cases can only be determined approximately.

£.v.).Y Stability Analysis

The stability analysis performed here based on a limit equilibrium

(Morgenstern — Price) method, with the following considerations:

Referring to Equation (¥.¢¢) in the preceding chapter, a wide range of f(i)
(which describes the variation of the angle of inclination of interslice forces)
should be selected reasonably. Al-Jorany (Y44%) considered three different
functions of f(i), and he noted that for the same slip surface the effect of
function f(i) on the value of factor of safety is almost insignificant. In
addition Muni (¥ ++) introduced f(i) as a function ~ Y, therefore; the adopted

form of (i) in the present work is in (a constant form).

The available information in the literature are mainly about the residual
flow finite element procedure which, is used to analyze the Otter Brook
dam, in which the behavior of construction materials are modeled on base of
linear — elastic model, and on elastic — plastic model (stress — deformation
analysis), also there are no more information about the failure surface
corresponding the proposed rates of drawdown. While in the present analysis
the soil skeleton is assumed to be incompressible, and no pore pressure

occurs due to shear deformations.

Table (¢.¢) shows a comparison of values of factors of safety obtained by

the present analysis and those obtained by Li and Desai (Y 4AY). These values are

O
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also plotted in Figures (¢.Y°) to (¢.1V), it is noted that the present analysis yields

lower factor of safety as compared to those by Li and Desai. For case of a

sudden drawdown the factor of safety decreases first, with the lowest value

around the end of drawdown, thereafter, the factor of safety increases. Figure

(¢.)A) display the comparison of the percentage of absolute error between the

present analysis and those obtained by Li and Desai.

Table (¢.¢) Comparison of Factors of Safety Values Obtained by present Analysis and
Those by Li and Desai () 4AY).

Drawdown rate = ¥+m/day | Drawdown rate = Ym/day |Drawdown rate = +.¥m/day
Time Li and Li and Li and
(day) | Present | . % | Present Desai % | Present Desai %
analysis . analysis . analysis .
Y351 analysis| Error Y351 analysis| Error Y315 analysis| Error
: YAVY | £YVY | VYA | YAVY | £¥VYY | VYA | YAVY | £YVY | YA
) YV | £XTR veo Y Ao £ Yo) VYA | YAIY | £YV. V¥
Y YV | £Yed YER | Y.AOY | £V, YYY | Y.Aev | ¢ryoo Y A
Y YNYV | £.YA) Ve | Y.AIY | £yax YT YAIY | YY) V¥ Y
4.5
>
—
% -
% —&— Present Analysis
o 4.0 —
E —>— Liand Desai
(&)
(4]
L
O— Vv
3-5 I T I T I T I T I T
0.0 0.5 1.0 15 2.0 2.5 3.0
Time(day)

Figure (¢.V¢) Comparison of Factor of Safety Between Present Analysis and (Li and
Desai) Results for Drawdown rate = ¥+ m/day
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Figure (¢.11) Comparison of Factor of Safety Between Present Analysis and (Li and
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Figure (¢.1A) Comparison of the percentage absolute error for present analysis and
those by Li and Desai.

The paper by Li and Desai details a graphical comparison of factor of
safety for both linear elastic model and elastic-plastic model. Table (¢.¢) gives

the numeric comparison by mean of the percentage error.

Table (¢.2) Comparison of Factor of Safety Values Obtained by Two Different Models.

. Linear elastic Elastic — plastic % Error of
Time (day)
model (V) model (Y) model (¥)
o YTA £ yvY Y.o
) o Vs £ YV Yo
Y oY ¢ Yod Yo
¥ o VAY £ YA Y
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The preceding comparison indicates the following:

V. In spite of the completely different approach that is used in the present
work and those by Li and Desai, the results show that maximum error is
less than (Y¢%). The paper by Yu et al., (Y24A) compares conventional
limit-equilibrium results with rigorous upper and lower bound solutions
for the stability of simple earth slopes. It is indicated that techniques that
satisfy all conditions of global equilibrium gives similar results.
Regardless of the different assumptions about the interslice forces, these
methods (such as Bishop’s simplified, Janbu, Spencer, and Morgenstern
and Price) give values of safety factor that differ by no more than 7. Yu
et al. (Y49A) have been used Bishop’s simplified method and they were
concluded that for most cases it was found that the exact stability solution
for both drained and undrained slopes can be predicted to within °-) -7 by

the upper bound solutions.

Y. A fair correspondence between the present analysis and those by Li and
Desai. Thus, the limit equilibrium method is a proper method to be used
in the analysis and design of earth dam. A major advantage of this
approach is that complex soil profiles, seepage, and a variety of loading

conditions can be easily dealt with Yu et al. (Y444A).

¥. The minimum factor of safety at the end of linear drawdown is about
(v.e%) higher than that from sudden drawdown, it was found that this

percentage varied about (¥.1%) for Li and Desai analysis.
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¢.¢ Investigation of Drawdown Ratios Effect on Stability of
Dams

Prior to the lowering of the reservoir, the total head distribution or pore
pressure in an earth dam is governed by the equilibrium conditions for the flow
of water through porous media. Laplace’s equation holds and the head may be
determined readily by conventional or numerical methods. The effect of
drawdown is twofold. First, it establishes new boundary conditions for the flow
of water through the dam and an unsteady state is established while free surface

adjusts to a new equilibrium position.

In case of free draining fills of low compressibility, such as clean sands
and gravel, the head can be estimated by construction a flow net satisfying the
new boundary conditions. The most critical distribution exists immediately after
drawdown. With time, the pore pressure will decrease and the factor of safety of

the upstream slope will increase.

In fill material with low permeability, considerable time must elapse for
the pore pressure distribution to readjust the new conditions obtaining after

drawdown.

A number of factors must be included and non-dimensional quantities be

defined for easy interpretation. The significant factors included in analysis are:

Angle of slope (B).

Coefficient of permeability (k).
Rate of drawdown (R).
Strength parameters C and ¢.

The safe function measured by mean of factor of safety is, therefore, seen
to depend on several variables, an accurate and extensive general solution is
made possible by these factors which has been discussed in detail by Bishop and
Morgenstern (Y41.). For a given value of dimensionless number (C / yH) the
factor of safety depends only on the geometry of dam expressed by value of
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(cot B), on the head within dam body and on the angle of internal friction ¢.
Only three values of (C/yH) have been used (+.:VYe, «.+Ye and :.-¢) to simplify
the presentation of data, these values have been selected as representing the
range commonly encountered in effective stress analysis and also, a range within
which a linear interpolation can be used without significant errors. Four slope
inclinations have been selected for analysis and expressed in terms of cotangent
of their inclination to horizontal (); they are ¥:), ¥V, ¢:), and °:).

The factors of safety of these slopes at varying drawdown levels has been
determined for a range of internal angle of friction ¢ with values ¢-°, ¥+° and

Y+°. These values represent most of the range encountered in drawdown problem
[Bishop and Morgenstern, Y41:].

Referring to Figure (¢.)4), introducing the drawdown ratio (Hg/H), where
(Hg) is the drawdown head at given time, (H) is the height of slope or total
height of drawdown; and (H.) is the head of exit point of slope.

4 )

Failure Surface At

Time =t Free Surface
U/S Water At time =t

_____________ D/S Water

- /

Figure (¢. %) Definition of Parameters.

The analysis used section shown in Figure (¢.)?) with the following limitations:

The dam is homogenous and constructed of a single material with
effective strength parameters C and ¢.

The dam is seated on rigid, impermeable base and before drawdown the
reservoir is at crest level or full submergence conditions.

Gy
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The bulk density of the fill is taken to be twice that of water, i.e., y = Yy,,.

In finite element analysis a consistent units and arbitrarily adopted a
permeability of K = «.+) (cm/sec) and porosity of n = «.¢ were used. The value
of permeability adopted here is to classify the soil into medium permeable soil

according to the classification presented by Lambe and Whitman (Y414),

Typical value range of (k) for various soil types are shown in Table (¢.1).
Homogeneous clays are practically impervious. Two popular uses of impervious
clays are in dam construction to curtail the flow of water through the dam and as
barriers in land fills to prevent migration of effluent to the surrounding area.
Clean sands and gravel are pervious and can be used as drainage materials or

soil filters [Muni, Y+« +].

Figures (¥.Y+) to (¢.vY) show results from (He/H) versus drawdown ratio
(Hg/H) for different (R/K). Such information allows location of exit point and
determination of surface of seepage. A value of R/k = Ywas adopted for final
charts, the magnitude of R/k can influence the results significantly if its value is
very small, i.e., the material is highly pervious. In such event, the finite element
formulation used will need modifications, since the flow may no longer follow

Darcy’s law which is assumed in the formulation [McCorquodale, Yav-].

Table (¢.%) Coefficient of Permeability for Common Soil Types [Muni, Y- - +].

Soil type Value of K (cm/sec)
Clean gravel >\
Clean sands, clean sand and gravel mixture Vooto T
Fine sands, silts mixture comprising silts, and clays Vo)
Homogenous clays <)

<
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Figure (¢.¥Y) Plots for Drawdown Ratios (Hda/H) versus (He/H) for Sudden Drawdown
Rate.

The plots that showing the variation of the factor of safety with drawdown
ratio are given in Figure (£.YY) to (¢.vV). Figure (¢.YY) shows these relations for
the value of (C / yH) equal to (-.-)Y¢) over a range of slope inclinations and
angles of internal friction covered by solution, the factor of safety decreases as
drawdown ratio increases, for the same strength parameters and water condition,
the factor of safety increases as slope inclinations are decreases. For C / yH
=...\Ye and ¢=v.° the factor of safety corresponding to drawdown ratio = -.°
increases about ¥ 7 if slope inclinations varied from ¥:) to ¥:\. Similarly, Figures
(¢.v¢) and (¢.¥1) related to values of (C / yH) of -..Ye and ..., respectively.
These figures may be employed for computations of factors of safety at required
times during drawdown. Note that the relations presented here in are meant only
for those problems having conditions and properties similar to those considered
in this work. Figures (¢.YA) and (¢.Y4) show that for drawdown ratios (-.Ye, and
+.) for typical cases with slope inclinations (Y:) and ¢:) and angles of internal
friction of (¥:°, and v-°), the variation of the factor of safety with C / yH is
almost linear. Extrapolation beyond the range of values of C / yH is allowed

with a reasonable results.
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Figure (¢.YY) Drawdown Stability Chart with (C/yH=+..1Ye),
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Figure (¢.¥r) Drawdown Stability Chart with (C/yH = «.+Ye),

6

1.0

] I ] I ] I ] I ]
0.0 0.2 0.4 0.6 0.8
Drawdown Ratio,Hd/H
[3 =Y\
— E ¢ — ¢ .0
T ¢ =Y.o
_ —A—

0.0 0.2 0.4

0.6

Drawdown Ratio,Hd/H

[3:\":\

Gy

1.0



Chapter Four: Verification and Application

Figure (¢.Y¢) Drawdown Stability Chart with (C/yH =+, Ye),
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Figure (¢.Y°) Drawdown Stability Chart with (C/yH = +..¥e),
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Figure (¢.YV) Drawdown Stability Chart with (C/yH = +.+¢),
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Figure (¢.Y4) Linear Variation of Factor of Safety Versus (C / y H) for f = ¢:) and

o1



Chapter Five
ANLAYSIS OF ZONED EARTH DAM

o) General Review

Should through seepage in an embankment emerge on the downstream
slope, it can soften fine grained fill in the vicinity of the downstream slope toe,
cause sloughing of the slope, or even lead to piping (internal erasion) of fine
sand or silt materials. Seepage exiting on the downstream slope would also

result in the high seepage forces, decreasing the stability of the slope.

In many cases, high water stages do not act against the levee long enough
for this happen, but the possibility of a combination of high water and a period
of heavy precipitation may bring this about. If downstream slope stability berms
or berms to control underseepage are required because of foundation conditions,
they may be all that is necessary to prevent seepage emergence on the slope. On
the other hand, if no berms are needed, downstream slopes are steep, and flood
stages durations and other pertinent considerations indicate a potential problem
of seepage emergence on the slope, provisions should be incorporated in the
levee section such as horizontal and / or inclined downstream slop. These
require select pervious granular material and graded filter layers to ensure
continued functioning, and therefore add an appreciable cost to the levee
construction, unless suitable materials are available in the borrow areas with

only minimal processing required.

Where large quantities of pervious materials are available in the borrow
areas, it may be more practicable to design a zoned dam with a large lad side

pervious zone. This would provide an efficient means of through seepage

&
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control and good utilization of available materials [U.S. Army Crops. of

Engineers, Y. ].

In this chapter, the effects of different water conditions in the reservoir of

a zoned earth dam on the overall stability investigated.

o Y A Zoned Earth Dam

s.¥.\ General Description

The total length of the dam is about (¢km) and its maximum height is
about (Yeem). The shell which is composed mainly of sand-gravel and / or rock
muck and the central dolomite core are constructed by hydraulic filling. Due to
reliability of the dolomite as an impervious core, an asphaltic concrete
diaphragm was constructed inside the central core as an anti-seepage element.
This vertical diaphragm is located ('« m) upstream the dam axis, and has a

thickness of (Ym) up to elevation (YYe.:+).

Above that level, the diaphragm thickness is reduced to only (:.em).
Figure (°.) shows a typical cross section of the central part of the dam at the
channel portion where its constructed height is maximum [Al-Jorany, )441].
Table (e.)) displays the most important properties of the different materials

composing the dam.

Table (¢.Y) Material Properties for Zoned Dam [Obtained from Al-Jorany, Y241]

Material type Parameter Value
Horizontal permeability, kx cm/sec Yaexy
Vertical permeability, ky cm/sec Yaex) e
Mealy dolomite Total unit weight, y; KN/m’ YY
(Foundation) Saturated unit weight, y; kKN/m’ YY
Cohesion, C kN/m’ AREER
Angle of internal friction ¢ YE-YA

<y
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Material type Parameter Value
Horizontal permeability, kx cm/sec Y XY
Vertical permeability, ky cm/sec \RARIEE
Clay Total unit weight, y; KN/m’ YAV
(Foundation) Saturated unit weight, y, KN/m’ 4
Cohesion, C kN/m’ Y.-o.
Angle of internal friction ¢ VeI
Horizontal permeability, kx cm/sec Vaex)
Vertical permeability, ky cm/sec Yyox) T
Limestone Total unit weight, y; KN/m’ Yy
(Foundation) Saturated unit weight, y, KN/m’ YY
Cohesion, C kN/m’ VeeoYo
Angle of internal friction ¢ Ye-ve
Horizontal permeability, kx cm/sec ARANAR
Vertical permeability, ky cm/sec Y X
Rock muck sandy Total unit weight, y, KN/m’ X
gravel (shell) Saturated unit weight, y, KN/m’ Yor
Cohesion, C kN/m’
Angle of internal friction ¢ YV-Y.
Horizontal permeability, kx cm/sec Vaex)
Vertical permeability, ky cm/sec Vaex)
Dolomite (Core) Total unit weight, v, KN/m’ Yor
Saturated unit weight, ys KN/m’ AR
Cohesion, C kN/m’
Angle of internal friction ¢ Yoovy

The finite element mesh used in this analysis is drawing in Figure (°.Y).

The mesh contains (¥A1) finite elements and (¢Y1) nodal points.
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.Y Results and Discussion
¢.¥.y Normal Reservoir Level

The water level in the upstream for case of normal operation is considered
to be about Y¢v.++. Figure (.¥) shows location of free surface, its noticed from
this figure that free surface is constructed form several discontinuous surfaces
because the rate of water movement is different in each material within the dam
body. Furthermore, the free surface elevation drops from (Y¥v.yém) to (\¥.YAm)
at the boundary of diaphragm which reflects the efficiency of the diaphragm as
ani seepage device. Figure (¢.¢) and (¢.¢) show contour maps for total head and
pressure head distributions throughout the dam body at normal operation
conditions. The value of the factor of safety (F) for the upstream slope under this
water condition is found to be .vvy, while the designer factor of safety is ».1.

according to ordinary method.

Figure (c.1) displays the shape and location of most critical slip surface
according to present analysis which indicated by solid line. The shape and
location of the critical slip surface in upstream slope is different from that
obtained by the designer which indicated by dashed line. The shape of the
present analysis slip surface is a non-circular arc that passes partially through the

upstream shell.

o ¥.¥ Maximum Reservoir Level

In this case, the water level in the upstream is considered to be maximum
(i.e. ve+.x+). Figure (°.v) shows computed locations of the free surface in the
shell and core for this water condition. The head and pressure distributions are
demonstrated in Figure (¢.A) and (¢.%) respectively. The value of the factor of
safety presented by this work is Y.Y A% which is lower than that obtained by the
designer of (¥.¢+) according to ordinary method. The shape and location of most
critical slip surface are shown in Figure (¢.)+).



e Chapter Five : Analysis of Zoned Earth Dam




e Chapter Five : Analysis of Zoned Earth Dam




e Chapter Five : Analysis of Zoned Earth Dam




e Chapter Five : Analysis of Zoned Earth Dam




e Chapter Five : Analysis of Zoned Earth Dam




e Chapter Five : Analysis of Zoned Earth Dam




e Chapter Five : Analysis of Zoned Earth Dam




e Chapter Five : Analysis of Zoned Earth Dam




Chapter Five : Analysis of Zoned Earth Dam

The most critical surface as determined by the present analysis is a
non-circular arc that passes close to the upper surface of the upstream slope.
This slip surface which is denoted by solid line in Figure (¢.)+), indicates that
the mode of critical failure for this reservoir water level is almost a local failure

in the upper face of upstream.

o ¥.¥ Minimum Reservoir Level

The water level is considered to be about Y'Y.++ in the upstream side. The
computed location of free surface corresponding such a water condition is
shown in Figure (¢.)Y), it can be noticed that a free surface is relatively
horizontal in the shell and extension of the free surface in core with a small
drops near the junction of the core and diaphragm. Figure (¢.0Y) and (°.)¥)
display the total head and pressure head distributions due to the minimum water
level in reservoir. From the present analysis, the critical slip surface in the
upstream for this reservoir level is indicated by a solid lines in Figure (¢.1¢). The
value of the factor of safety is Y.e-e which is clearly lower than that of ).1v
obtained by the designer. The shape and location of present analysis are

different from that presented by the designer.
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s.¥.¢ Rapid Drawdown Condition

The case of rapid drawdown of reservoir water level is considered to
occur when water level drops from elevation Y¢v.. « to elevation Y v..«. This rate
of draowdown is similar to those considered previously of (¥ m/day) as rapid

drawdown rate.

Two typical nodal points are selected with care to investigate the
influence of the rapid drawdown process on the heads and pressures within the
dam body, node A which located at (Y V¥.e¢, 4¢.v¢) in the upstream side shell and
node Y.\ which located at (¥¢).14, 42.¥) in the downstream side shell. Figure
(e.ve) shows the variation of heads in these nodes with time due to rapid
drawdown process. For node ¢4 the value of head is (Y¢Y.¢ m) and decreases to
the value of (V'v. m) around the end of drawdown. For node Y. the value of
head is ('¥¢.4 m) and decreases to value of (V):.ym) around the end of
drawdown. The computed results show that the rate of the change in heads
depends greatly on the node location. The heads for node A on the upstream
side decreases in a rate of YA.A /day) which is almost similar to the drawdown
rate of reservoir. On the other hand, the heads for node Y+) on the downstream
side decreases at a rate of (Y¢.A m/day) which is a much smaller rate than the
drawdown rate of reservoir. Figure (¢.) 1) shows the variation of pressure head at
nodes (e~ and Y+)) with time due to rapid drawdown process. The predication

results agrees very well with trends of heads.
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Figure (¢.V¢) Variation of Heads at Various Nodes (¢4 and Y:)) with Time Due to
Drawdown Conditions

60

—sa—  Pressures at Node 58
—34—  Pressures at Node 201

50

40

30 o

Pressure Head(m)

20 —

10 —

| ' | '
0.00 0.25 0.50 0.75 1.00
Time(day)

Figure (°.1%) Variation of Pressures at Various Nodes (cA and YY) with Time Due to
Drawdown Conditions

&)



Chapter Five : Analysis of Zoned Earth Dam

Figure (c.VY) displays the movement of the exit points at the entrance and
seepage faces due to drawdown conditions. The location of the exit points
allows introduction of proper boundary heads in the formulation. Moreover, it
shows that it is not necessary that the free surface should follows the water level
in the reservoir. For entrance face exit point the movement fasts down as the

time increases while for seepage face exit point the movement slows down.

Figure (.7 A) shows the movement of the typical free surface points (P.)
with elevation of (Y¥v.¥Y m) in the upstream side and point (Py) with elevation of
() Y*.7A m) in the downstream side, from this figure it is clear that the movement

of free surface in upstream side is faster than those in downstream side.

The factor of safety obtained by designer is Y.A% according to the ordinary
method. This value is greater than that obtained by the designer himself for the
case of normal water level of Y¢v... which is about ).7.. These results are,
therefore not fair since the designer implies that the case of rapid drawdown is
safer than normal conditions. The value of factor of safety is ).) % according to

the present analysis method.
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Chapter Six

CONGLUSIONS AND SUGGESTIONS FOR
FURTHER RESEARCHES

1.3 Conclusions

The following main conclusions can be drawn from the results which are

based on seepage and stability analysis.

V. The adopted analysis used in this work is considered to be a powerful one
in dealing with seepage problem through earth dam under transient
conditions. This is well demonstrated through the results obtained in this
work as well as the convergence of them as compared with those reported
in the literature,

Y. A forward difference scheme used in this work to perform the time
integration, seem to be more suitable than the other procedures. Such a
procedure is effected by a number of factors which should be taken into
account.

a. The numerical instability beyond a certain range of discretization.
Results indicate that if the size of the time step remains sufficiently
small, the numerical solutions converge to approximately the same
solution . However, as the magnitude of time step exceeds the certain
value, oscillation about the true solution is observed. The true solution

Is assumed to be that using small At (At=-..Y day).

b.  The type of mass matrix M of Equation (v.'A), lumped or
consistent, did appear the exert significant influence on the stability
and the accuracy of the solution. It was found that the mass matrix M
had to be lumped (diagonalised) in order to improve its stability.

W
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The four noded quadrilateral element type that was used seems to give
logical results especially in the estimation of the pore water pressure with
no oscillations.

. Under drawdown condition, the rate of the change in the pressure heads

depends not only on the drawdown rate of the reservoir level but also
significantly on the locations where the pressure heads were measured
within a dam.

. Pore-pressure heads in the downstream side of a dam usually decreases at

a much slower rate than those in the upstream side of the dam.

Although the change of the soil hydraulic conductivity due to the change
of soil skeleton is neglected in the formulation, there are satisfactory
correlations between the numerical solutions and field observations. For
practical purposes, it may not be necessary to refine the analysis method
to include the effects of time-dependent hydraulic conductivity. The
present formulation of the seepage problem can be considered adequate
for the problems under consideration.

. The adopted analysis also gives reasonable results when analyzing large

zoned earth dams, thus the utilized analysis enables to study the behavior
of the dam body and the foundation under various conditions.

. A detailed comparison of the present work with those from literature

indicates that although the morgensten-price method gives reasonable
solutions for homogeneous dams. It tends to underestimate the true
stability solution for zoned dams with a low slope angle.

. In spite of the completely different theoretical espects on which the

present limit equilibrium approach is based and those compared with, the
values of factor of safety obtained by this work indicate fair
correspondence. The percentage error in these values for most of cases
studied are less than e7.

W
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V. In case of zoned earth dam, the shape and location of the failure surface as
determined by the present work are different from those proposed by the
designer.

1.Y Suggestions for Further Researches
Further developments dealing the subject can be imposed on the present

work. In this respect, the following points are suggested:

The analysis can be modified further if three dimensional analysis of the
seepage problem under transient conditions is added. A Crank — Nicholson
scheme to perform the time integration can be used to increase the accuracy

of the numerical solution and improves its stability.

The eight-noded isoparametric element can be added with further

accuracy encountered.

Anisotropic and nonhogeneous soil conditions can be added in the
formulation by specifying different permeabilities in the x and y directions.

Inclusion of the behavior of partially saturated soils, if the case is applicable.

A reasonable dynamic analysis is essential, by such an analysis the actual
dynamic response and the time dependent behavior of an earth dam due to
realistic dynamic excitement are to be investigated. The pore water pressure
generation due to such excitements is a very important factor that governs the

stability of the whole structure.
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Figure (°.A) Contour Map of Total Head Distribution for Minimum Water Level (Elevation
VYY),
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Figure (°. Y) Finite Element Mesh for Zoned Earth Dam

(Not to scale)
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Figure (°. ) Y) Contour Map of Pressure Head Distribution for Minimum Water Level
(Elevation Y VY« +),
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Figure (©.°) Contour Map of Pressure Head Distribution for Normal Water Level (Elevation
VEY v o),
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Figure (®.4) Contour Map of Pressure Head Distribution for Minimum Water Level (Elevation
\ O V . )
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Figure (®.Y) A Typical Cross Section of The Dam [After Al-Jorany, Y 1317,
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Figure(®.Y Y) Location of Free Surface for Minimum Water Level(Elevation
VAY L
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Figure (°.Y) Location of Free Surface for Normal Water Level
(Elevation Y €Y, « +),
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Figure (°.VY) Location of Free Surface for Maximum Water Level
(Elevation Yo+ .Y ),




The Present Analysis
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Figure (°. Y £) Results of the Present Analysis when Water at Minimum Level
(Elevation Y)Y« +).
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Figure (°.%) Results of the Present Analysis when Water at Normal Level (Elevation Y €Y.+ +).
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Figure (. 4) Computed Successive Movements of Free Surface Due to Sudden Drawdown in
Otter Brook Dam.



Impervious Fill
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Figure (£.7) The Section of Otter Brook Dam (Desai and Abel,
YAVY)
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Figure(t. v ):The Finite Element Mesh Of The Otter Brook Dam
(Not to scale).




Figure (¢. Y¢) Contour Map of Pressure Head Distribution in Otter Brook Dam for Time=Y Days
and Drawdown Rate=vm/day .
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Figure (¢. ' +) Contour Map of Pressure Head Distribution in Otter Brook Dam for Steady State

Conditions.
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Figure (¢. YY) Contour Map of Pressure Head Distribution in Otter Brook Dam for Time =+ . day
and Drawdown Rate=Y+m/day .
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Figure (¢.1%) Contour Map of Pressure Distribution in Otter Brook Dam for Time=" day
and Drawdown Rate=vm/day .
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Figure (¢.1¥) Contour Map of Pressure Head Distribution in Otter Brook Dam for Time=-.° day
and Drawdown Rate =¥m/day.



