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In this study, a two dimensional finite element model is developed to 

analyze the effects of seepage and traction on slope stability. The finite element 

model was used to detemnine the failure mechanisms associated with tractive and 

seepage Induced failures. Limit equilibrium models were then developed to model 

both seepage and tractive erosion based on the failure mechanisms indicated by 

the finite element model. A conceptual model to qualitatively predict the effects 

of changes In flow regime on the stability of sandbars within recirculating zones 

was also developed. 

The finite element model uses Blot's coupled stress-pore water pressure 

theory to simulate the effects of transient loading conditions on the stresses, 

phreatic surface variations and displacements within a soil mass. The finite 

element model's simulations of various events recorded on Grand Canyon 

sandbars compared favorably with field data. 

A limit equilibrium model to simulate seepage effects on homogeneous 

slopes was developed. It is shown that at the seepage surface, the magnitude 

and direction of the seepage vector are uniquely related and are not independent 

variables as was previously assumed in the literature. Seepage parallel to the 

slope is shown to result in the minimum stable seepage slope. Static liquefaction 

is shown to be possible for a range of seepage directions, depending on the unit 
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weight of the soil. 

The conceptual model relates the qualitative effects of changes in the flow 

regime to the geometry of sandbars within recirculating zones. The effects of 

changes in discharge on the characteristics of the recirculating zones are related 

to sandbar stability. The predictions of the conceptual model compared favorably 

with the observed behavior of Grand Canyon sandbars. 
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INTRODUCTION 

1.1 General 

In 1856, Oarcy made the first major contribution to the study of groundwater 

flow when, from experiments, he related the flow velocity (v) within a medium to the 

hydraulic gradient (!) by the relationship commonly known as Darc/s Law. Terzaghi 

(1925) coupled Darcy's Law with his effective stress concept to develop a one-

dimensional consolidation theory. Terzaghi (1925) showed that the permeability 

values computed by his one dimensional consolidation theory were in good 

agreement with measured values. Biot (1941) later extended Terzaghi's (1925) 

work and formulated a three-dimensional consolidation theory. However, the 

application of Biofs (1941) theory was limited by computational difficulties to all but 

the simplest problems. 

Advances in the field of computer science since the 1950's along with the 

development of numerical techniques have provided engineers and scientists with 

the tools to perfomi complicated 'realistic' analysis of problems that were previously 

considered insunnountable. This has been especially true in the field of 

geomechanics, where wide variations in material properties and soil behavior are 
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normally encountered. These Improved numerical techniques have resulted in more 

'realistic' modeling of boundary value problems with multiple degrees of freedom, 

and better approximation of the stress-strain behavior of soils. 

Traditionally, engineers have focused on problems that directly threaten the 

safety of human lives and/or existing or proposed structures. Consequently, 

research on groundwater flow has primarily focused on problems such as seepage 

through earth dams, dykes and reservoir embankments and the effects of uplift 

pressure on the stability of structures. However, growing concerns are now being 

expressed on the potential environmental implications of almost every aspect of 

human interaction with natural systems. 

Recently, several studies (e.g. Bues et. al., 1992) have been commissioned 

to evaluate the environmental impact of dam operation on fish, wildlife, vegetation, 

recreationai and cultural resources. River bank erosion is one area in which much 

interest has been generated. River bank erosion is nomnally attributed to either 

tractive or wave forces. However, recent studies (Springer et. al., 1985, Ullrich et. 

al., 1986, Hagerty, 1993 a, b) have shown that seepage can also be a significant 

agent of erosion. Apart from the loss of riparian habitats, river bank erosion can 

also result in the loss of existing infrastructure, cultural resources, and recreational 

areas. It is therefore important that the mechanisms of erosion be understood so 

that appropriate action can be taken to reduce any undesirable effects on the 

ecosystem. 
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1.2 Problem Statement 

The stability of slopes subjected to fluctuating extemal water level is nomially 

evaluated with the assumption of rapid drawdown conditions. However, rapid 

drawdown conditions only occur when the extemal water level along a slope is 

lowered so quickly that the groundwater level within the slope does not change 

significantly. Under rapid drawdown conditions, the pore water pressure within the 

soil remains near its maximum value and the shear stresses increase. 

Consequently, the effective stress and shear strength of the soil mass will be at their 

lowest values and therefore failures are most likely to occur. In addition to its effects 

on the shear strength of a soil, drawdown also causes the generation of seepage 

forces. 

In the analysis of problems involving drawdown, the effects of seepage forces 

are ignored and/or assumed to be negligible. Such an assumption may be 

appropriate for soils of low permeability, where the seepage velocity and 

consequently the seepage forces are small. However, for highly permeable soils 

significant seepage forces may develop and such an assumption may result in 

significant (as will be shown later). 

Many practical situations involving drawdown cannot be accurately analyzed 

using rapid drawdown assumptions, since there can be significant drainage from 

within the soil mass during the drawdown period. In such situations, the assumption 
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of rapid drawdown conditions may be too conservative. Instead, these problems 

must be treated as transient with the changes in seepage forces and effective 

stresses on soil strength during the drawdown period being continuously updated. 

Cyclic raising and lowering of the extemal water level may cause seepage induced 

failures that are retrogressive and/or progressive. The term retrogressive in this 

context refers to sequential failures that occur over several drawdown cycles. The 

extent of the failure during each cycle is governed by the soil properties, the existing 

slope angle and magnitude and direction of the seepage vector. Such situations are 

typical of the behavior of cohesionless or slightly cohesive slopes under tidal effects 

and river banks downstream of hydroelectric dams. 

Limit equilibrium analyses assume that a failure plane develops 

simultaneously within the soil mass. However, this assumption may not be valid in 

all cases, instead failure may occur as follows. If at some time the shear stress in 

any zone within the soil mass exceeds the available shear strength, then the excess 

stress will have to be redistributed to the soil in the adjacent zones, bringing the soil 

in these zones to the failure state. If the effective stress reduces and/or the shear 

strength increases then the soil may no longer be at its failure state. Conversely, 

if the efFective stress of the soil increases and/or the shear strength decreases then 

failure can propagate within the soil mass, resulting in the development of a failure 

plane. Thus, failure having been initiated at a single point, propagates throughout 
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the entire soil mass. Failures generated by the above mechanism are termed 

progressive. 

In this study, a conceptual model to explain and predict the behavior of river 

banks (sandbars) fi'om a localized perspective will be presented. The conceptual 

model will account for the effects of changes in flow regime on river bank geometry. 

Model predictions will be compared with field data and observations from sandbars 

within Grand Canyon. Usually problems involving erosion of the banks and beds of 

rivers, have been studied from a global perspective by applying the principles of 

sediment transport. The stability of the entire river reach is considered rather than 

the behavior of a specific location. However, studies e.g. Yalin, 1992, have found 

that local channel geometry can be more important than sediment transport 

considerations in detemnining whether erosion or deposition at a specific location will 

occur. In cases where specific areas may be of interest, e.g., recreational or cultural 

sites, a localized approach is more appropriate. 

1.3 Objectives and Scope of the Proposed Research 

The goal of this research is to develop and validate a finite element model 

that predicts the effects of a transient extemal water level on slope stability. The 

effects of changes in soil strength, seepage forces and stresses due to extemal 

loading conditions will be considered and their combined effects on the stability of 
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a sloping soil mass detennined. The following objectives will be addressed as part 

of the main goal: 

Modification of an existing finite element program into a computational 

efficient numerical tool capable of predicting the effects of seepage and 

tractive erosion on slope stability. 

Investigation and identification of the effects and mechanism(s) of seepage 

erosion on slope stability. 

Determination of the important factors that control the occurrence and 

magnitude of seepage erosion. 

Comparison of the predictions of the finite element model with field data from 

Grand Canyon and the results of other researchers. 

Evaluation of the effects of tractive erosion due to eddy systems on slope 

stability. 

Development of a conceptual model to explain the behavior of sandbars 

under transient discharge conditions. 
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Comparison of the predictions of the conceptual model with field data from 

Grand Canyon. 

1.4 Layout of Dissertation 

In Chapter 2 an overview of different types of flow related problems is 

presented. This is followed by a review and discussion of various solution 

techniques available to determine the phreatic surface variation with time for 

unconflned flow problems and studies concerned with the application of 

experimental, analytical and numerical techniques to model slope stability problems. 

In Chapter 3 a limit equilibrium model to predict the effect of seepage on the 

liquefaction potential and stability of a homogeneous, semi-infinite slope is 

developed. The predictions of the limit equilibrium model are compared with 

experimental data and the results of other researchers. 

A description of the finite element model developed to study slope stability 

problems subjected to drawdown and tractive erosion is presented in Chapter 4. A 

modified procedure designed to satisfy the boundary conditions at the exit point on 

the seepage surface is discussed and implemented. The predictions of the modified 

procedure is compared with predictions obtained using other available modeling 

techniques. 



26 

Chapter 5 involves the application of the finite element model developed to 

study slope stability problems involving a transient phreatic surface. The 

mechanisms of seepage erosion for sandbars in Grand Canyon under various dam 

discharge scenarios are investigated. Predictions obtained using the finite element 

model are compared with field data and/or the results of other researchers. 

In Chapter 6 a conceptual seepage/tractive erosion model is presented. The 

conceptual model couples seepage and tractive effects of eddy systems to explain 

the behavior of river banks subjected to fluctuating flows. The conceptual model is 

used to explain the sequence of erosion/aggradation cycles on sandbars in Grand 

Canyon under fluctuating dam discharges. 

In Chapter 7 the finite element model is used to study the effects of tractive 

forces generated by eddy systems on slope stability. A number of simplifying 

assumptions are involved in the procedure used to model tractive erosion and these 

are discussed in this chapter. 

Finally, in Chapter 8 a discussion of the results of this study along with a 

conclusion of the findings is presented. Recommendations for future research are 

also presented. 
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LITERATURE REVIEW 

2.1 General 

Seepage is the term used to describe the movement of water in a soil from 

an area of higher total head to one of lower total head. The total head consists of 

gravity and suction heads. The suction head depends on the moisture content of 

the soil and decreases as the moisture content increases. Groundwater flow 

through saturated porous media is govemed by Darc/s Law, which is expressed as; 

V = k i (2.1) 

where v is the seepage velocity, k the permeability of the media and i the hydraulic 

gradient. Differences in total head within porous media give rise to hydraulic 

gradients defined as: 

a/7 dh 
I = TT = - (2-2) 

As as 

where Ah is the head loss over a distance As, the minus sign denotes a loss of 

head in the direction of flow. The term h, the total head (or potential), is the sum of 
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the kinetic, pressure and potential energy heads. The total head at a point is given 

by Bernoulli's equation: 

u u h = — + — + Z (2.3) 
2g 

where g is the gravitational acceleration, u the pore water pressure, unit weight 

of water and z the elevation head above an arbitrary datum. Often, seepage 

velocities are small and the velocity term can be neglected. Therefore, equation 

(2.3) reduces to: 

h U ^ 
h - — + Z (2.4) 

The pore water pressure at any position is given by: 

" = Yj/Ip - Z) (2.5) 

where hp is the length of the equipotential line from the point of interest to the 

phreatic surface. In order to determine hp, the position of the phreatic surface must 

be known. Various methods of detemriining the position of the phreatic surface will 

be discussed later in this chapter. 
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2.2 Steady State Flow 

Steady state seepage occurs when the head at any point within the flow 

domain is independent of time. The seepage velocity has components, v ,̂ Vy and 

Vj. in three dimensions, where x, y and z are the Cartesian directions. Using Oarcy's 

law the seepage velocity components can be expressed as: 

1/ - k v • f\y 
'dx 

1/ • k 3" 
y > 

1/ -^2 A-
'az 

where k ,̂ 1  ̂ and 1  ̂ are the component permeabilities. Equation (2.6) only holds 

when the x, y and z axes coincide with principal permeability axes (Bear, 1979). If 

the coordinate and prindpal permeabiKy axes do not coincide, then the permeability 

matrix is not a diagonal matrix but contains additional tenns e.g. k ,̂ etc. Oarcy's 

law (equation 2.6) alone is not sufficient to solve seepage problems, since there are 

three relationships with four unknowns, v,,, Vy, y, and h. An additional equation is 

obtained from the principle of conservation of mass. The principle of conservation 

of mass states that no mass can be lost or gained, regardless of the flow pattern. 

Assuming that the pemrieant is incompressible, then the principle of conservation of 

mass is identical to the continuity equation, thus: 
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dv^ av au 
—* + —J: + —£ = 0 (2.7) 
dx dy dz 

Equation (2.7) is retenred to as the steady state continuity equation. Differentiating 

each term of equation (2.6) with respect to x, y and z respectively and substituting 

in equation (2.7) yields the Laplace equation: 

= 0 (2.8) 
dx^ 'dy^ dz^ 

For homogeneous, isotropic soils the penneability is independent of direction, and 

is the same everywhere within the flow domain. Thus, kx= ky= = k and equation 

(2.8) reduces to: 

 ̂  ̂.0 (2.9) 
dx^ dy^ dz^ 

Equation (2.9) is often written in the differential operational forni as v^h^O, where 

the operator stands for 

dx^ dy^ dZ^ 
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2.3 Transient Flow 

In many practical situations, the position of the phreatic surface (and total 

head, h) varies with time; these situations are termed transient. Transient flow 

problems are usually subdivided into confined or unconfined flow, since these two 

classes of problems involve different flow mechanisms. Flow is classified as 

confined or unconfined, depending on the absence or presence of a free surface. 

Confined flow occurs when the flow domain is isolated from the atmosphere and 

there is no free surface present. Unconfined flow occurs when the flow domain is 

open to the atmosphere and at the water surface the pressure is atmospheric. 

2.3.1 Confined Flow 

The release of water from a confined flow domain results in a decrease of the 

pressure and a loss in total head within the flow domain. The volume of water 

released per unit volume of the domain due to a unit decrease in total head is 

termed the specific storage coefficient S3. The specific storage is a function of the 

density of water, the porosity, the pore volume compressibility and the 

compressibility of water. From continuity: 

+ —i 
dx dy 

(2.10) 



substituting for v ,̂ Vy and in equation (2.6) yields 
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dx^ dy^ dz^ "dt 

dh 
(2.11) 

Equation (2.11) is the differential equation generally used to describe confined flow. 

2.3.2 Unconfined Flow 

Release of water from an unconfined flow domain in addition to the effect of 

specific storage, also causes a dewatering of the domain. This is due to a fall in the 

phreatic surface position which results in a release of water from storage equal to 

Sy per unit plan area, Sy is termed the specific yield of the domain. The release of 

water due to the specific yield occurs at the free surface, unlike the effect of specific 

storage which is uniformly distributed throughout the saturated volume of the flow 

domain. The effect of specific yield results in a transient phreatic surface and is 

treated as a boundary condition. The differential equation generally used to 

describe two dimensional flow in an unconfined flow domain is: 

dx^ 
(2.12) 
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where T^= Ty= mky, 8^= mSgand m is thickness of the domain and q(x,y,t) is 

the source or sink tenn. The source or sink temn accounts for addition or extraction 

of water from the domain by extemal sources such as pumping (sink) or recharge 

by rainfall (source). In practice the confined storage term is much less than the 

specific yield temn and equation (2.12) is usually written as: 

- <?(*•/.« P.13) 
dx^ dy^ dt 

2.4 Boundary Conditions 

The boundary conditions for flow can be grouped as follows: 

(a) The total head (or potential) at the boundary is known, this is temned an 

essential, forced, geometric or Dirichlet boundary condition. Surfaces S ,̂ Sj and Sg 

(Fig. 2.1), where the total heads are H ,̂ H2 and y respectively, are examples of the 

Dirichlet type of boundary condition. 

(b) For an impemneable boundary, no flow can take place across the boundary. 

This condition is satisfied by setting the normal gradient equal to zero ie. 

 ̂= 0 
dn 
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Fig. 2.1 Typical boundary conditions for unconfined flow problems. 

where (() is the potential head and n is the normal to the boundary. This boundary 

condition is termed a Neumann or natural boundary condition. Surface S3 (Fig. 2.1) 

is an example of this type of boundary condition. 

(c) When the magnitude of the flow across the boundary is known, the boundary 

condition is satisfied by setting the normal gradient equal to a specific value. 

(d) The pressure on the phreatic surface is atmospheric, thus from equation (2.4), 

<t) -z on 84 (Fig. 2.1). In addition, for steady state flow, assuming no capillary rise, 

there is no flow across the boundary, hence the normal gradient is zero. In transient 

situations, the phreatic surface is not an impermeable (no flow) boundary but must 

satisfy the boundary condition; 
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*• t"' • 

where k| is the permeability tensor, nj is the unit nomial to the surface, is the net 

infiltration rate at the free surface and z is the elevation of the free surface. 

Various methods have been used to predict the location of the phreatic 

surface. These include analytical (closed-form) solutions, physical models and 

numerical techniques. A brief description of these methods along with a discussion 

of their advantages and limitations is given below: 

2.5 Analytical Methods 

The use of analytical solutions is limited and in practice it is necessary to use 

either numerical solutions or physical models for one or more of the following 

reasons (Marsily, 1981). 

(1) The problem under consideration has a complex boundary geometry which 

influences the solution. However, the available analytical solutions deal only with 

simple boundary geometry. 

(2) The problem is highly nonlinear and no analytical solutions are available. 
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(3) The properties of the medium vary in time and space, whereas analytical 

solutions assume the medium to be homogeneous or the geometry of the 

heterogeneity to be very simple. 

(4) The geometry and magnitude of the source term are too intricate to be 

represented by a point source, a line source, or integrals of this nature along a 

simple path. 

(5) An analytical solution can be found, but its expression is so complex that the 

calculation of its values requires far more effort than the direct use of a numerical 

solution to the original problem. It is therefore more efficient to use numerical 

solutions. 

2.6 Physical Model 

Before the development of digital computers, physical models and analogs 

were fî uently used to solve problems associated with groundwater flow. The term 

model is used to describe a system that has similar physical characteristics to the 

prototype, such as a sand box and an aquifer. An analog on the other hand 

describes a situation where the prototype and the "model" have an analogous 

relationship. The simulation of groundwater flow as the flow of electricity through 

a conductor is an example of an analog. Analogs (or models) are usually 

constructed to solve a unique problem. A serious limitation of analogs is that a 
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change in the boundary geometry or material properties in the area of interest will 

require modification or reconstruction of the analog. 

Physical models still play an Important role in the solution of groundwater flow 

problems. They are frequently used to test predictions of computer models. The 

main advantages of physical models over field tests are: 

1) Physical models are usually cheaper. 

2) The material properties are controllable and as a result are more accurately 

known. 

3) The boundary geometry can be accurately measured. 

2.7 Numerical Methods 

Flow through porous media can usually be described mathematically by 

partial differential equations (goveming equations) and associated boundary 

conditions. Numerical techniques are used to obtain approximate solutions to the 

goveming equations for the given boundary conditions. The goveming equations 

used to describe flow through porous media are mathematical models of the 

physical situation and as a result the predictions obtained should be checked 

against known values. Assumptions and simplifications are made in the derivation 

of the goveming equations. The numerical solutions of the goveming equations are 

therefore only as good as the mathematical models themselves. Numerical 
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methods include the finite difference, finite element and the boundary element 

methods. A brief discussion of the advantages and limitations of these methods is 

given below. 

2.7.1 Finite Difference Method 

The finite difference method involves the discretization of the flow domain 

into a grid of nodal points. The governing equation is then solved using difference 

operators to approximate the derivatives. The governing equation is thereby 

converted into a series of algebraic equations, which can then be solved relatively 

easily. 

The finite difference method can in principle handle meshes of any shape and 

size. However, in practice its use has been limited to simple meshes, squares, 

rectangles or rectangular parallelepipeds in three dimensions. Heterogeneous 

medium can also be modeled if the shape of the heterogeneity can be adequately 

described by the shape of the mesh. Anisotropy must be restricted, for all practical 

purposes, to directions parallel to the sides of the mesh. However, because of its 

limitations in handling problems with complex boundary geometries, 

nonhomogeneous and anisotropic media its usage has declined in preference to the 

finite element method. 
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The methodology to solve finite difference equations has been known for a 

long time (Crank,1956). This technique requires a large number of calculations, and 

the time required to solve even simple problems by hand calculations is prohibitive. 

It was not until the development of the digital computer that this method became 

popular. 

Stallman (1956) seems to be the first person to attempt the solution of 

groundwater flow problems using numerical techniques. Stallman (1956) obtained 

the phreatic surface variation within an aquifer experimentally and then used the 

finite difference method to back calculated the permeability of the aquifer. The next 

important application of the numerical approach was made by Payers and Sheldon 

(1962) who detemfiined the magnitude and direction of flow in an isotropic, confined 

aquifer. They solved the Laplace equation (equation 2.9) in three dimensions using 

an over-relaxation technique. Since then, many other researchers have applied 

finite difference schemes to solve groundwater flow problems. These include Freeze 

(1966), Rubin (1966) and Taylor and Luthin (1969). Desai and Sherman (1971) 

used the finite difference method to predict the transient response of a slope 

subjected to drawdown. Desai and Shennan (1971) obtained good agreement 

between the initial predictions of the transient phreatic surface and experimental 

data, especially for the region close to the seepage surface. However, as the 

simulation progressed (in time) the numerical and experimental solutions diverged 

significantly, especially away from the seepage surface. 
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2.7.2 Finite Element Method 

The finite element method is generally more flexible than the finite difference 

method. The shape of the mesh is less restricted, in practice triangles and 

quadrilaterals are used in two dimensions and tetrahedra or parallelepiped in three 

dimensions. Thus, it is possible to describe more satisfactorily complex boundary 

geometries and heterogeneous flow domains. 

The finite element method can handle any direction of anisotropy and these 

directions may change from one element to the next or they can even be time 

dependent. Therefore this method is well suited for the analysis of seepage 

problems and programs capable of dealing with a wide variety of situations can be 

developed. However, the development of a finite element code is time consuming 

and depending on its complexity, large amount of computational time and memory 

may be required. 

Finite element fomiulations used to solve unconfined flow problems can be 

broadly grouped into the variable mesh and the fixed mesh approach. The variable 

mesh method (Taylor and Brown, 1967; Neuman and Witherspoon, 1970; Desai, 

1971; Neuman, 1973; Cividini and Gioda, 1989) requires an initial approximation of 

the phreatic surface location. The domain below the phreatic surface is then 

discretized. The governing equation is solved in two steps. In the first step, one of 

the phreatic surface boundary conditions (4) = z or 34)/8n = 0) is imposed. In the 



41 

the phreatic surface boundary conditions ((|> = z or d(t)/dn - 0) is imposed. In the 

second step the other boundary condition is used to check the solution versus a 

predetermined convergence criterion. If the solution is acceptable then the iteration 

processed is stopped, otherwise the position of the phreatic surface Is modified for 

and the process repeated. 

Taylor and Brown (1967) applied the variable mesh approach to study steady 

state seepage through a homogeneous earth dam. Taylor and Brown (1967) 

computed the hydraulic heads by treating the phreatic surface as an impermeable 

boundary. If the phreatic surface position is correct then the computed hydraulic 

heads and the elevation of the phreatic surface would be the same. If this condition 

is not satisfied then the positions of the nodes on the phreatic surface position are 

adjusted so that their elevations are equal to the hydraulic heads previously 

computed. The modified mesh is then used in the subsequent iteration and the 

process repeated until the desired level of accuracy is attained. 

Taylor and Brown's (1967) procedure suffers from an ambiguity in defining 

the movement of the exit point on the free surface. This point belongs to both the 

phreatic surface and the seepage surface. Generally, there will be some seepage 

through the seepage surface, hence the exit point must be treated as a pervious 

boundary in the confined analysis. The procedure for adjusting the other nodes on 

the phreatic surface is therefore not applicable at the exit point. Taylor and Brown 
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Neuman and Witherspoon (1970) proposed a modification to Taylor and 

Brown's (1967) approach to better define the exit point along the phreatic surface. 

In this procedure for the first iteration the phreatic surface is treated as a pervious 

boundary with the hydraulic head prescribed as being equal to the nodal elevations 

and the nodal fluxes computed. Then the second iteration is perfomned with the 

phreatic surface treated as an impenneable boundary and the nodal fluxes 

previously calculated applied along the seepage face. The computed hydraulic 

heads for the nodes on the phreatic surface are then compared with their elevation 

and the mesh adjusted, if necessary. 

The approach proposed by Neuman and Witherspoon (1970) also have 

shortcomings in its treatment of the exit point. The flux calculated in the first stage 

of the analysis at the exit point includes contributions from both the free surface and 

the seepage surface. In the second stage only the seepage surface contribution 

should be imposed, however, the contributions from the phreatic surface and the 

seepage surface cannot be easily separated. Neuman and Witherspoon (1970) 

suggested imposing a flux of one half that of the next nodal point on the seepage 

surface. 

Cividini and Gioda (1989) showed that because of its ambiguity in dealing 

with the position of the exit point, Taylor and Brown's (1967) procedure can lead to 

an infinite series of stable but non-unique solutions. Cividini and Gioda (1989) 
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proposed a minimization procedure to choose the 'best' solution from the set 

generated by a Taylor and Brown (1967) type analysis. 

Cividini and Gioda (1989) assumes that the flux entering and leaving 

elements adjacent to the phreatic surface should be approximately the same. This 

assumption is based on the premise that the phreatic surface is an impermeable 

boundary and that in the vicinity of the phreatic surface the flow lines are almost 

parallel. The minimization process is used to modify the phreatic surface so that the 

assumption of interelement continuity of flux in the elements adjacent to the phreatic 

surface is satisfied. 

The use of a minimization process to determine the position of the phreatic 

surface yields a unique solution for a given problem, unlike the method proposed by 

Taylor and Brown's (1967). However, the assumption of continuity between the 

interelement fluxes is questionable, since there may be a significant vertical 

component in the flux flow, especially in the areas close to the seepage face where 

the phreatic surface can drop abmptly. A similar situation can arise if the 

permeability of the material changes significantly at points along or close to the 

phreatic surface. 

The variable mesh approach has many shortcomings. It has computational 

difficulties when dealing with problems involving layered soils, iregular interfaces, 

or pockets of nonhomogeneous material. If the initial approximation of the phreatic 

surface position is not close to the correct solution, then significant mesh distortion 
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may occur during subsequent iterations which can lead to erroneous results. 

Moreover, if an analysis involving external loads and body forces is to be coupled 

with a seepage analysis then different meshes will have to be used to detemiine the 

stresses and seepage forces. The superposition of the forces into a coupled 

analysis can present significant difficulties. 

To overcome the shortcomings of the variable mesh approach various 

schemes that involve the discretization of the entire flow domain have been 

formulated. These schemes form what is known as the fixed mesh approach 

(Neuman, 1973; Desal, 1976; Bathe and Khoshgoftaar, 1979; Lacy and Prevost, 

1987). The entire flow domain (saturated and unsaturated) is described by a single 

governing equation. However, the unsaturated zone and saturated zones are 

assigned different permeabilities. 

Neuman (1973) used a procedure in which the permeability of the 

unsaturated zone is obtained from a pressure-moisture content relationship (Figure 

2.2). The pressure head (i{i) is set equal to zero at nodal points above the phreatic 

surface. At the same time the inflow or outflow (Q) is set equal to zero below the 

phreatic surface. The governing equation is then solved iteratively with these 

boundary conditions. The position of the phreatic surface is modified to satisfy the 

computed values of the pressure head. 
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Fig. 2.2 Typical variation of permeability and pressure head with moisture content 

(after Neuman, 1973). 

Desai (1976) proposed a method, termed the residual flow procedure. This 

procedure is conceptually similar to that of Neuman (1973). However, instead of 

using a pressure-moisture content relationship, a pressure-permeability relationship 

(Figure 2.3) is used to detennine the penneability of the unsaturated zone. The 

pemneability (k) is defined as: 

l((P) = in the saturated zone 

k(p) =:ks- f(p) in the unsaturated zone 

where k, is the saturated permeability (which is constant) and f(p) is a function of the 

pressure head, p. 
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Fig. 2.3 Pressure-permaebility curves: (a) actual; (b) idealized (after Oesai, 1976). 

The entire domain is assumed to be saturated for the first iteration. From the 

computed fluid potentials, the pressure head in each element is determined. For 

elements with positive pressure, the permeability is retained, whereas for elements 

with negative pressure the coefficient of pemrieabirity is detemiined from the 

pressure-permeability relationship (Fig. 2.3). The phreatic surface, where the 
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pressure is atmospheric, is located by interpolating between positive and negative 

pressure zones. 

Bathe and Khoshgoftaar (1979) presented an extended pressure head 

method in which the pemneability of elements are defined by the following function; 

permeability = k for (t>^z 

permeability = 0 for (t)<z 

This function effectively removes elements above the phreatic surface. However, 

to avoid numerical instability, Bathe and Khoshgoftaar (1979) recommended that the 

pemieabillty of the unsaturated region be set to one thousandth that of the saturated 

region (Fig. 2.4). This scheme is essentially a modification of the residual flow 

procedure proposed by Desai, (1976). 

Lacy and Prevost (1987) presented a procedure that is also conceptually 

similar to Desai (1976) residual flow procedure. The fluid pressure in the dry zone 

is specified as a small negative value, using a penalty function. The penalty function 

uses a Heaviside function H(p) defined as follows: 

H(p) = 1 ifp>0 

H(p) = 0 if p<0 

OsH(p)s1 ifp=0 

The position of the phreatic surface, where the pressure is zero, is found by 

interpolating between the positive and negative pressure. 
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Fig. 2.4 Pressure-permeability relationship (after Bathe and Khoshgoftaar, 1979). 

2.7.3 Boundary Element Method 

Recently, the boundary element method (Liggett, 1977) has been developed 

as an alternative to the finite element method. The boundary element method used 

surface integral temris for 3-D analysis and line integral terms for 2-D analysis. 

Therefore the dimensionality of a problem is reduced by one, in comparison to the 

finite element method. The BEM is therefore very efficient in terms of computer time 

and it also requires less input data. The solution is obtained in two steps. In the first 
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Step, the solution is only calculated along the boundaries of the element. If the 

solution is also required within the flow domain, its value is calculated in a second 

step by numerical integration inside the element. 

The assumption of constant material properties in a given element is the 

main limitation of the BEM. Situations, in which the material properties of the 

medium vary widely, require a large number of interior points to adequately describe 

the flow domain. The boundary element method then loses its superiority, and the 

finite difference or finite element method can just as well be used. This method is 

therefore much less flexible and general than the finite element method. However, 

for problems that are homogeneous or which requires only limited boundary 

discretization, the boundary element method is a particulariy attractive alternative 

to the finite element method. 

2.8 Review of Analytical Studies of Seepage Effects on Slope Stability 

Analytical studies of seepage effects on slope stability have been mainly 

confined to the use of limit equilibrium analysis because of the simplicity of this 

technique. Limit equilibrium analysis, generally, utilize various iterative procedures 

to search for the failure geometry that results in the lowest factor of safety (the 

critical failure surface). The critical failure geometry is taken as the one that controls 

the stability of the slope. 
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Limit equilibrium analyses are usually confined to 'worst case' scenarios. 

Problems involving a transient phreatic suriace are treated as steady state or quasi-

steady state (Han-, 1962; Cedergren, 1989). In addition, this type of analysis is 

usually limited by computational restrictions to situations involving homogeneous, 

isotropic medium or where the geometry of the heterogeneity can be easily 

described. Moreover, limit equilibrium methods consider the slope failure to be an 

instantaneous event, occuning simultaneously along the entire failure surface. 

However, soils normally exhibit strain softening, when sheared the strength drops 

significantly from a peak value to a residual value. This phenomenon leads to slope 

failures that are strain and time dependent, and cannot be adequately modeled 

using conventional limit equilibrium methods. 

Limit equilibrium methods that considers the failure surface to form a circular 

arc (slip circle) are perhaps the most widespread technique presently used to 

determine the stability of slopes. There are various fomis of the slip circle method 

(e.g. Fellenius, 1936; Bishop, 1955; Morgenstem and Price, 1965; Spencer, 1967; 

Janbu, 1973). The basic difference between these methods arise from the 

assumptions made in the consideration of interslice forces. Detailed descriptions 

of these methods can be found in many texts and technical papers (e.g. Fredlund, 

1984) and will not be repeated here. 

Taylor (1948) investigated the stability of a fully inundated, infinite slope 

subjected to seepage parallel to the slope. This analysis was limited to an isotropic, 
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homogeneous soil mass under steady state conditions. Taylor (1948) showed that 

the stable seepage slope is given by the following relationship: 

a, = tan-' (2.i4) 

where Vb is the buoyant unit weight, y is the bulk unit weight and is the stable 

slope angle under seepage. This analysis is only valid when seepage is parallel to 

the slope and thus cannot be applied to general situations. 

Haefeli (1948) fomiulated an analysis to consider the more generalized cases 

of seepage in any direction for an isotropic, homogeneous soil. Haefeli (1948) found 

that the stable seepage slope angle is given by: 

tana  ̂ — 

YCOt(|>' + 
sina. 

where ())' is the effective angle of friction, Yw is the unit weight of water and î  is the 

hydraulic gradient normal to the slope. However, in order to determine the hydraulic 

gradient, the position of the phreatic surface must be known a priori. In general, 

since the phreatic surface position is not known, the application of this method to is 

restricted. 
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Burgj and Karaki (1971) considered the effects of seepage and tractive forces 

on the stability of earthen channel banks. On the basis of experimental studies bank 

erosion was related to the hydraulic gradient and the flow velocity within the channel 

by the following empirical equation: 

= Aî  + Bî V" (2.16) 

where is the area of the bank eroded, î is the average hydraulic gradient and V 

is the flow velocity. The empirical coefficients A, B and n depend on material 

properties of the channel and the slope angle. These coefficients must be 

determined experimentally. Thus, the usefulness of this method is limited. The 

results of their experiments showed that at low flow velocity (V < 0.25 m/sec.) bank 

erosion was mainly caused by seepage and as the flow velocity increased the 

importance of tractive forces increased. 

Springer et. al. (1985) studied the effects of seepage on river banks 

containing layers of sand and clay. Their model considers the sliding stability of a 

wedge of cohesive soil underiain by a sandy layer. The formation of a tension crack 

extending through the entire depth of the clay layer was assumed to be a 

prerequisite for failure. Failure was assumed to occur when the river stage was 

rising and the sandy layer is submerged. Seepage into the sandy layer causes an 

increase in the pore water pressure resulting in an uplifting force on the base of the 

clay wedge. Failure results when the sliding forces exceed the resistance offered 
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by the base. Springer et. al. (1985) calculated the factor of safety for various bank 

height, coefficient of permeability of the sand, height of capillary rise in the sand 

layer, slope of the ground surface and upramping and downramping rates of the 

river stage. 

Ullrich et. al. (1986) extended Springer et. al. (1985) model to account for the 

removal of material from the sandy layer by seepage. Failure was assumed to 

occur when the removal of the supporting sandy layer caused the stress in the 

overlying layer to exceed the available shear strength. Ullrich et. al. (1985) 

investigated the effects of bank height, permeability of the sand layer, height of 

capillary rise in the sand layer, slope of the sand layer, ground slope and upramping 

and downramping rates on slope stability. They found that the coefficient of 

permeability and the angle of inclination of the sandy layer exerted the greatest 

effect on bank stability. 

Iverson and Major (1986) considered the effects of seepage forces on 

liquefaction and slope stability of a homogeneous, isotropic soil mass. A limit 

equilibrium analysis was considered with respect to Mohr-Cqulomb's failure criteria. 

They found that horizontal seepage results in the minimum stable seepage slope. 

However, Iverson and Major (1986) considered the seepage direction and 

magnitude to be independent variables, this assumption is not correct and thus the 

validity of their results is questionable (Budhu and Gobin, 1996). 
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Delingerand Iverson (1990) applied the analysis developed by Iverson and 

Major (1986) to the study of stability and liquefaction potential of infinite submarine 

slopes subjected to steady state seepage. This analysis showed that Coulomb 

failures always preceded liquefaction. However, as in the analysis by Iverson and 

Major (1986) the direction and magnitude of the seepage vector are considered to 

be independent variables, the validity of this assumption will be more closely 

examined in Chapter 3. 

2.9 Numerical Investigations of Seepage Problems. 

Oesai (1977) used a finite element model to predict the transient response 

of the phreatic surface for river banks along the Mississippi River when subjected 

to drawdown conditions. Bank stability was computed using the predicted phreatic 

surface with the ordinary method of slices. Desai (1977) presented a series of 

charts relating bank stability to drawdown rate, cohesion, angle of friction and slope 

angles. However, this model only accounts for the effect of the phreatic surface 

position on the soil strength and ignores seepage effects. The factor of safety of the 

slopes is therefore overestimated. 

Howard and McLane (1988) conducted experimental work and developed a 

finite element model to study the effects of steady state seepage on the stability of 

a cohesionless sand mass. Their model simulates the effects of seepage forces 
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both within and along the surface of a slope. However, this model neglects the 

effects of soil fluidization and does not consider the overall stability of the slope. 

Moreover, the assumption of steady state seepage precludes the application of their 

results to most naturally occurring problems. 

Griffith and Li (1993) developed a finite element model using Biot's theory to 

investigate the transient effects of stress relief on pore water pressure variation and 

stability of excavations. The effiects of different 'at rest' earth pressures (Kq) on both 

short term and long temi stability of excavated slopes were examined. The factor 

of safety and the displacement at the toe of a slope were found to decreased as the 

earth pressure "at rest" increased. The predicted displacement and failure pattern 

were shown to be in good agreement with observed failures. Griffith and Li (1993) 

only considered the behavior of continuously drained and fully inundated slopes. 

The effects of cyclic groundwater recharge and drainage were not considered. 

Griffith and Kidger (1995) used the finite element method to examine the 

failure mechanisms involved in slope stability problems. The case of a 

homogeneous, purely cohesive (((>=0) soil was examined using an elasto-plastic 

constitutive model. Griffith and Kidger (1995) showed that incorporating softening 

in the constitutive relationship resulted in a more pronounced failure mechanism. 

Slight softening (1% of the peak undrained shear strength, cj resulted in a collapse 

load that is similar to that obtained using either an elastic-perfectly plastic 

relationship for the soil or limit equilibrium methods, while producing a more clearly 
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defined failure mechanism. Increasing the softening (10% of the peak cj produced 

an even more clearly defined failure mechanism. However, with increased softening 

the collapse load was significantly lower than that of the elastic-perfectly plastic and 

limit equilibrium analyses. 

Griffith and Kidger (1995) presented another altemative to detennine the 

failure mechanism In slopes, in which a rectangular grid is superimposed on the 

finite element mesh. The position of each point on the grid is defined by the local 

coordinate of the parent element within which it is positioned. After the collapse load 

has been detennined, the position of each point on the grid Is replotted using the 

nodal coordinates of the defomned mesh. This procedure is merely a presentation 

tool, but it clarified the failure mechanism. 

2.10 Conclusion 

Finite element procedures developed to predict the phreatic surface variation 

for unconfined flow problems have been shown to yield good predictions of the 

phreatic surface except in the region of the seepage surface (Cividini and Gioda, 

1989). This is because the procedures developed to date, only approximately 

satisfy the boundary conditions on the seepage surface. The en'ors induced by the 

predictions of such schemes are not significant if one is only concerned with 

predicting the position of the phreatic surface. However, if secondary quantities 
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such as the seepage stresses at the seepage surface are to be determined then it 

is desirable that the "besf possible prediction of the location of the phreatic surface 

should be obtained. In this study a procedure to locate the exit point on the phreatic 

surface will be developed, this procedure will be discussed further in Chapter 4. 

Analytical techniques to study slope stability problems under drawdown 

conditions, generally ignore seepage effects. Cases involving drawdown are 

analyzed for rapid drawdown and steady state conditions only. The solutions 

obtained fi'om analytical procedures provide an upper and a lower bound to the true 

solution. Thus, there is a need for solution techniques that provide a more exact 

solution. 

The fixed mesh finite element technique is well suited to the solution of slope 

stability problems involving a transient phreatic surface. The phreatic surface 

location, stresses from body forces, surface loads and seepage can all be computed 

using the same mesh for the desired level of time discretization. However, to date, 

finite element studies of seepage effects on slope stability have been limited to 

cases involving earth dams subjected to steady state seepage and rapid drawdown 

conditions. In this study, a finite element procedure to study the effects of seepage 

forces developed during gradual drawdown on slope stability will be fomnulated. The 

finite element model will be used to study problems involving cyclic groundwater 

recharge and drainage. The failure mechanisms involved in seepage induced 

failures during drawdown will be investigated. Predictions from the finite element 
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method will be compared with those from conventional limit state analysis and field 

data. 
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ANALYTICAL STUDY OF SEEPAGE EROSION AND STATIC LIQUEFACTION 

3.1 Introduction 

In this chapter an analytical model that relates the magnitude and direction 

of the seepage vector to slope stability and static liquefaction is presented. Static 

liquefaction in this contexts refers to liquefaction that results from seepage forces 

as distinct from liquefaction caused by dynamic forces, such as earthquakes. The 

work of Budhu and Gobin (1996) is expanded to include the effects of seepage on 

the stability of cohesive soils and for unsaturated-saturated soils. The predictions 

of the equations developed in this study are compared with solutions obtained by 

other researchers and experimental data. 

Seepage of groundwater has often resulted in catastrophic slope failures. 

River banks, embankments of canals and reservoirs and hillside slopes are typical 

examples of situations where seepage erosion has been observed (Hagerty, 1993 

a, b; Iverson and Major, 1986). Seepage considerations also plays an important 

role in the design of many engineering worics e.g. earth dams, water retaining 

structures and the slopes of open pit mines. Excessive seepage can render these 

structures ineffective and can result in the need for expensive rehabilitation works. 



60 

Moreover, in situations where the seepage vector has an upward component the 

possibility of heaving must be considered. Heaving refers to a rise in the surface 

elevation accompanied by an increase in pemieability. Intemal erosion of a soil 

mass by seepage forces, temned piping, is another possible detrimental effect of 

seepage. Piping can result in the fomnation of intemal passages within the soil 

mass, thereby allowing the flow velocity within the soil pores to increase with a 

concomitant increase in piping. Piping and heaving if unchecked can eventually 

result in the total collapse and failure of a soil mass. 

There are two basic theoretical approaches in dealing with seepage 

problems. These are (a) the particulate approach and (b) the continuum 

approach. In the particulate approach (for example, Howard and Mclane, 1988), 

the stability of a representative grain is considered using force equilibrium. 

Empirical coefficients are used to account for factors such as packing of the 

grains and grain size variations. The continuum approach (for example, Iverson 

and Major, 1986) involves the consideration of an elemental unit (area or volume) 

of soil in which the soil properties are taken as a lumped value for the entire unit. 

The later approach requires the determination of the angle of internal friction, 

cohesion and the density of the soil. These properties can be obtained, with 

reasonably good accuracy, from simple laboratory soil tests. A discussion on 

some of the approaches taken to understand the mechanics of seepage erosion 

was presented by Dunne (1990). 
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In this study, the continuum approach is used to detennine the minimum 

stable seepage slope angle for an infinite slope for a given seepage direction. 

The temn 'stable' is used in this context to denote stability against a Coulomb type 

failure. The range of seepage directions that cause static liquefaction and induce 

failures through a Coulomb mechanism is also examined. Analysis such as the 

one proposed in this study are useful to examine the stability of slope subjected 

to steady state seepage conditions or the evaluation of slope stability under worst 

case scenario. 

3.2 Analysis of and Discussion of Seepage Erosion 

The influence of seepage on the stability of slopes has been recognized 

for a long time (Casagrande, 1937). It was established that the maximum stable 

slope angle for a dry sand mass under no external load is its angle of internal 

fnction {(^) but if seepage is permitted through the sand mass, it will collapse to 

a smaller stable slope (stable seepage slope). Consider an elemental volume (V) 

of soil at a deptii z within a homogenous infinite slope with stress free boundaries 

and slope angle, a. The seepage vector of magnitude i (hydraulic gradient) is 

assumed to be inclined at an angle A to the inward normal to the slope (Fig. 3.1). 

Emergent seepage will impose a force, , on the element where is the unit 

weight of water. The disturbing force down the slope (T) is 
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Coulomb Failure 

SUUc 
Liquefaction 

Fig. 3.1 Forces on an elemental volume of soil and ranges of A for Coulomb type 

failure and static liquefaction. 

T = V{\(' slna + sinA) (3.1) 

where the submerged (effective) unit weight of the soil is y' = Ysat" Yw anci is 

the saturated unit weight of the soil. The resisting force, given by Coulomb's 

failure criterion, is 

R = cA + N tan(t) (3 2) 

where c is the cohesion of the soil, A is the cross sectional area of the element 

and N, the normal force, is 
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N = V{y/' cosa - cosA) (3.3) 

Substituting equation (3.3) into equation (3.2): 

R = cA + \/(y' cosa - cosA)tan(|) (3.4) 

The factor of safety of the slope against a Coulomb type failure is 

c v' + (—cosa - / cosA)tan(i) 
R IMT F = - = (3.5) 

v' —sina + / sinA 

Now, consider a flow net within a slope as shown in Fig. 3.2. On the 

seepage face AB, the inclination of A at A is 90° while at B, A = 0°. The valid 

range of A on the seepage face AB is, therefore, 90°^Ai0°. 

Harr (1962) showed that the tangential velocity (V,) at a point C on the 

surface of seepage, AB, (Fig. 3.2), is 

Vf = k sina ( 3 . 6 )  

and the normal velocity (y„) is 

= k sina cotA (3.7) 
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Phreatic surface 

Fig. 3.2 Flow field in a homogeneous, isotropic soil showing the exit velocity and 

its component along the seepage face AB. 

The resultant velocity (V) is 

v = ,l{vr̂ ) 

= k 

k sina Vri+co^X) 
sina (3.8) 

sinX 

From Darcy's law 

V = ki = k (3.9) 
slnX 
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sina / =  ̂ (3.10) 
sinA 

On the seepage surface, the exit point, A, on the phreatic surface is a point of 

tangency, A = 90°, and from equation (3.10), i = sin a. At discharge point B, the 

streamline is normal to the slope, A = 0°, and from equation (3.10), i The 

hydraulic gradient Is unbounded and Darcy's law is not valid. However, in 

practice this would not occur (Harr, 1962). 

Thus, by substituting equation (3.10) into equation (3.5); 

+ (—cosa - sina cotA) tan(|) 
Ym, F = — ^ (3.11) 

sina(  ̂ + 1) 

A plot of equation (3.11) for a cohesionless soil, c = 0, ({) = 30°, at an 

original slope, a = 0 = 30°, Is shown in Fig. 3.3 for y'/Yw - 1 • The values of i 

corresponding to A (equation 3.10) within the range 90°  ̂ Ak0° are superimposed 

on Fig. 3.3. The factor of safety for all values of A are below 1 indicating that a 

Coulomb type failure can occur for any value of A within the range considered. 

The factor of safety, however, becomes negative as A decreases below 30°. This 
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Fig. 3.3 Relationship among factor of safety, seepage direction and hydraulic 

gradient for (J) = 30°. 

is an unrealistic solution and indicates that, for this soil, a Coulomb type failure 

is unlikely for A < 30°. Examination of equation (3.11) reveals that for positive 

values of F, 

v' -^^cosa - sina cotA ^ 0 (3.12) 
Yw 

By simplification, equation (3.12) becomes 

Y tanA s: — tana 
Y' 

(3.13) 
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The valid range of A for a Coulomb type failure is then tan'̂ (YvA' tan a)  ̂A  ̂90° 

(Fig. 3.1). If there is a continuous gradual increase of A from tan*^(YvA' t̂ n a) to 

90°, then failure will be initiated when A exceeds tan~  ̂{yjy' tan a). For other 

distributions of A, failure will be initiated at the predominant value of A. In all 

cases, however, the minimum hydraulic gradient to initiate failure occurs when A 

= 90°. At limiting equilibrium, F = 1, equation (3.5) reduces to 

V —sina + / sinA - c 

tan4) = — (3.14) 
V —cosa - / cosA 

For a cohesionless soil (c = 0), equation (3.14) further reduces to 

V —slna + / sinA 

tan(|) = 
w/ 

(3.15) 

—cosa - / cosA 

By substituting equation (3.10) in equation (3.15); 
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sina + 1) 
Y tan(|) = — (3.16) 

—cosa + sina cot\ 

for seepage parallel to the slope, A = 90°, equation (3.16) further reduces to 

Taylor's (1948) equation. 

Iverson and Major (1986) obtained equation (3.15) following a more 

rigorous analysis using differential calculus. They discussed various scenarios 

for slope instability and static liquefaction depending on the direction and 

magnitude of the seepage vector. The magnitude of the seepage vector, i, and 

its direction. A, are uniquely related for a given slope angle (equation 3.10 ) and 

not independent as shown in plots of equation (3.15) by Iverson and Major (1986, 

Figs. 3, 4, and 5). Changes in i result in changes in A, or for a given value of i, 

there is a unique value of A as expressed by equation (3.10) for emergent flow at 

the seepage face. 

For most soils, y'/y  ̂» 1, which by substitution in equation (3.16) results 

in 

tana = (3.17) 
2 - tan(t) cotA 

A plot of equation (3.17) for (J) = 30° is shown in Fig. 3.4 for the valid range of A 
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Fig. 3.4 Slope angles for different seepage directions and the corresponding 

hydraulic gradients for 4) =: 30°. 

for emergent seepage at the seepage face, i.e., firom a maximum value of 90° to 

(YvA" tan a) = tan"\l tan 30®) = 30®. Only a single curve is generated for 

each equation and not a family of curves as described by Iverson and Major 

(1986, Figs. 3.4, 3.5 and 3.6). For example, if a = 30° and seepage is horizontal, 

then A = (90 - a ) = 60° and i = 0.577 (equation 3.10) at the seepage face. Only 

one value of i is consistent with this direction of seepage. The value of i 

corresponding to the appropriate value of A is shown in Fig. 3.4 for emergent 

seepage at the seepage face. The hydraulic gradient at the seepage face, as 

expected from equation (3.10), increases from 1 when A = a to its minimum value 

of sin a when A = 90°. For streamlines below the horizontal plane, the hydraulic 
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gradients are negative resulting in factors of safety greater than 1 (equation 3.5) 

and consequently the slope will not fail from a Coulomb type mechanism. 

The minimum stable seepage slope in both cases occurs when A = 90°, that 

is, seepage is parallel to the slope. Iverson and Major (1986) proposed that 

minimum slope stability will occur when K- 90 That is, for a slope originally 

at its angle of friction (a = (}>), the minimum slope stability will occur when 

seepage is horizontal. The value of A, according to Iverson and Major (1986), is 

dependent on the angle of friction of the soil. Seepage in a homogenous, 

isotropic soil, however, is dependent on the permeability (particle arrangement or 

soil fabric), of the soil and not on the angle of friction. Two soils of different 

densities can have the same angle of friction but seepage (or hydraulic gradient 

and consequently A ) through each of these soils is likely to be different; A is 

independent of ()>. 

Iverson and Major (1986, Fig. 3), showed that a can exceed (}), they 

assumed that the slope angle in a cohesionless soil can lie within the range 

0° < a < ({>. The upper limit of this range is invalid for a Coulomb type failure. 

In the absence of seepage forces, the maximum slope angle for a cohesionless 

soil is its angle of friction, ()). This can be obtained by setting i = 0 in equation 

(3.15). The range of stable slope angle is then, 0 < a < (|). The slope angle, a, 

can exceed if seepage is directed into the slope. It is unlikely, however, that 

inward seepage can occur without imposing forces on the sloping boundary. The 
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presence of external forces at the boundaries of the slope will invalidate the type 

of analysis presented in this study. 

In Fig. 3.4, the slope, originally at its angle of friction (a = (t> = 30°), will fail 

once A exceeds 30° for emergent seepage at the seepage face. If the 

predominant seepage direction is, for example, X = 60° (horizontal seepage) for 

which i = 0.577, the slope will collapse from a = 30° to a = 19° and remain at the 

latter angle until A exceeds 60°. The stable seepage slope decreases with 

increasing A reaching its minimum value, for a Coulomb type failure, when the 

predominant seepage direction is parallel to the slope (A = 90°). Slope failures 

influenced by emergent seepage are therefore progressive, and the minimum 

stable seepage slope is reached when A = 90°. The direction of seepage at which 

failure will be initiated depends on the character of the flow field. For the two 

cases considered, failure for emergent seepage at the seepage face will be 

initiated when A > tan'̂ Y  ̂V tana)° while for an average seepage condition 

(streamlines approximately horizontal) failure will be initiated when A > (90 - a)°. 

3.3 Effects of Cohesion 

The factor of safety for a purely cohesive soil is obtained from equation 

(3.11) by setting (J) = 0. Thus, 
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C 

F = (3.18) 

sina(— + 1) 
' W  

At limiting equilibrium, F = 1, and equation (3.18) reduces to 

slna = —^ (3.19) 

Slope failures, assuming an infinite slope with stress free boundaries, in a purely 

cohesive soil is then independent of seepage forces but depend on the cohesion, 

saturated unit weight of the soil and the height of the slope. A plot of equation 

(3.11) for a = 30°, (D = 30®, sf'Nw - 1. and c/(y  ̂z) varying from 0 to 1 is shown 

in Fig. 3.5. This figure depicts the effects of cohesion in a soil in which the soil 

strength is influenced both by cohesion and friction. For a given seepage regime, 

increased cohesion increases the factor of safety. Large increases in cohesion 

inhibit failure by an infinite slope failure mechanism. Failure is likely to occur 

through the development of either circular or non-circular failure planes 

(Morgenstern and Price, 1967). 
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Fig. 3.5 Effects of cohesion on slope stability for (J) = 30°. 

3.4 Static Liquefaction 

Liquefaction refers to the phenomena In which a soil changes state from 

a solid to a liquid with a corresponding loss of strength. This can lead to a loss 

of support in a soil mass resulting in slope failures or excessive settlement of any 

supported structures. Static liquefaction in this context refers to the liquefaction 

that occurs when the vertical component of the seepage force is equal to or 

greater than the weight of the soil. Resolving forces (seepage and soil weight) 

vertically (Fig. 3.1): 



74 

W = sin (A + a - 90)= -h/„V cos (A + a) (3.20) 

Substituting W = y' V, i = sin a/ sin A in equation (3.19), and rearranging, results 

in 

-(CosX cosa sing _ ^ 
sinA Y„ 

For most soils, yVVw ® 1. and the solution of equation (3.21) is A = -a. The 

solution of equation (3.21) for y'/Yw = 1 is X = -a. Therefore, static liquefaction for 

most soils (y'/y„ = 1) will take place when seepage is vertically upwards, 

corresponding to a hydraulic gradient of -1. For soils with the effective density 

ratio, y'/YW, other than 1, static liquefaction will occur at seepage directions 

determined from either equation (3.19) or equation (3.20). A plot of equation 

(3.20) is shown in Fig. 3.6 to elucidate the directions of seepage that will induce 

liquefaction for variations in y'/y  ̂nonnally obtained in practice. A schematic of 

the practical range of A that will cause liquefaction is shown in Fig. 3.1. 

3.5 Seepage in an Unsaturated-Saturated Sand Mass 

The stable seepage slope for seepage in an unsaturated - saturated sand 

mass (Fig. 3.7) can be obtained by using the appropriate value for the soil weight. 
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Fig. 3.6 Variation of seepage direction to cause static liquefaction as a function 

of y'/Yw 
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Fig. 3.7 Forces on an elemental volume for a saturated-unsaturated soil. 
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W. Consider an element at a depth Z below the ground surface in the saturated 

region and assunning that a capillary zone of thickness, d, exists just above the 

phreatic surface. The weight per unit area, w, is 

W = yp + + y'h (3.22) 

where D is the thickness of the unsaturated region, Vt is the total unit weight, and 

h = Z- D- disthe depth from the phreatic surface to the element. Following the 

procedures used to obtain equation (3.15), the corresponding equation for 

seepage in an unsaturated-saturated sand mass is 

sina + 
tan<|) = ^— (3.23) 

cosa 

where 

5 = YD . ̂  £ (3 24) 

and 
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Y _ G + So 

Y,v 1 + e 

Ysaf _ G + e 

Yw 1 + e 

^ = 6 - 1 
yw 1 + e 

(3.25) 

where G is the specific gravity of the soil, e is void ratio and S is the degree of 

saturation. 

By substituting equation (3.10) into equation (3.23), we obtain 

X sina -1) 
tanQ = ^-2— (3.26) 

^ cosa - sina cot\ 

For seepage parallel to the slope, A = 90°, equation (3.26) reduces to 

tana = (—-—) tan(() (3.27) 
1 + ^ 

Assuming d = 0 (no capillary zone), S = 0 (dry soil mass above phreatic surface), 

Y'/Yw 1 (equivalent to e = 0.7 for G = 2.7) and 4) = 30°, then 
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Fig. 3.8 Plot of stable seepage slope as a function of Z/D ratio for 0 = 30°. 

A plot of the stable seepage slope using equations (3.27) and (3.28) is shown in 

Fig. 3.8. Above the phreatic surface (Z/D s 1), the soil can maintain a maximum 

stable slope at an angle ((>• Below the phreatic surface, the slope angle initially 

decreases rapidly then gradually toward the stable seepage slope, tan"\0.5 tancj)). 

For practical purposes, slopes with Z/D > 10 in an unsaturated-saturated 

cohesionless soil can reasonably be assumed to be infinite. 

E = 1.588(—5—) + 1 
1-1 
D 

(3.28) 
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3.6 Comparison of Analysis with Laboratory Experiments 

A sand mass was deposited in water over a 3 m length in a flume 5.5 m 

long, 0.61 m wide and 0.76 m in height (Fig. 3.9). The water in the flume was 

lowered very slowly so that seepage erosion was minimized. A slope of angle a 

= 32° was constructed on one face of the sand mass in the flume. The properties 

of the sand, determined from laboratory geotechnical tests following American 

Standard Testing Methods, are as follows. 

Grain size (ASTM D 421-422) - average grain size, Dgo = 0.73mm, coefficient of 

uniformity, = 3.9 

Unit weight (ASTM D1556-82) - V„, = 19 kN/m® 

Constant head pemneability test (ASTM D 2424-68) - coefficient of permeability-

k = 5.0 X 10"® cm/s. 

Shear box test (ASTM D 3080-90) - cD = 32". 

One of the longitudinal sides of the extant flume was constructed from glass 

thereby enabling observation and measurement of slope changes caused by 

groundwater seepage. 

The extemal water level (water level in front of the slope) was raised to the 

top of the slope and kept there until equilibrium was achieved with the 

groundwater level in the slope. As the external water level was lowered at a rate 

of 0.1m/min (maximum withdrawal rate permitted by the outflow valve. Fig. 3.9), 
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Fig. 3.9 A sectional view of a flume used to investigate slope failures by 

emergent seepage. 

cracks appeared on the slope. When the external water level reached an 

elevation 7.5 cm from the base of the slope (low water level), the slope failed. A 

vertical face, 27 cm in depth from the top of the slope, was followed by a slope 

of 22° after the failure (inset schematic diagram, Fig. 3.10). The above procedure 

of raising and lowering the external water level was repeated several times. 

Further slope failures were obsen/ed after each drawdown until the 8  ̂drawdown. 

After the 8*  ̂drawdown, the slope remained stable at an angle of 18° (Fig. 3.10). 

During the second rise of the external water level, the vertical face collapsed 

indicating that this face was formed by capillary action. 
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Fig. 3.10 Observed stable seepage slope as a function of the number of 

drawdowns. 

The results indicate that slope failures under seepage are regressive until 

a minimum stable seepage slope is achieved. From equation (3.18), the predicted 

minimum stable seepage slope for the sand mass is = tan"  ̂ [{(19-9.81)719} 

tan 32° ] = 17° which is in good agreement with the observed value of 18°. The 

experimental arrangement and procedures were kept very simple to obtain the 

overall response of the slope to seepage forces. Instrumentation, such as pore 

water pressure transducers to obtain the hydraulic gradient, was not inserted into 

the sand mass to prevent any interference with the development of the failure 

surfece. The direction of seepage could not be determined from the experiments. 
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However, from equation (3.16), the predominant seepage direction at which the 

first slope failure was observed is A = 52*  ̂ for emergent flow at the seepage face. 

A more detailed series of experiments was conducted by Amanullah (1993) using 

various initial slopes, and rates of rise and drawdown, resulted in similar 

observations and conclusions. 

3.7 Conclusions 

In this chapter an analytical model that relates the magnitude and direction 

of the seepage vector to Coulomb type slope failures and static liquefaction is 

presented. It is shown that the magnitude and direction of the seepage vector are 

uniquely related and they are not independent variables as was previously 

assumed by other researchers. Seepage parallel to the slope is shown to cause 

the minimum stable seepage slope. While static liquefaction is shown to be 

possible over a range of seepage directions, depending on the unit weight of the 

soil. 

The analytical procedure presented in this chapter is useful for examining 

the stability of a slope under steady state seepage conditions or to evaluate the 

stability of a slope under worst case seepage scenarios. The analytical solution 

is also useful to obtain a rapid, preliminary estimation of the stability of a slope 
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under drawdown conditions without having to resort to more complicated 

numerical or analytical techniques. 
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FINITE ELEMENT FORMULATION TO MODEL TRANSIENT STRESS 

CHANGES AND PREDICT THE POSITION OF THE PHREATIC SURFACE 

4.1 Introduction 

A saturated soil subjected to changes in loading condition experiences 

corresponding changes in pore water pressure in the region of the applied load. A 

drained soil may compress or dilate during loading, while in the undrained state the 

pore water pressure may increase or decrease (Fig. 4.1). Hydraulic gradients may 

be generated by changes In pore water pressure during loading and seepage flow 

within the soil mass may occur. The movement of pore water from one region to 

another results in volumetric changes with concomitant changes in effective stresses 

and shear strength. Volumetric changes associated vi/ith the dissipation of the pore 

water pressure are time dependent. The process of pore water pressure dissipation 

with the corresponding time dependent volumetric changes is known as 

consolidation. 

Terzaghi (1925) presented a one-dimensional theory to analyze the behavior 

of soils during consolidation. Terzaghi's (1925) one dimensional consolidation 

equation is: 
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Fig. 4.1 Typical effects of shear stress on shear strain and pore water pressure. 

= c 
dt dZ' 

(4.1) 

where u is the pore water pressure, t is the time, z is the distance from the drainage 

surface and c  ̂is the coefficient of consolidation, given by: 
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where eg is the initial void ratio, is the permeability and is the unit weight of 

water. Terzaghi's on&dimensional equation can be extended by straightfonvard 

generalization for the three-dimensional case and is given by: 

ot dx^ dy^ dz^ 

Terzaghi (1925) assumed that the total stresses remained constant during the 

consolidation process. This assumption is not valid, since, during consolidation the 

value of Poisson's ratio drops from an initial value of approximately 0.5 for undrained 

conditions, to its drained value of 0.2 to 0.3. The three-dimensional fomi of 

Terzaghi's theory is sometimes referred to as an "uncoupled" theory, since the 

"coupling" of the pore water pressure and the total stress is ignored. Biot (1941) 

presented a more advanced theory that accounts for the coupling between total 

stresses and pore water pressures for the three dimensional case. Biot's (1941) 

consolidation equations are more complicated than Terzaghi's (1925) in that the 

elastic solution is coupled with that of the diffusion process. However, the one-

dimensional forni of Terzaghi's and Biot's equations are identical. Because of the 

complexity of Biofs (1941) three-dimensional equations analytical solutions can only 

be found for simple problems and numerical solutions must be resorted to for the 

solution of more complicated problems. In this study Biot's theory will be used to 

predict soil behavior coresponding to changes in loading conditions. 
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The effective stresses at any point within a soil mass can only be detemnined 

if the total stresses and the pore water pressure at that point are known. In a 

saturated/unsaturated soil mass in which drainage is occuning, the groundwater 

level is continuously changing with concomitant changes in the pore water 

pressures. As a result, any attempt to model the transient response of a soil mass 

to changes in loading and drainage conditions must first address the effects of these 

changes on the groundwater level. In this chapter a modified version of the residual 

flow procedure proposed by Desai (1976) will be presented and its predictions 

compared with those of the original scheme and available techniques. 

4.2 Review of Biot's Theory 

Biot (1941) theory is based on the following fundamental assumptions; 

1) Only small strains, displacements and velocities are allowed. 

2) Flow through the medium is governed by Darc/s Law. 

3) The soil is saturated. 

4) The pore fluid is incompressible relative to the compressibility of the soil skeleton. 

5) The effective stress principle is valid. 

6) There is a linear elastic relationship between effective stress and strain. 

Of these assumptions, the last is perhaps the most unrealistic. Smith (1971) 

discussed the effects of small changes in mean nomial stress and large changes 
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in shear stress on clays and pointed out that the pore pressures predicted using 

Biot's (1941) theory would be totally en'oneous. The discrepancy would occur 

because Biofs (1941) theory assumes that the soil behaves elastically during shear. 

As a result the calculated pore pressure response only caters for the elastic 

changes in the mean normal stress and the effects of shear induced volumetric 

changes (either positive or negative) are ignored. This deficiency can be overcome 

by using a soil model that accounts for the effects of shear induced volumetric 

changes. 

4.3 Application of Biot's Theory in Soil Mechanics 

Biofs theory has been shown to be very successful in explaining the behavior 

of soils. Cryer (1963) and Mandel (1953) found that the pore water pressure does 

not always decrease monotonically during consolidation. Instead, due to shear 

defomnations and smear effects, the pore water pressure can exhibit a peak and 

then drop, this phenomena is known as the Mandel-Cryer effect. The elevation in 

pore water pressure during consolidation increases as the distance from the 

drainage boundary increases and is greater for cases in which Poisson's ratio (p) 

decreases significantly during drainage. The Mandel-Cryer effect is caused by 

shrinkage (contraction) of the drainage surface as it loses water, resulting in 

additional loading being applied on the material which is further away from the 



89 

drainage boundary, thus causing increases in pore water pressure. Cryer (1963) 

compared the pore water predictions of Biot's and Terzaghi's 3-D consolidation 

theories and showed that Biot's theory can predict temporary increases in pore 

water pressure, whereas Terzaghi's theory cannot. 

There have been numerous applications of Biof s theory to study 2-D and 3-D 

consolidation problems. A comprehensive review was perfomied by Booker and 

Small (1986) and will not be repeated here. Previous researchers have generally 

assumed that the soil behaves elasticaliy during loading, this assumption has been 

shown to be invalid for soils which experience large shear induced volume changes 

(Smith, 1971). 

4.4 Development of Biot's Equation 

Biot (1941) linked the pore water pressure and the total stresses by the 

principle of effective stresses. 

Where is the total stress, Gjj is the effective stress, Q, is Kronecker delta and u is 

the pore water pressure. The equation of equilibrium is: 

(4.4) 

+ B; = 0 (4.5) 
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where B, is the body force per unit volume and Xj is the position of the body. 

Applying the continuity equation: 

dv^ av dv. ae„ 
_JL + _1 + _£ = _—i: (4.6) 
ax dy dz dt 

where v  ̂Vy and v  ̂are the velocity components in the Cartesian directions, is the 

volumetric strain (for steady state seepage = 0) and t is time. The volumetric 

strain is 

= ©x (4.7) 

where e ,̂ and are the principal strains. From Darc/s law the component 

velocities can be expressed as; 

du 1/ = 
* 

\f„dx 

Kdu 
Vy = (4.8) 

' Y„Sz 

where ky and k  ̂ are the component permeability in the Cartesian directions. 

Substituting these relationships in the continuity equation (4.6): 



91 

az2 dt 
(4.9) 

Equations (4.4, 4.5 and 4.9) are collectively known as the Biot's equations of 

consolidation. The one-dimensional form of Biot's equations reduces to Terzaghi's 

one-dimensional consolidation theory. 

4.5 Modeling Stress Changes 

Soils can undergo both elastic and plastic deformations depending on the 

load intensity. Thus, a soil model that can realistically represent the strains induced 

during loading must be chosen. In this study, the modified Cam-clay model (Roscoe 

and Burland, 1968) is used. This model requires only a few parameters and these 

can be readily obtained from conventional soil tests. The application of the modified 

Cam-clay model to predict tiie volumetric changes developed by a soil subjected to 

loading or unloading is illustrated by the following discussion. Consider a soil layer 

with the groundwater level at a distance y from the ground surface at a time, t̂  (Fig. 

4.2). The initial stress state of a typical element, X, located at distance z is 

represented by B on the void ratio - In (p) curve (Fig. 4.2) as approximated by 

Schofield and Wroth (1968). The curve AM is the loading curve with a slope A and 
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Fig. 4.2 Void ratio - ln(p) curve. 

MC is the reloading curve with a slope K, if the soil is assumed to be nomnally 

consolidated. If the soil is overconsolidated, then B would lie on the curve MC. 

Suppose the groundwater level drops to a new position M, the mean effective stress 

on an element below the groundwater level will increase from an initial value p t̂o 

a new value p„. The soil consolidates and the total change in void ratio is; 

5e = A In— (4.10) 
Po 

and the total change in volumetric strain is 
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oe  ̂ = -—In— (4.11) 
1+^0 Po 

where e  ̂is the initial void ratio. In soil mechanics, by convention compressive 

stresses are positive, so K is positive. The total change in volumetric strain, is 

generally made up of an elastic and a plastic component, 5e/ and respectively, 

such that 

6el = 6e® + 6eJ (4.12) 

If the groundwater level were to rise to its original position, the path followed will be 

MC (Fig. 4.2), the unloading path. The elastic volumetric strain component obtained 

from the slope of the line MC is: 

* _e K , Pm 
oe  ̂ = -—In— (4.13) 

1+6,) Po 

and the plastic component is 

A-K i^Pm oe^ = In— (4.14) 
1 +80 Po 

Suppose that the groundwater level now drops below its original position. The mean 

effective stress will then increase to a value pj which is higher than the maximum 
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past mean effective stress p„. The total change in volumetric strain as a result of 

this loading condition (path CMD) is 

6e  ̂ =  ̂ln(—)] (4.15) 
1 *^0 Po Pm 

If the groundwater level subsequently rises to its original level, the path followed 

would be DE, the unloading path. The changes in volumetric strains resulting from 

transient conditions can now be incorporated in equation (4.9). if the stresses are 

within the elastic region, equation (4.9) becomes 

Y„, dx^ dy^ dz^ PoC+^o) 

and if the past maximum mean stress is exceeded, the governing elasto-plastic 

equation is 

^ tu ^ . u 1 r K ^Po A ^Pz, — + K- ) = [ 1 a. 17) 
Yw dx^ dy^ dZ^ 1+®o Po Pz 

The soil parameters K and A can be obtained by perfomning consolidation tests on 

the soil samples and determining the slopes of the loading and unloading paths. If 

the stresses resulting firom groundwater fluctuation lies within the overconsoiidation 
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part of the curve, the soil can be approximated as elastic. The parameter K can be 

found from the shear modulus (G,) through the relationship 

p(1+eo) 1.5p(1+e(|)(1-2M) 
K = = ^4.19) 

where p is the mean effective stress, K is the bulk modulus and p is Poisson's ratio. 

The solution of equation (4.17) is found using standard numerical techniques 

e.g. Budhu and Wu (1992). 

4.6 Flow in the Unsaturated Zone 

In the fonnulation of Biots (1941) theory the soil is assumed to be saturated. 

However, for many problems the flow domain consists of a saturated and an 

unsaturated portion. The following modifications were made in order to effectively 

apply Blot's (1941) theory in this study. 

(1) The real pore water pressure is set to zero for soil above the phreatic surface 

(Fig. 4.3) 

(2) Fictitious negative pore water pressures are calculated for the region above the 

phreatic surface (unsaturated zone). 

(3) The permeability of the soil in the unsaturated zone is assumed to be one 

thousandth of that of the saturated zone (Bathe and Khoshgoftaar, 1979). 
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Fig. 4.3 Determination of pore water pressure in saturated-unsaturated soil. 

(4) The location of the phreatic surface is found by interpolating between the 

fictitious negative pore water pressure and the positive pore water pressure (Li and 

Desai, 1983, Desai, 1976). 

4.7 Constitutive Model 

Several constitutive relationships are incorporated in the finite element 

fonnulation, these include isotropic and anisotropic elastic, elastic perfectly plastic 

and elasto-plastic relationships. The modified Cam-clay model, described earlier is 

incorporated as an elastic-plastic model. The modified Cam-clay model is used with 

the Mohr-Coulomb failure to describe the behavior of the soil for problems 

investigated in this study. Mohr-Coulomb's criteria is expressed as: 

7f = c + Of tan(t) (4.19) 
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where is the shear strength at failure, c is the cohesion, Of is the nomial stress at 

failure and <t> is the angle of internal fnction. 

One of the major criticisms of Mohr-Coulomb is its inability to predict 

volumetric changes and therefore pore water pressure changes resulting from shear 

stresses. Usually in the drained state, dense soils dilate, while loose soils compress 

when subjected to shear stresses. In the undrained state, dense sands usually 

exhibit a decrease in pore water pressure due to a tendency to expand, while loose 

sands tend to develop increases in pore water pressure due to a tendency to 

contract. In spite of these complications in soil behavior, Mohr-Coulomb failure 

criteria has been found to yield acceptable results in the study of problems involving 

unconfined flow (Zienkiewicz et. al. 1975, Chang and Chen, 1982). Generally, 

problems have been encountered when using Mohr-Coulomb analysis to deal with 

undrained problems. In this study the Mohr-Coulomb criteria is only used to define 

failure, volumetric changes are predicted by the modified Cam-clay model. Thus, 

problems with the Mohr-Coulomb's criteria inability to model volumetric changes are 

avoided. 

4.8 Procedure for Modeling Static Liquefaction and Failure 

The following procedure is instituted in the finite element formulation to deal 

with failure or liquefaction of soil elements. The stresses at each Gaussian 
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integration point are diecked to determine whether the failure state is reached or the 

mean effective stress approaches zero (indicating static liquefaction). If either of 

these states is attained then the integration point is flagged to delineate the failure 

surface. In this study nine Gaussian integration points were used to detennine the 

failure state within each element. Each integration point is assumed to be 

responsible for one-ninth of the element's domain. When at least eight of the 

integration points indicated failure the entire element was flagged as failed. In cases 

when failure was observed at only a few integration points within an element, the 

solution was recomputed using a finer mesh. 

Numerical tests showed that there was a reduction in computational time if 

the failed element was retained in the original mesh but its stiffness was reduced by 

one-thousandth of its original value, instead of removing the element and reforming 

the mesh. The difference in stress changes between removing a failed element and 

reforming the mesh and leaving the mesh intact but reducing the stiffness of the 

failed element was found to be insignificant (<5%). 

4.9 Determination of Exit Point on Seepage Surface. 

The detemination of the exit point on the free surface has always been a 

source of concem in modeling groundwater seepage (Taylor and Brown, 1967; 

Cividini and Gioda, 1989). The residual flow procedure (Desai, 1976) does not 
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explicttiy deal with the location of the exit point on the seepage surface. To provide 

a better approximation of the seepage face, Desai (1976) recommended using an 

artificial flow deflection zone. The artificial flow deflection zone is a layer of high 

penneability elements on the downstream (seepage) face, this causes the phreatic 

surface to fall sharply and thus approximately satisfies the condition that the phreatic 

surface is tangential to the downstream face at the exit point. 

In this study, the residual flow procedure (Desai, 1976) is modified to provide 

a more accurate detemnination of the exit point on the seepage surface. The 

predictions of this modified approach will be compared to that of other researchers. 

The residual flow procedure involves the following steps, for convenience 

only the element equations are presented (Desai, 1976): 

[/C] {g}® = {Q} (4.20) 

a) Assume that the entire flow domain is saturated (k = kj in the entire flow domain. 

b) Apply the boundary conditions and determine the nodal heads {q} to satisfy 

c) Find the phreatic surface position, using the condition $ = z, at the phreatic 

surface. 

d) Determine the average pressure in the elements and find the element's 

permeability from the pressure-permeability relationship. 

e) Compute the flow in the unsaturated zone. 
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[k] {(/I = (Q) + (4.21) 

f) Recompute the nodal heads such that: 

, q '  -  q ' ~ ' ^  I  

where e is a small non-negative number. 

g) Check for convergence by applying the convergence criteria: 

h) Iterate through steps (c) through (g) as necessary until the desired level of 

accuracy is obtained. 

In the proposed scheme, instead of computing the average pressure of the 

elements the pressure is computed at the integration points. Since the pressure-

pemneability relationship is nonlinear, using the average pressure value to represent 

elements that straddle the phreatic surface is likely to result in a significant 

underestimation of the flow through that element. The underestimation of the flow 

through elements that straddle the phreatic surface can be significant, especially 

when the permeability-pressure relationship is assumed to be a step function (Bathe 

and Khoshgoftaar, 1979, Rank and Werner, 1986, Budhu and Gobin, 1995). When 

the pressure-pemneability relationship is represented by a step function, the 

permeability of an unsaturated element Is usually assumed to be very small in 
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comparison to that of the saturated elements (e.g. one-thousandth). Thus if an 

element Is deemed to have a negative average pressure, the entire element will be 

treated as unsaturated, when in fact flow may be occum'ng through a significant part 

of the element. 

To satisfy continuity, flow entering or leaving the domain through the 

upstream elements and the phreatic surface must be equal to the flow exiting 

through the downstream seepage face. Therefore an additional constraint is 

imposed in the residual flow scheme (Desai, 1976) to account for continuity. This 

is done as follows: 

After an iteration to determine the position of the phreatic surface is performed and 

the nodal heads computed. The flow through the upstream elements (qj, the 

downstream elements (q ,̂) and the elements above the phreatic surface (q^J is then 

evaluated. The continuity condition is then checked versus a predetermined 

convergence criteria: 

l̂ t/s  ̂ ^ps 

|<?J 
i 6 (4.23) 

where 5 is a small non-negative number. 

The location of the exit point on the seepage surface is then adjusted to satisfy the 

flow convergence criteria. In the next iteration the potentials of the nodes on the 

seepage surface are specified and the heads of the rest of the domain detemiined. 
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The continuity condition is again applied and the process repeated until the 

convergence criteria is fulfilled. 

4.10 Numerical Examples 

The proposed solution scheme was applied to study various two dimensional, 

unconfined seepage problems and the results compared to analytical solutions 

and/or the solutions of other researchers. All the problems are modeled using 

isoparametric quadrilateral elements with a nine-point integration scheme. Griffith 

and Li (1993) used a four-point integration scheme (reduced integration) with 

isoparametric quadrilateral elements. Reduced integration is potentially more 

computational efficient than exact integration schemes, since the number of 

calculations is reduced. However, in this study the stiffness matrix obtained using 

reduced integration was found to be totally different from that obtained using exact 

integration schemes. Therefore, the suitability of reduced integration was not further 

investigated. 

4.10.1 Rectangular Dam with Steady State Conditions 

The finite element model developed was used to predict the steady state 

phreatic surface for seepage through a rectangular dam. The same problem was 
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Fig. 4.4 Boundary conditions for rectangular dam and finite element mesh used to 

analyze problem. 

previously studied by Herbert (1968) using an electric analog and by France et. al. 

(1971) and Bathe and Khoshgoftaar (1979) using the finite element method. The 

dam is homogeneous and isotropic with a permeability of 9.67x10'̂  m/s (1 ft/hr). The 

upstream water level is at 4.88 (16 ft.) and the downstream boundary is dry (Fig. 

4.4). 

Bathe and Khoshgoftaar (1979) used a mesh consisting of 256 linear 

quadrilateral elements (four noded quadrilateral elements) and a mesh of 64, 

isoparametric quadrilateral elements to model this problem, both meshes yielded 
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Fig. 4.5 Comparison of modified scheme (this study) predictions and those of other 

researchers. 

almost identical solutions. A mesh consisting of 64 isoparametric elements 

(identical to that used by Bathe and Khoshgoftaar, 1979), was employed to model 

the steady state position of the phreatic surface within the dam, so that realistic 

comparisons could be made between the modeling procedures. The results of the 

modified procedure are compared with those of Herbert (1968), France (1971), 
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Bathe and Khoshgoftaar (1979) and the original residual flow procedure (Desai, 

1976) in Fig. 4.5. 

The major difference between the results obtained using the modified 

procedure and those of the original residual flow procedure, France et. al. (1971) 

and Bathe and Khoshgoftaar (1979) is at the seepage surface. The phreatic surface 

predicted using the modified scheme falls more abruptly than that predicted by the 

other methods, this behavior is supported by analytical studies which indicate that 

the phreatic surface should exit tangential to the boundary (Bear, 1979). 

A second mesh consisting of 88. isoparametric quadrilateral elements (Fig. 

4.6) was then used to compare the predictions obtained using an artificial flow 

deflection zone with those of the modified and original residual flow procedure. The 

permeability of the elements in the flow deflection zone was specified as ten times 

that of the adjacent elements in the mesh. The same mesh was also used with the 

modified and the original residual flow procedures, the results of these analyses are 

shown in Fig. 4.7. 

In the area close to the seepage surface there is again a discrepancy 

between the predictions of the modified and the original residual flow procedures. 

However, the use of a finer mesh in the vicinity of the seepage surface yields better 

agreement between the two procedures than the predictions obtained using a 

coarser mesh (Fig. 4.4). The artificial flow deflection zone, as expected, causes an 

abrupt fall in the phreatic sur^ce position near the seepage face (Fig. 4.7), this 
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Fig. 4.6 Finite element mesh used to model seepage with an artifidal flow deflection 

zone. 

prediction is quite accurate in comparison to the modified procedure. The location 

of the phreatic surface predicted in the flow deflection zone is governed by the 

permeability and mesh geometry assumed in the modeling procedure. Hence, the 

results obtained using the previous procedure will not be consistent. The use of an 

artificial flow deflection zone without the benefit of a calibration process is not 

recommended. 
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Fig. 4.7 Comparison of predictions obtained using lhe modified scheme (this study) , 

an artificial flow deflection zone and the original residual flow procedure. 

4.10.2 Trapezoidal Dam with Toe Drain and Steady State Conditions 

The location of the steady state phreatic surface through a homogeneous, 

isotropic, trapezoidal dam (Fig. 4.8) with a toe drain was obtained by Harr (1962), 

using analytical solutions and by Bathe and Khoshgoftaar (1979) using finite 
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Fig. 4.8 Boundary conditions for trapezoidal dam and finite element mesh used to 

analyze problem. 

element analysis. The same problem was investigated using the modified residual 

flow procedure. The dam was modeled with a mesh consisting of 140, 

isoparametric quadrilateral elements (Fig. 4.8). The upstream water level was 

maintained at an elevation of 1.22m (4 ft) and the downstream boundary was 

assumed to be dry (Fig. 4.8). The penneability of the dam was 2.12x10'̂ m/s (25 

ft/hr). The permeability of the toe drain was not specified by Han- (1962) or Bathe 

and Khoshgoftaar (1979), in this study a permeability of 100 times that of the dam 

was assigned to the toe drain (ie. 2.12x10-2m/s, 250 ft/hr). The predicted phreatic 

surface is compared to that obtained by Han- (1962) and Bathe and Khoshgoftaar 

(1979) in Fig. 4.9, the predictions of all three models are in good agreement. 
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Fig. 4.9 Comparison of phreatic surface predicted by various schemes for 

trapezoidal dam. 

4.10.3 Seepage through a Nonhomogeneous Dam 

The problems previously considered dealt only with homogeneous materials. 

In this section the location of the phreatic surface in a rectangular dam with two 

vertical layers of different permeabilities is considered. The two material zones were 

assumed to be homogeneous and isotropic with penneabilities k = 8.47x10 ® m/s 

(Ift/hr) for the upstream layer and k = 8.47x10"  ̂m/s (10 ft/hr) for the downstream 
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Fig. 4.10 Boundary geometry for nonhomogeneous, rectangular dam and finite 

element mesh used to analyze problem. 

layer (Fig. 4.10). The problem was studied using 200. square isoparametric 

elements with sides of 0.5 m. The solution is compared to those of Oden and 

Kikuchi (1980) and Li (1988) in Fig. 4.11. The discharge computed was 1.20 xlO"* 

m% (15.27 which compares favorably with 1.25xf0'̂ and .̂2^x10'* m /̂s 

(15.86 and 15.36 fP/hr) obtained by Li (1988) and Oden and Kikuchi (1980), 

respectively. 

Secondary quantities such as stresses, displacements, seepage forces etc. 

are dependent on the position of the phreatic surface and the characteristics of the 



I l l  
10 

9 

8 

7 

6 

5 

4 

3 

5 

1 

0 
0 1 2 3 4 5 

Fig. 4.11 Comparison of phreatic surface predicted by various schemes for 

nonhomogeneous, rectangular dam 

flow field within the domain. The position of the phreatic surface is obtained directly, 

while the computation of the flow is a global measure of the characteristics of the 

flow field within the domain. The agreement between the predictions of the modified 

residual scheme and those of other researchers for nonhomogeneous conditions 

lends further confidence that the formulation of the modified residual scheme is 

correct. 
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4.10.4 Transient Seepage Between Two Drains. 
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The problem of detemnining the transient location of the phreatic surface of 

an earth mound located between two drains in which the water level is suddenly 

lowered was investigated by France et aL(1971), using finite element analysis. The 

geometry and boundary conditions of the problem are shown in Fig. 4.10. Since the 

problem is symmetrical, it was only necessary to model one half of the domain. 

France et. aL(1971) used nine, isoparametric quadrilateral elements to model this 

problem and compared their solutions with those obtained using an electric 

analogue and a finite difference scheme (Szabo and McCaig, 1967). The results of 

the modified residual flow procedure are compared with the results presented by 

France et. al.(1971) in Fig. 4.11. The agreement between the results of the present 

finite element scheme and that of France et. al. (1971) is good. Analytical solutions 

require that the phreatic surface should exit tangent to the seepage face 

(Harr,1962). The location of the phreatic surface predicted by the modified residual 

flow procedure satisfies the tangency condition better than the predictions of the 

other methods. 
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Fig. 4.12 Boundary conditions and geometry of drains subjected to rapid drawdown. 

4.11 Conclusion 

The formulation of a finite element algorithm using Biot's theory is presented 

in this chapter. The finite element model analyses the effects of drawdown/recharge 

on the position of the phreatic surface within a soil mass and the corresponding 

changes in soil stresses, deformations. The effects of a fluctuating phreatic surface 

on soil stresses are used to detennine the failure states within the soil mass. 

The residual flow procedure (Desai, 1976) is modified to enable more 

accurate prediction of the location of the phreatic surface, especially in the region 

close to the seepage face. A wide variety of test problems are analysed and the 

predictions of the modified scheme are shown to be in good agreement with 
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Fig. 4.13 Comparison of transient phreatic surface predicted by various schemes 

for drains subjected to rapid drawdown. 

previous numerical and experimental solutions. In addition, the predictions of the 

modified scheme provided a closer approximation to analytical solutions than 

previously available solutions. 

The improved accuracy provided by the modified residual flow procedure is 

useful for the analysis of problems involving a transient phreatic surface. This is 
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because stress changes, seepage forces and ultimately the failure states within the 

soil mass are dependent on the location of the phreatic surface. Therefore it is 

desirable that the phreatic surface location should be predicted as accurately as 

possible to minimize erors in the calculation of secondary quantities. 



CHAPTER 5 

116 

COMPARISON OF FINITE ELEMENT MODEL PREDICTIONS OF SEEPAGE 

INDUCED FAILURES WITH FIELD DATA 

5.1 General 

The usefulness of finite element analysis in modeling flow through porous 

media has been fimily established (Neuman and Witherspoon, 1969; Neuman, 

1973; Desai, 1973). The finite element method can be described as a numerical 

solution to the mathematical representation of a physical problem. The fonnuiation 

of a mathematical model usually involves approximations and assumptions 

regarding the physical problem. Although, the numerical solution of the 

mathematical model may be correct, one needs to verify that the mathematical 

fonnuiation is an acceptable approximation of the physical problem. 

The finite element model developed in this study models the effects of 

transient loading conditions on soil stresses and relates the resulting stresses to the 

failure criteria. In the finite element formulation the stresses at the integration points 

are checked at the end of each iteration to determine if the failure state is reached, 

in this chapter, the validity of the finite element model will be demonstrated by 

comparing model predictions with field data from Grand Canyon and results of other 
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researchers. The finite element model will also be used to explain various events 

observed in Grand Canyon and applied to the study of other stability problems. 

5.2 Background and Description of Data Collection Program within Grand Canyon 

Within Grand Canyon there are numerous beaches (sandbars) that are used 

for recreational purposes, riparian habitats or that are of cultural significance. 

Numerous slope failures have been observed on the slopes of sandbars within 

Grand Canyon, this has raised concems from various groups about the effects of 

fluctuating discharge from Glen Canyon Dam on these sandbars. 

As part of an environmental impact study, called the Glen Canyon 

Environmental Study (GCES), three sandbars -6.5R, 43L, and 172L - (Fig. 5.1) 

were instrumented with pore water pressure, temperature and river stage sensors 

(Carpenter et. al., 1992). Rainfall and other hydrologic measurements, bathmetry, 

aerial photography and time lapsed photography were part of the instrumentation 

and measurement package adopted to monitor the test sites. In addition, regular 

ground surveys were conducted along thirty sandbars including the three 

instrumented sites (Bues et. al, 1992). The availability of data on groundwater level 

fluctuations, river level fluctuation, soil properties and sandbar geometry both before 

and after failure, provide an excellent source of data for the validation of numerical 
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models. In this study various events recorded on sandbars in Grand Canyon, will 

be used to test the predictive capability of the finite element model. 
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Fig. 5.1 Map of study area. 



Table 5.1 Summary of GCES research flows. 
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Flow Mean upramp rate 

(m%r) 

Mean dovimramp 

rate (m%r) 

Max. Discharge 

(m^r) 

A 28.45 28.33 368 

B 27.34 28.74 425 

C 34.06 33.66 552 

D 53.28 79.38 764 

E 62.54 61.61 736 

F 49.78 55.54 793 

G 53.25 49.80 793 

Interim Low <56.6 42.45 425 

interim Medium <56.6 42.45 538 

Interim High <56.6 42.45 764 

Constant @227 mVs 2.83 3.28 227 

Constant @312 mVs 5.81 4.78 312 

Constant @425 mVs 3.98 6.62 425 

5.3 Phreatic Surface Prediction 

In this finite element formulation the pressure heads are the primary 

unknowns, from which all subsequent properties are calculated. Therefore, it is 

imperative that the predicted pressure head should be verified. During the GCES 

study period (1989-1991), various experimental flows (Table 5.1) were released 
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from Glen Canyon Dam to evaluate the response of the downstream sandbars to 

different flow pattems. The experimental flows were tailored to minimize any 

negative effects on downstream resources while still fulfilling the functional 

requirements of the dam. 

The finite element model was used to predict the phreatic surface variation 

within sandbar -6.5R (Fig. 5.2) for two different flow regimes, termed flows E and G 

(Table 5.1), which were arbitrarily selected. Sandbar-6.5R was discretized into 312, 

isoparametric quadrilaterals (Fig. 5.3) and the pressure heads for flows E and G 

approximated as shown in Figs. 5.4 and 5.5 respectively. Initially the loading on the 

free surface is specified as atmospheric and the loading caused by river stage 

fluctuation is then superimposed. This river stage variation is modeled as a lineariy 

variation of head with time. The time for the river stage to move between the 

boundary nodes is divided into several time increments, this allows the problem to 

be handled as a series of steady state problems. Since the head is specified as 

varying lineariy it is important that for a nonlinear head variation the elements should 

be chosen to be small enough so that this approximation is realistic. The predicted 

phreatic surfaces are compared with the phreatic surface measured in the field 

(Carpenter et. al., 1992) in Figs. 5.6 and 5.7. The predicted heads and the 

measured heads are in excellent agreement, which lends confidence in the accuracy 

of the model formulation. 
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Fig. 5.7 Comparison i3etvveen model predictions of phreatic surface variation in well 

#2, sandbar -6.5R for Flow G with field data. 

5.4 Obsen/ed Aggradation/Erosion Pattern on Sandbar 172L. 

Sandbar 172L was observed to be the most active sandbar during the study 

period (Bues et. al., 1992), numerous slope failures were recorded at this sandbar. 

Erosion on sandbars -6.5R and 43L consisted mainly of rilling, these sandbars were 

relatively stable in comparison to sandbar 172L. Finite element analysis of sandbars 

-6.5R and 43L did not predict any instability, this is not surprising since rilling erosion 

is not accounted for in this model. 
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Fig. 5.8 Typical changes in the geometry of sandbar 172L as determined from 

ground survey data. 

A particular event on sandbar 172L will be described and later used to test 

the predictions from the finite element model. On E>ecember 8, 1990, an automatic 

35mm camera was installed on a rock outcrop overlooking sandbar 172L (Ciuer, 

1992). The camera was programmed to take one photograph each day at 5:00p.m. 

corresponding to, approximately, the lowest daily river stage. Image processing of 

the photographs captured by the camera gave the daily exposed sandbar areas at 

low river stage. In addition, ground surveys were conducted by Sues et. al. (1992) 

to reveal geometric changes in the sandbar before and soon after each research 
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flow regime. Typical changes as represented by ground survey data on a cross-

section in the middle of sandbar 172L are shown in Fig. 5.8. 

From May 22 to May 30,1991, a research flow with a constant discharge of 

426 mVs was released from Glen Canyon Dam. On the initiation of this constant 

flow, Ciuer(1992) measured, from his time lapsed photographs, a constant rate of 

deposition on sandbar 172L. On June 4,1991, another research flow consisting of 

27 days of widely fluctuating discharges was initiated. The minimum discharge was 

68 m /̂s and the maximum was 836 mVs with a mean value of 380 mVs. This series 

of experimental discharges, called "normal summer" was designed to replicate 

discharges released during usual summer periods. The minimum and maximum 

flow, and ramping rates were constrained by agreements, but the daily range was 

driven by changing electrical demands. Fluctuations during the summer months are 

generally the greatest of any season, this held true during this "nomial summer" 

experimental period. 

During the "normal summer" research flow regime, deposition occurred at a 

slower rate than during the constant flow regime. On June 18,1991, Cluer's (1992) 

daily photographs revealed that the sandbar area increased significantly and 

achieved a slope of 26°. The profile of the sandbar on June 18,1991, (Fig. 5.9a) is 

similar to the ground survey measurements made on June 2 as shown in Fig. 5.8. 

On June 19, a slope failure of the sandbar was recorded by Cluer's automatic 

camera. A bank cut traversed the vegetation zone along the length of the sandbar 



127 

(Fig. 5.9b). The time when the event occurred is unknown, but it is assumed from 

prior observations that it occurred sometime between 5:00 p.m. on June 18 and 8:00 

a.m. on June 19,1991. On June 20, with widely fluctuating discharges continuing, 

deposition resumed but at a much greater rate than before the slope failure. The 

sandbar grew wider and higher with each daily fluctuation. Slope failures recun-ed 

but since the sandbar grew well into the channel, tractive forces were assumed to 

play a large role in triggering these failures. Undercutting of the slope was observed 

during rising river stage (Cluer, 1992). 

Sandbar profiles were recorded before and after each research flows by one 

or two survey crews (Beus et. al., 1992) and, thus, ground surveys only recorded 

geometric changes in a sandbar at a given time. They rarely capture the real 

sequence of events before, during and after failures occurred. For example, the 

survey measurements on June 29,1991 (Fig. 5.8) can be interpreted as the sandbar 

profile after a failure occurred some time between June 2,1991 and June 28,1991. 

However, the time lapsed photographs showed that the sandbar collapsed to the 

profile ABCD (Fig. 5.8) between 5.00 pm on June 18,1991 and 8.00 a.m. on June 

19,1991, and then redeposition resumed. Thus, the survey measurements of June 

29,1991, represent the sandbar in an aggradational mode. During the study period, 

slope failures on sandbar 172L occurred frequently and progressively but never 

extended beyond ABCD in Fig. 5.8. 
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Fig. 5.9a Photograph of sandbar 172L on June 18, 1991 (courtesy of B.Ciuer) . 

Fig. 5.9b Photograph of sandbar 172L on June 19, 1991 (courtesy of B.Ciuer). 
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5.5 Comparison of Finite Element Model Predictions with Field Data for Sandbar 

172L. 

The cross section of sandbar 172L measured on June 2, 1991 (Fig. 5.8) was 

discretized into 318 isoparametric quadrilateral elements. Field and laboratory tests 

(Gobin, 1993) were conducted to obtain the soil parameters needed for the 

numerical model. Soil tests reveal that sandbar 172L is composed of two distinct 

soil zones, referred to as zones 1 and 2 (Fig. 5.10). Zone 1 is composed of older 

well-consolidated sediments, while zone 2 is made up of freshly deposited 

sediments. A summary of the soil properties of the two soil zones - zones I and II -

(Fig. 5.10) is shown in Table 5.2. 

Table 5.2. Soil properties used in finite element analysis 

Soil Parameters Zone 1 Zone 2 

Shear Modulus, G, kPa 3700 3500 

Pemieabllity, k, cm/s 2.3x10*  ̂ 4.2x10-  ̂

Angle of friction ,4) 32" 

o
 O
 

C
O
 

Cohesion, c, kPa 2.0 4.0 

Saturated unit weight, y,,,, kPa 17.2 16.0 

On June 18-19, 1991, when the failure event occun^ed sensors within the 

observation wells (Carpenter et. al. 1992) were shifted off scale, and therefore, the 
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groundwater fluctuations measured after this date are unreliable. Consequently, the 

numerical model was used to predict groundwater variations within the sandbar just 

prior to the failure event to test its reliability. River stage data measured prior to 

June 18,1991, was deemed to be reliable (Carpenter, 1994). The finite element 

model was used to predict the groundwater fluctuation within sandbar 172L on June 

14, to compare the numerical predictions with field data. The river stage variation 

on June 14, 1991, (Fig. 5.11) is approximated as shown in Fig. 5.12 for the finite 

element model. Hydrostatic stresses were imposed on the face of the slope 

following the rate of rise and fell of the river stage on June 14,1991 (Fig. 5.11). The 

predictions of the numerical model are compared with field data in Fig. 5.13. The 

comparison between the numerical predictions and the field data is good, and this 

lends further confidence in the numerical model to predict groundwater changes 

within sandbars in response to river stage fluctuation. 

The finite element model was then used to predict the failure event captured 

by time lapsed photography (Cluer, 1992) on June 18 -19,1991, at sandbar 172L. 

Since the river stage sensor was shifted ofiiscale during the failure, it was necessary 

to correct the measured river stage data. The UQSG maintains a networi< of 

independent gaging stations at 5 mile intervals within the Colorado River, these 

gaging stations are temried R200 stations. River stage from the two bordering R200 

sites were used to correct the river stage measured on June 18 - 19, 1991 

(Carpenter et. al., 1992) at sandbar 172L. It appears that the slope failure on June 



S6.5-
River stage (measured) 

Well #63 (measured) 

/ V. 

9S.0-' 

9^.0-

S3.5' 

132 

153 

June 11 

1&1 165 

Julian Day. 1991 
165 167 

June 15 

Fig. 5.11 River stage and groundwater variations in well #63, June 11-15,1991. 

96.5-

96.0' 

River stage (measured) 

FEM ap proximati cn 

5 S5.0-
t z  >  V  

LU 

9<.5-

94.0t 

S3.5— 
20 2 ^  ^ 8 12 16 

Time (hrs) 

Fig. 5.12 Finite element approximation of river stage variation on June 14,1991. 



9S.5-

Well #63 (Measured) 

Well #53 (FEM prediction) 
96.0-' 

O  95.0-
a  
> o 

HI 

12 16 24 3 20 0 4 

I ime (hrs) 

Fig. 5.13 Comparison between finite element prediction of groundwater and well #63 

on June 14,1991. 

18-19, caused the river stage sensor to drop to an elevation of about 0.97m below 

its original position. The sensor then remained stable in this new position. The 

measured river stage data was corrected by adding a constant value of 0.97m to the 

measured values. The following procedure was followed in the finite element 

algorithm to model the obsen/ed failure: 

The soil was assumed to be elastic since the river stage for the flow regime that 

produced failure on June 18-19, 1991 was lower than the maximum river stage 

recorded. 
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Fig. 5.14 Finite element approximation of river stage variation on July 18, 1991. 

Hydrostatic stresses were imposed on the face of the slope following the rise and 

fall of the river stage as measured on June 18 (Fig. 5.14). 

The effective unit weight (y*) of the soil was reduced or increased by the seepage 

force per unit volume (j) depending on the direction of the velocity vector. If the 

velocity vector were upward directed, the effective unit weight was reduced to y'c = 

Y' - j', whereas if the velocity vector was downward directed, the effective unit weight 

was increased to y'c = Y' + j' where Yc's the cun-ent effective unit weight and j' is 

the vertical component of the seepage vector. The upwards or downwards 
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component of the seepage forces were computed for each element and imposed as 

vertical nodal forces. Similarly the forces corresponding to the horizontal component 

of the seepage vector were imposed as horizontal nodal forces. 

Failure was govemed by the Mohr-Coulomb failure criterion. 

A check was made at each Gaussian point - nine in the isoparametric quadrilateral 

elements used in the algorithm - to detemiine whether the failure state is reached 

or the mean effective stress approaches zero. In the former case, the Gaussian 

points were flagged to delineate the failure surface. Each Gaussian point was taken 

to represent 1/9 th of the area of the element. For the latter case, the element was 

removed (eroded element) when at least eight of the nine Gaussian points show that 

the mean effective stress was near to zero. In preliminary numerical tests, it was 

found that there was a reduction in computational time, if instead of removing 

eroded elements, they were left in the mesh but the stiffness was reduced by at 

least one-thousandth and the permeability was increased by one thousand times 

their original values. There was no significant practical difference in stress changes 

(<5%) between the results from reducing the stiffness and leaving the mesh intact, 

and removing the element and reforming the mesh. 
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During the study period it was observed that the slope failures only extended as far 

back as ABCD (Fig.5.8). The line (plane) ABCD, delineates the boundary between 

the two distinct soil unit weight zones. For the finite element model, an interface 

approximately following ABCD (Fig. 5.8) was introduced between these two soil 

zones. The soil properties assumed for the interface were the same as for zone I 

but with the cohesion taken as zero. 

The predicted failure zone at the end of the stage variation (Fig. 5.14) and the 

displacement field are shown in Figs. 5.15 and 5.16 respectively. The introduction 

of an interface predefines the failure surface. Thus, the agreement between the 

predicted and the measured failure plane (Fig. 5.15) is not surprising. What would 

be the result if an interface was not used? The analysis was repeated by removing 

the interface and using the soil properties for the two zones as shown in Table 5.2. 

The results of this analysis showed a shallow slope failure (Fig. 5.17) which did not 

agree with field observations and measurements. It appears that the stable 

seepage slope indeed defines a preferred failure plane for newly deposited 

sediments when acted on by seepage forces. 

Elements close to the sandbar face are subjected to large hydraulic 

gradients. Consider a slope, a, and a surface of seepage AS in which the seepage 

Hydrostatic stresses were imposed on the face of the slope following the rise and 

fall of the river stage as measured on June 18 (Fig. 5.14). 
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Fig. 5.17 Finite element prediction of failure without interface elements on July 18, 

1991. 

that is the hydraulic gradient is unbounded and Darcy's law is not valid. However, 

in practice this would not occur (Harr, 1962). Instead, the hydraulic gradient would 

be sufficiently large to cause static liquefaction of the sand. Static liquefaction is 

identified in the finite element algorithm when the mean effective stress of an 

element approaches zero. Elements of soil that have statically liquefied would flow 

out of the sandbar. The sand mass just above the cavity created by the outflow of 

the sand would normally collapse into the cavity as was observed on sandbars in 

Grand Canyon. The elements of sand that have statically liquefied prior to the slope 

failure on sandbar 172L are shown by the hatched area (eroded area) in Figs. 5.15 

and 5.17. All these elements are on or near to the face of the sandbar where the 

hydraulic gradient is expected to be large enough to cause static liquefaction. 
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5.6 Effects of Interim Flow Alternatives 

Numerical simulations of the interim low flow regimes specified by the GOES 

(Table 5.1) were performed by subjecting the profile used in the previous analysis 

to the following variations in discharge ; 

a) Low water level of 142 mVs (5000 cfs), high water level of 283 m /̂s 

(10000 cfe). 

b) Low water level of 142 mVs (5000 cfs), high water level of 368 m /̂s 

(13000 cfe). 

c) Low water level of 340 mVs (12000 cfe), high water level of 566 mVs 

(20000 cfe). 

The range of discharge given above represents conditions of low, medium 

and high discharge under the interim low flow regime. Upramping rates and 

downnamping rates were maintained at the specified values of 70.8 and 42.5 m /̂s/hr 

respectively. Numerical simulations were performed with (a) interface elements and 

(b) without interface elements. With the inclusion of interface elements, slope 

failures occun'ed along the interface under all three discharge scenarios as shown 

in Fig. 5.15. Without the interface elements shallow slope failures (Figs. 5.18, 5.19 

and 5.20), were predicted for the interim low flow alternatives. The interface 
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5.7 Comparison of Conventional Stability Analyses with Field Data 

A few conventional slope stability analyses were used to examine the factor 

of safety of sandbar 172L under two conditions. 

RD1. A rapid drawdown condition using the groundwater surface predicted by the 

finite element model at peak river stage with the external water level at elevation 

92.6m (low water level). 

RD2. A rapid drawdown condition witii the groundwater level at the same horizontal 

elevation as the peak river stage and the extemal water level at elevation 92.6m 

(low water level). 
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Stability analysis that utilized a non-circular failure surface were used in this 

analysis. The observed failure surface (discontinuity between zone I and zone II 

soil) was specified as the failure surface for which a factor of safety is being sought. 

The results of the slope stability analysis are summarized in Table 5.3. As 

expected, the factors of safety for RD2 are much lower than RD1 because of the 

high pore water pressures in RD2. The conditions imposed by RD2 are unrealistic 

for Grand Canyon sandbars because the peak discharge holding times were too 

short for the groundwater elevation within the sandbar to equilibrate with the river 

stage elevation. The intention of using the conditions specified in RD2 was to 

investigate the worst case scenario. It is known that although these conventional 

Table 5.3. Results from conventional stabilty analyses 

Method of Analysis Factor of safety Method of Analysis 

RD1 RD2 

Spencer (1967) 4.15 1.75 

Janbu (1954) 4.18 1.60 

Modified Swedish (USAGE,1970) 4.10 1.72 

Lowe and Karafiath (1960) 3.90 1.70 

analyses are based on the same fundamental principles, they give different results 

for the factor of safety mainly because of the differences in interslice forces 

(Whitman and Bailey, 1967). Further review of some of the conventional slope 
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Fig. 5.21 Failure surface predicted by Spencer's slope stability analysis other 

conventional methods gave a similar failure surface. 

stability analyses by Duncan et. al. (1990) showed that differences could arise from 

different representation of soil strength. None of the conventional analyses 

examined here predicted failure. These analyses were repeated without specifying 

a failure surface; all predicted shallow slope failures (Fig. 5.21) similar to that 

predicted by the modified finite element analyses when the interface is not included. 

The disagreement is not surprising since the conditions under which failures occur 

on sandbars in Grand Canyon are different from the classical undrained failures 

under rapid drawdown where high pore water pressures are responsible for failures. 

For sandbars in Grand Canyon, seepage forces and high pore water pressures are 

responsible for slope failures. This section demonstrates the superiority of the 
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modified finite element analysis over conventional methods for the analysis of 

problems in which seepage forces play a predominant role in detemnining the extent 

of slope failures. 

5.9.1 Pilarcitos Dam 

Pilarcitos Dam is a homogeneous earthfilled embankment (Fig. 5.22). The 

dam Is 23.77 m (78 feet) high with an upstream slope of 2.5:1 for the lower 17.68 

m (58 feet) and 3:1 for the upper 6.10 m (20 feet). A slope failure occurred when 

the water level was lowered from a height of 21.95 m (72 feet) to 11.28 m (37 feet) 

at an approximately constant rate of 0.52 m (1.7 feet) per day between October 7th 

and November 19,1969. The soil is classified as a sandy clay with 60 to 70 percent 

passing the number 200 sieve. The soil was compacted to 94 percent of the 

maximum dry density to a density of approximately 2162 kg/m' (135 pcf). The 

pemieability of the soil was approximately 4x10*  ̂cm/sec (Duncan et. al, 1990). 

Duncan et. al. (1990) obtained factors of safety of 0.82,1.05 and 1.05 using 

the Corps of Engineers, Lowe and Karafiath, the modified procedure developed by 

Duncan et. al. (1990). The failure geometry obtained by all three methods are 

nearly the same, as shown in Fig. 5.23a, b and c. 



Fig. 5.22 Cross-section of Pilarcitos Dam. 

Before drawdown 

After •"-^Corps of 
Engineers, F=1.05 

Observed failure 

Fig. 5.23a. Failure surface predicted by Corps of Engineers' procedure. 

Before drawdown 

After Lowe and 
Karafaith, Fsl.05 

Observed failure 

Fig. 5.23b. Failure surface predicted by Lowe and Karafaith's procedure. 

Before drawdown 

After —Duhcan et. a 
F=1.05 

Observed failure 

Fig. 5.23c. Failure surface predicted by Duncan et. al. (1990) procedure. 



146 

The finite element method was also used to study the failure of the Pilarcitos 

Dam. The dam was discretized into 140 isoparametric quadrilateral elements. 

Drawdown was assumed to occur at a constant rate of 0.52m per day (1.7 ft/day). 

In the absence of any groundwater data the initial phreatic surface within the dam 

was assumed to be at the steady state seepage position attained at the high water 

level. The position of the steady state phreatic surface at high water level was 

predicted using the finite element model. 

The predicted failure geometry at the end of the drawdown period is 

compared with the observed failure plane in Fig. 5.24. It can be seen that the failure 

plane predicted by the finite element method is closer to the observed failure surface 

than those predicted by the limit equilibrium methods (Figs. 5.23a, b, c). However, 

the finite element model, like the limit equilibrium slope stability analyses, also 

predict a failure surface that does not extend as low as the measured failure 

surface. The reason for this discrepancy is not clear. The observed failure plane 

extends below the drawdown level into a zone where the stabilizing effect of the 

water level is still present and the seepage forces are minimal. Hence a possible 

reason for the observed behavior is that there may have been some imperfection 

in the area of the dam where the failure surface terminated. 
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Before drawdown 

After •^Finite element 
method 

Observed failure 

Fig. 5.24 Failure surface predicted by finite element method for Pilarcitos Dam. 

5.10 Conclusion 

The capability of the finite element model to accurately simulate the effects 

of dam discharge parameters on sandbar stability was demonstrated by modeling 

a well-documented failure event on sandbar 172L, on June 18-19,1991. The finite 

element model prediction showed good agreement with ground survey information 

and images captured by time lapsed photography only when an interface between 

the stable sandbar face and the f̂ hly deposited sediments is included. The finite 

element model shows the importance of the interface in dictating where failures will 

occur. Slope stability analysis using conventional methods were incapable of 

accurately modeling the obsen/ed failure event on sandbar 172L. 

Simulation of various dam discharge regimes under the interim low flow 

guidelines were perfomied with the finite element model. It was found that 

regardless of the dam discharge pattem, sandbars that have aggraded to a certain 

size will eventually collapse back to the stable seepage slope. Therefore controlling 

the dam discharge parameters (range, ramping rates and duration of the peak) will 
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not prevent bankcuts or slope instability from occuning on sandbars in Grand 

Canyon. 

The finite element model was also applied to study a slope failure on an 

earthen dam (Pilarcitos Dam) that occurred during drawdown. The model yielded 

better prediction of the failure surface than conventional limit equilibrium techniques. 

This is attributed to the finite element model capacity to provide a more realistic 

simulation of the effects of transient loading conditions on soil stresses. In addition, 

seepage stresses and the effects of the transient reduction in the stabilizing support 

from the external water level during drawdown are also considered. 
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EDDY/TRACTIVE EFFECTS ON SANDBAR DYNAMICS 

6.1 Introduction 

Trie effects of seepage erosion on the stability of sandbars in river systems 

similar to that below Glen Canyon Dam have been described in the preceding 

chapters. However, the issue of why sandbars fomied at only certain locations has 

not been fully addressed. This issue probably holds the key to the protection of 

existing sandbars and the development of suitable techniques and/or dam 

management practice to promote the formation of new sandbars and reduce the rate 

of erosion of existing sandbars. 

Within Grand Canyon, the occurrence of sandbars has been linked to the 

existence of eddy systems (Schmidt and Graf, 1990). However, the effects of eddy 

systems on sandbar formation and dynamics are not well understood. Most studies 

of eddy effiects on sediment transport have been confined to channel bed dynamics. 

Eddy systems tiiat affiect the bed geometry are predominantly vertically oriented with 

their axis of rotation perpendicular to tiie flow direction. However, eddy systems that 

affect channel banks are predominantly horizontally oriented (Yalin, 1992). In this 

chapter a conceptual model to explain the formation and dynamics of horizontally 
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oriented eddy systems will be developed. The conceptual model will be used to 

explain the fomriation and dynamics of sandbars due to horizontal eddy systems. 

The effect of tractive forces and seepage will be coupled to develop a conceptual 

seepage/tractive force model to explain sandbar behavior under different dam 

discharge regimes. The conceptual model predictions of sandbar behavior when 

subjected to changes in flow regime will be compared with the behavior of sandbars 

in Grand Canyon. 

6.2 Development of Eddy Systems in Open Channels 

An eddy can be loosely defined as a fluid volume with a sense of rotation 

(Yalin, 1992). The phenomenon of turisulence in fluid dynamics is due to the 

interaction of a multitude of eddy systems of various sizes (Monin and Yaglom, 

1975). The size (I) of an eddy system range from micro-turbulent (Nv/v-) to macro 

turbulent (l=h), where v is the kinematic viscosity of the fluid, v* is the shear velocity 

and h is the flow depth for a vertical eddy or the channel width for a horizontal eddy. 

Recent studies (Bandyopadhyay and Watson, 1987, Coles, 1987, Blackwelder, 

1983), indicate that the formation of eddy systems is due to a bursting process. An 

eddy is generated at the flow boundaries (e.g. the banks or the channel bed) and 

is then ejected away firom the boundaries and transported downstream by the flow. 

The eddy size increases as it moves downstream due to engulftnent of and 
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Fig. 6.1 Idealized high-low speed regions generated by turbulent shear flow (after 

Valin, 1992). 

a 
y 
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Fig. 6.2 Schematic of velocity distribution and eddy generation (after Valin, 1992). 
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coalescence with other eddies. An eddy system can continue to increase in size 

until it encounters the channel bank or bed and is destroyed. The above sequence 

of events is refen^ed to as a bursting process. 

6.3 Sequence of Events During a Burst Cycle 

It has been found that turbulent shear flow contains a series of low speed (R,) 

and high speed regions (R^), which extend almost throughout the flow region 

(Nychas et. al., 1973, Offen and Kline, 1975, Nakagawa and Nezu, 1981). These 

regions gradually defomi as they are conveyed downstream. An idealized 

distribution of these regions is shown in Fig. 6.1 (after Yalin, 1992). During the 

passage of the low speed region, the flow velocity (U  ̂is lower than the average 

velocity (u) and conversely during the passage of the high speed region (UJ, the 

flow velocity increases above the average velocity. The flow areas of the U, and 

regions are not equal and flow continuity is maintained by the arrangement shown 

in Fig. 6.1 (plan). The transition from a U,to a region (Fig. 6.2) occurs by means 

of the inflection U-diagram (Blackwelder, 1983, Gad-el-Hak and Hussain, 1986, 

Nychas et. al., 1973). The largest instantaneous shear stress x occurs at the 

inflection point P, where the instantaneous change in velocity with time (dU/dy) is 

the largest. If a fluid element A (Fig. 6.2) is subjected to the action of a shear stress 

I at point P and the value of the shear stress is sufficiently large then, instead of 
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deforming into a highly strained element B, the overstressed parallelogram rolls up 

into an eddy e, (Nychas et. al., 1973). Thus the stress in the fluid is relieved and an 

eddy is formed. The formation of an eddy is in principle unaffected by the extent in 

the third direction and can therefore be simplified into a two-dimensional 

phenomenon. 

The eddy system, which is generated at the interface between the low speed 

and the high speed region, travels along a trajectory, s (Fig. 6.3) in the low speed 

region (Nychas et. al, 1973), with its size continually increasing in the process. 

Eventually, the eddy e, acquires a size that is so large that it collides with the bank 

or the bed and is destroyed. According to the eddy cascade theory (Landau and 

Lifshitz, 1986, Monin and Yaglom, 1975), a macro turbulent eddy first disintegrates 

into a series of smaller eddies which in tum disintegrates into even smaller ones. 

This process continues until the eddy is reduced to a micro turisulent size. The 

kinetic energy of the eddy system is transmitted by the cascade of eddy generation 

down to a micro turbulent scale where it is eventually dissipated by viscous friction. 

The disintegration of tiie eddy system means that the stress relief mechanism at that 

flow location is lost. This results in the fomnation of new high and low speed regions 

in the location previously occupied by the eddy system. The fonnation of these 

regions in tum lead to the development of another eddy system and the process 

continues. 
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Fig. 6.3 Schematic of eddy generation and propagation. 

Horizontal eddies are most likely to originate at the banks where the shear 

stresses are largest and then move downstream. In the case of open channel flow, 

the flow velocity (u) is greatest at the free surface, while the largest instantaneous 

change in velocity with depth (du/dz) is at the banks (where z is the flow depth). 

The absolute largest instantaneous change in velocity with depth must be at the 

intersection of the banks and the free surface. Therefore, horizontal eddies are 

most likely to originate at or close to the intersection of the bank and the free 

surface. 
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· Channel Margin Bar 

Fig. 6.4 Generation of eddy system at meander/constriction. 

6.4 Eddy Formation along River Banks 

The formation of an eddy system, as previously described, is a random event 

that is equally likely to occur at any point on a straight channel. However, naturally 

occurring channels are rarely straight for any considerable length. Instead they 

usually constrict, expand and meander along their paths. Meanders and channel 

constrictions are areas where flow separation is likely to occur (Fig. 6.4). The low 

speed-high speed interface between the separated flow and the sheltered region is 

likely to promote the formation of eddy systems. Thus, along natural watercourses 
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geometric properties will have a large influence on the locations where eddy 

systems develop. 

Within Colorado River in Grand Canyon, numerous debris fans occur at the 

confluence of tributaries and the Colorado River. Debris fans contain sediments 

ranging in size from silts to boulders. Kieffer (1985) studied 54 debris fans within 

Grand Canyon and found that the channel was constricted by between 0.3 to 0.7, 

with a mean value of 0.5, of its original width. At most debris fans in Grand Canyon, 

eddy systems were found to exist at discharges of between 113m3/s and 127 4 m3/s 

(4000 cfs and 45,000 cfs, Schmidt and Graf, 1990). 

6.5 General Conceptual Model 

If the sediment and flow contributions from tributaries of the Colorado River 

downstream of Glen Canyon Dam are considered to be negligible, then the · 

sandbars would achieve equilibrium profiles compatible with the dam discharge 

regime. The equilibrium position will undergo small changes due to rilling and other 

seepage related processes, which may be balanced by deposition. Changes in area 

with time, for a given sandbar, would then be negligible with respect to the 

equilibrium profile (Fig. 6.5). 



Major Perturbations 

seepage 
erosion Accretion 

Minor Perturbations 
Equilibrium Profile 

»3 
TIME 

Fig. 6.5 General concept of erosion/aggradation. 
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In reality, Colorado River has numerous tributaries that flow during periods 

of rainfall and snow melts, bringing additional sediments into the main channel 

(Schmidt and Graf, 1990). These new sediments can replenish eroded sandbars 

or build new ones. In addition, rock fall and debris flow could constrict the main 

channel near an existing sandbar changing the local hydraulic conditions which may 

result in erosion or aggradation of existing sandbars. 

In this study, events that cause changes in the area of the sandbars about 

the equilibrium profile are termed perturbations. Perturbations are classified as 

either minor of major, according to their relative effects on the equilibrium profile. 

The influx of sediments from the tributaries during and after periods of low rainfall, 

debris flows, rock falls, reworking of sediments by eddy systems, wave action, 

tractive forces, rilling, small bank cuts, etc., are categorized as minor perturbations 

(Fig. 6.5). Events such as floods caused by heavy rainfall and/or snow melts or high 

dam discharge are termed major perturbations (Fig. 6.5) 

If the profile of a sandbar is measured at a given time, t1, the sandbar would 

show erosion or sand loss with reference to some initial measured profile (in this 

case, the equilibrium profile) at time, t
0 
(Fig. 6.5). At a different time, t2, no change 

would be measured; the sandbar would be at its equilibrium profile compatible with 

the dam discharge regime. At another time, t3, measurement of the profile of the 

sandbar would show aggradation. Thus, over a long term duration, the net erosion 

balances the net aggradation, while for intermediate periods erosion or aggradation 
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may be measured. The net effect of an influx of sediments from the tributaries, 

debris flow, rock fall, reworking of sediments by eddies, wave action, tractive forces, 

rilling and other seepage phenomena, etc., is to upset the equilibrium profile 

through accretion followed by erosion or vice-versa. 

Major perturbations (Fig. 6.5) cause large volumes of sediments from the 

tributaries to be transported into the main channel rebuilding and enlarging existing 

sandbars or building new ones (Schmidt et. al., 1992). However, sandbars built up 

under flood conditions would experience significant erosion from slope failures 

during the recession of the floods. Subsequently, other agents of erosion would act 

in partnership with seepage but the rate of erosion would be less than that due to 

slope failures just after the floods. Erosion would continue to occur toward the 

equilibrium profile unless another perturbation occurs. A summary of the factors 

responsible for the perturbations is presented in Table 6.1. Two agents are 

described. One is due to natural phenomena and the other is due to dam 

management practice. 

A sandbar with an initial equilibrium profile defined by seepage erosion 

(bank cuts) from a given set of flow parameters (dam discharge regime), would 

exist in a dynamically stable state. A change in flow parameters (dam discharge 

regimes) would cause the current equilibrium profile to be reworked to a new 

dynamically stable state. There are special cases in which the local hydraulic 

conditions change significantly, for example, debris flow or rock fall may result in 
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severe erosion or the complete destruction of an extant sandbar. In addition, 

sandbars formed by floods in location incompatible with the current set of dam 

discharge regimes may be completely eroded upon recession of the flood and the 

resumption of normal flow patterns (dam operation). 

It appears that many sandbars in Grand Canyon, for example, 172L were 

formed under flood conditions. Following recession of the flood and resumption 

of normal flow patterns (normal dam operation), slope failures from seepage 

forces defined the stable seepage profile. The shape of the stable seepage 

profile is dictated by the highest and lowest river stage, upramp rate, downramp 

rate and duration of peak discharge (Budhu and Gobin, 1994, Gobin, 1993). 

The material behind the stable seepage profile becomes compacted under 

the cyclic river stage variation resulting from fluctuating dam discharges. If new 

sediments are deposited, a natural discontinuity is formed at the interface of the 

stable seepage profile and the new sediments. The unit weight of the new 

sediments is usually lower than that of the older, well-consolidated sediments. 

If the slope of the new sediments is lower than that of the stable seepage profile, 

failure from seepage forces may not occur. However, if the slope of the new 

sediments is greater than the stable seepage slope, failure will occur (Fig. 6.6). 

The slopes do not have to be rebuilt to the maximum profile previously attained 

but may fail at intermediate profiles, depending on the prevailing flow parameters 

(Gobin, 1993). 
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Table 6.1. Factors governing the equilibrium profile and perturbations. 

AGENTS 

Natural Dam Related 

Equilibrium Profile -------- Seepage erosion (bank cuts, 

slumping, mass wasting, slope 

instability) 

Minor perturbations Rock fall, debris flow, transport of Seepage erosion (rilling, bank 

sediments from tributaries, eddy cuts), tractive force. 

dynamics, reworking of bed load 

sediments, waves (boats and 

wind generated), transport of 

sediments from the canyon face 

and the top of sandbars from rain 

and wind. 

Major perturbations Floods, transport of large volume High dam discharges, seepage 

of sediments from the tributaries, erosion (bank cuts, rilling), 

transport of sediments from the tractive force. 
' 

canyon face and the top of 

sandbars from rain, bank cuts, 

tractive forces, wave action. 
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The natural discontinuity between the older and the fresh sediments 

becomes the preferred failure plane. If the new sediments are deposited to 

enlarge the sandbar toward the main channel, tractive forces are likely to scour 

and undercut the lower part of the slope and cause slope failures (Fig. 6.7). 

These slope failures would continue to occur as more freshly deposited sediments 

at the lower part of the slope are scoured out. Eventually, the scouring may 

proceed close to the lower stable seepage slope triggering a slope failure along 

the discontinuity (Fig. 6.7). Although, the agent of erosion is scouring, the extent 

of failure is dictated by the stable seepage slope. 
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6.6 Comparison of Field Data with the General Aggradation/Erosion Conceptual 

Model 

Sandbar 172L was selected to compare the predictions of the conceptual 

model with field data for different flow regimes. Sandbar 172L is located in a 

hydraulically active zone and was profoundly affected by changes in flow regime 

(Ciuer, 1992; Beus et. al. , 1992; Beus et. al.,1994). Several cycles of aggradation 

and erosion occurred during the research and interim flow periods. The dynamic 
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nature of this sandbar makes it suitable to study the effects of different flow 

regimes on sandbar stability. 

The profiles along five transects (2, 4, 6, 8 and 10) on sandbar 172L were 

regularly monitored by ground surveys (Beus et. al., 1992,1994). Piofile 10, 

which has a large return channel at the back of the sandbar was not considered 

in this analysis since this represents a complex hydraulic condition that is not 

addressed in this study. 

Changes in profile areas of each transect were calculated using the ground 

survey profiles (Fig. 5.8) generated by Beus et. al. (1992) and Beus et. al.,(1994). 

The lowest river stage elevation on sandbar 172L was taken as 92.6m based on 

discussions with and data presented by Beus et. al.,1994. A horizontal line at 

elevation 92.6m was drawn on the profile plots to intersect the lowest recorded 

profile in a transect. This point of intersection was used as the coordinate of point 

B (Figs. 6.8 and 6.9). The lower stable seepage slope a, = 12.6° ( equation (2.1), 

for Yjaf = 16 kN/m®, ()) = 30°) was drawn from B to intersect the projection of the 

upper slope DC at C (Fig. 6.9). The areas of the sandbar above and below this 

stable seepage slope (BCD) for each profile in each transect were determined 

using a digitizer and the computer program AUTOCAD (R12). A detailed 

explanation and validation of the procedure described above is presented in 

Gobin, 1993. 
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Field surveys were only done at discrete intervals and consequently the 

laipest erosion event might not have been captured. It most cases, surveys were 

conducted some time after the failure events, when the bar was again in an 

aggradational mode. In addition, when field surveys were conducted, the 

coordinates of only a few points were recorded. The points measured in the field 

are assumed to be connected by straight lines in the plotted profiles. 

Consequently, the exact location of point B and, therefore, the preferred failure 

plane or stable seepage slope is uncertain. 

Plots of the areas above (positive quantity) and below (negative quantity) 

the stable seepage slope (equilibrium profile) for each transect during the 

research flows, interim flow and interim low flow periods are shown in Figs. 6.10 

to 6.13. These areas can be interpreted as volume per meter length of sandbar. 

An examination of Figs. 6.10 to 6.13 reveals that none of the profiles 

undergo continuous erosion or aggradation during any of the different flow 

regimes. Instead, the sandbar appears to show a cyclic pattern of accretion 

followed by erosion or vice versa. During the research flows more rapid changes 

in sandbar geometry occurred than during the interim and interim low flows 

because of the different flow regimes introduced. Each flow regime had to rework 

the river system to a new equilibrium position compatible with that flow regime. 

For the interim low flow regime, the high water level is lower than that of the other 

flow regimes. Consequently, the upper parts of the sandbar are not replenished 
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with sediments. Slope failures and accretion were still observed in the interim low 

flow period but there was a decrease in the amount of material involved (Figs. 

6.10-6.13). 

The volume per meter length of sediments involved in accretion and 

erosion is different for each transects eg. the upstream one-third (approximately) 

of the sandbar aggradates more than the lower one-third. Thus, the two 

dimensional analysis conducted in this study does not fully describe the 

aggradation/erosion process that is occurring on sandbar 172L. Examination of 

the survey profiles (Gobin, 1993: Budhu and Gobin, 1994) with respect to the 

stable seepage profile reveals that during the pre-research flow period, the low 

river stage elevation was lower than that recorded during the research and interim 

low flow period. The lowest river stage elevation deduced from the survey profiles 

is 92.0m. The changes in volume corresponding to the stable profile defined by 

a low water level of 92.0m, is shown by the lower horizontal line in Figs 6.10 -

6.13. 

Using the equilibrium volume of the pre-research flows, it is evident from 

Figs 6.10-6.13 that failures on sandbar 172L involve areas above the stable 

seepage profile (Figs. 6.10 to 6.13). Since there is some uncertainty in the lowest 

river stage elevation, it is difficult to ascertain the exact location of the stable 

sandbar volume in Figs. 6.10-6.13. However, most of the eroded sediments are 

located above the estimated stable seepage profile. 
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The general pattern of aggradation/erosion on sandbar 172L is consistent 

with the general conceptual model of aggradation/degradation of sandbars in 

Grand Canyon proposed in Art. 6.5. Sediments deposited above the stable 

seepage profile will collapse back to the stable seepage profile. The agent 

triggering the collapse could be seepage or tractive force. The behavior of 

sandbar 172L during the different flow regimes indicates that, regardless of the 

flow regime, this sandbar will exhibit a pattem of accretion followed by erosion. 

Regulation of the dam discharge parameters alone will not be effective in reducing 

the occurance of mass wasting events on the sandbars downstream of the Glen 

Canyon Dam since natural phenomena play a significant, if not the major, role in 

aggradation/erosion of sediments in Grand Canyon. 

6.7 Aggradation/Erosion Within Recirculating Zones (Eddy Systems). 

Many sandbars in Grand Canyon are in the vicinity of and/or are associated 

with recirculating zones (Kieffier, 1985). Each recirculating zone may consist of one 

or more eddies. Two modes of sandbar formation within recirculating zones in 

Grand Canyon were identified by Schmidt and Graf (1990). On the upstream end 

of the recirculating zone (Fig. 6.14), a separation bar, which consists of fine to very 

fine sediments, Is formed. While, on the downstream side of the recirculating zone, 

a reattachment bar of coarser sediments than the separation bar is fomied. 



Reattachment Bar 
(atage1, atable seepage 
profile) 

Fig . 6.14 Sandbar deposit at stage I. 
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Reattachment bars are popular as campsites for boaters and hikers and usually 

exhibit cycles of aggradation and erosion. In this section, the mechanics of 

aggradation and erosion of reattachment bars (which are the subject of public 

scrutiny) within recirculating zones is presented. 

Consider a reattachment bar within a recirculating zone that aggraded, as 

described by Schmidt and Graf (1990), to its maximum slope (Fig. 6.14). The 

flow regime compatible with the size of this recirculating zone is arbitrarily 

designated as X and this stage of the aggradational/erosion process is denoted 

as stage I. In Grand Canyon, the average maximum depositional slope is 28° 
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(Gobin, 1993; Budhu and Gobin, 1994), the average angle of friction of the 

sediment is 30° and the average unit weight is 16 kN/m  ̂ (Gobin, 1993). 

Under drawdown conditions, the depositional slope becomes unstable from 

seepage forces as described in Budhu and Gobin, 1994. Using the simple 

seepage model (Gobin, 1993; Budhu and Gobin, 1994), the reattachment bar 

would fail (bank cuts, slope failures) from seepage forces, usually at low river 

stage, finally achieving an equilibrium profile as shown in Fig. 6.8. The mass of 

sand within the (theoretically) failed zone, ABCO (Fig. 6.15) would remain in the 

vicinity of the recirculating zone, becoming subaqueous sediments (Fig. 6.14). 

Since failures normally occur at or close to the low water level, the flow 

velocity within the main channel is low. Consequently, the sediment transport 

capacity is also low and most of the subaqueous sediments remain within the 

recirculating zone. Thus, the sediment concentration within the eddy system 

would be high and, according to Nelson (1991), water with high sediment 

concentration would move into the eddy system. Thus, the collapsed mass of 

sand (ABCD, Fig. 6.8) then supplies the recirculating zone with sediments that are 

then redeposited on the equilibrium profile BCD (Fig. 6.8). 

The surface BCD is a surface of discontinuity and becomes the preferred 

failure surfece. Once the redeposited sediments exceed the lower stable seepage 

slope angle, a ,̂ slope failures from seepage can recur. Changes in the dam 

discharge regime or enlargement of the sandbar into the main channel can result 
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to seepage) 

Eroded by traction 

Deposition (susceptible 
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Fig. 6.15 Effects of an increase in discharge on sandbar stability - stage II. 
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in erosion due to tractive forces. Most of the sediments eroded from the sandbar 

would then be entrapped in the recirculating zone again. If flow regime X is 

maintained, then the cyclic process of aggradation and erosion would perpetuate. 

Suppose the dam discharge (flow) is increased, and the flow regime 

changes from X to Y. Under flow regime, Y (stage II), the recirculating zone 

would extend in the direction of flow (Schmidt and Graf, 1990) as shown in Fig. 

6.15. The extreme upstream end of the extant reattachment bar (stable under 

flow regime X) would be subjected to tractive forces from the eddies and erode 

(Fig. 6.15). Part of the eroded volume of sediments would be trapped by the 

recirculating zone while the other part will be transported downstream by the main 
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channel cunrent. Some of the sediments trapped in the recirculating zone may be 

deposited on the upstream separation bar and on the downstream end of the 

reattachment bar (Fig. 6.15). Eroded sediments transported by the main channel 

current may be deposited on the downstream end of the reattachment bar or 

transported downstream. When the river stage is lowered if the depositional slope 

is greater than a ,̂ then seepage induced failure may occur along the surface BCD 

(Fig. 6.8). The failed mass of sediment would then enter the recirculating zone 

and is available for redeposited to continue the cycle of aggradation/erosion. 

If the flow regime (dam discharge) is changed to flow regime, Z (stage III), 

so that the maximum discharge is lower than flow regime, X, then the recirculating 

zone would shrink as illustrated in Fig. 6.16. Deposition may now occur on the 

upstream side of the extant reattachment bar eroded in stage II by tractive forces. 

Almost no deposition is likely at the downstream end of the reattachment bar., 

since the tractive forces in this area are reduced. Sediments deposited on the 

separation bar during stage II may be eroded by seepage erosion at the end of 

stage II or by tractive forces at the beginning of stage III (Fig. 6.16). 

Unless significant changes in hydraulic conditions occur within or close to 

the recirculating zone, such as a debris flow or a flood, the surface BCD (Fig. 6.8) 

would be the preferred tiailure plane. Sediments within the recirculating zone are 

likely to be cyclically deposited and eroded about the surface BCD. 
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Fig. 6.16 Effects of a decrease in discharge on sandbar stability- stage Ill. 
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· .. 

Fig. 6.17 Sandbar stability on completion of one cycle of changes in recirculating 

zone - stage IV. 
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If the dam discharge then reverts to flow regime X (stage IV), the eddy 

system will again rework the sediments (Fig. 6.17). Portions of the upstream end 

of the reattachment bar built up during stage III will now be eroded by tractive 

forces caused by the eddy system. The eroded sediments are likely to remain in 

the redrculating zone. If there is no loss of sediments from the system then the 

original area of the sandbar in stage I will be regained in stage IV. However, 

under stage II, there is a net loss of sediments from the recirculating zone, in 

addition, sediments are also transported downstream out of the recirculating zone. 

The implication is that if the cycle, stage I to stage IV, continues, and no new 

sediments are trapped in the recirculating zone, the reattachment bar will reduce 

in size. 

Other factors also contribute to the dynamics of the recirculating zones eg. 

sediments transported by floods or high dam discharges from the tributaries into 

the main channel may also enter the recirculating zone adding another dimension 

to the aggradation/erosion process. The influx of sediments can cause the 

reattachment bars to be built wider and higher. However, the new geometry 

would be incompatible with the local dynamics of the recirculating zone and 

erosion by tractive and seepage forces will occur when the usual dam operation 

pattern resumes. 
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6.8 Conclusion 

In this chapter, a generalized conceptual model to explain the behavior of 

sandbars under various flow regimes is presented. The conceptual model is 

illustrated using examples from Grand Canyon sandbars. However, the 

methodology used in developing the conceptual model can easily be extended to 

handle other situations, where the variations in flow patterns are known. 

The aggradation/erosion of sandbars in Grand Canyon is a complex 

process involving flow related (dam operation) parameters and natural 

phenomena. Changes in flow regime cause the sediments on sandbars to be 

reworked to either new equilibrium profiles or to previous equilibrium profiles if the 

range of discharge and duration of peak discharge are lower than historical highs. 

Sandbars in Grand Canyon acquire equilibrium profiles corresponding to the 

current flow (dam operation) parameters. Natural phenomena (for examples, 

debris flows, eddy dynamics, floods from snow melts) disturb the equilibrium 

profiles. Most sandbars are associated with recirculating zones whose sizes vary 

with changes in flow (dam discharge) regime. A cyclic process of 

aggradation/erosion occurs on reattachment sandbars in the recirculating zone. 

Sandbars, which aggrade to slopes greater than those permitted by seepage 

forces, collapse to an equilibrium profile and the collapsed mass of sand supplies 

sediments to the eddies in the recirculating zones to perpetuate the 



178 

aggradation/erosion cycles. Sediments deposited during floods or high dam 

discharges disturb the local dynamics of a recirculating zone and are reworked 

about the equilibrium position. 



CHAPTER 7 

179 

TRACTIVE EFFECTS ON SLOPE STABILITY 

7.1 Introduction 

In the design of unlined channels and protection works for river banks, 

tractive erosion is an important consideration. The stability of both the channel bed 

and banks must be conskiered in the design or analysis process. A general analysis 

of the effects of tractive forces on the stability of channels composed of cohesive or 

non-cohesive sediments is difficult because of the many interrelated geometrical and 

physical parameters involved. 

Geometric parameters include channel width, depth, shape and bed slope. 

The geometric parameters are functions of the physical parameters such as flow 

rate and vekicity, channel roughness, material properties of the bed and banks and 

composition and sediment concentration in the channel. Often secondary derived 

properties such as the critical tractive force, velocity and shear distribution are more 

important than these primary characteristics. The problem of predicting tractive 

erosion is further compounded by the development of turî ulence due to eddy 

systems. Thus, the problem of modeling tractive forces within a channel is a 

complicated process involving many inter-related parameters. 
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Previous researcliers (Lacy, 1930; Lane, 1952) have developed design 

equations for tractive forces that only consider a few of the previously mentioned 

parameters. These design equations contain empirical constants developed with 

data fit>m regions of specific geomorphic characteristics and thus their applicability 

to other regions is questionable. Generally, empirically based design equations 

relate the width, depth, mean velocity and sediment concentration to the discharge 

at a given river cross section by power functions. 

In this study the effects of tractive forces on slope stabilty are investigated 

using the two-dimensional finite element model and a limit equilibrium model. Slope 

failures from tractive forces are caused by the removal of material from the slope 

surface resulting in undemiining and eventually failure within the slope. The net 

effect of either eddy systems or flow within a channel on slope stability is that 

tractive erosion is generated along the slope. In this chapter, a simplified tractive 

erosion model will be used to investigate the effects of tractive erosion on slope 

stability. Elements are continuously removed from the slope during the rising river 

stage to simulate the effects of tractive forces. The aim of this exercise it to 

investigate the slope failure mechanism(s) associated with tractive erosion. The 

results of this study will be useful in determining the extent of slope failures induced 

by traction along the banks of channels and would also provide useful insights into 

the effects of activities such as dredging on slope stability. The failure patterns and 

mechanisms will be compared with failures observed on Grand Canyon sandbars. 
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Tractive forces are caused by friction between the moving fluid and the 

channel boundaries. Tractive erosion occurs when the tractive forces along the 

channel boundaries exceed a certain threshold value, termed the critical tractive 

force. Many factors affect the value of the critical tractive force. For particles on 

a sloping bank these include; slope angle, particle size and shape, cohesion and 

angle of repose of the material, flow depth, fluid velocity, turbulence, seepage forces 

and channel geometry. Thus, the determination of the critical tractive force using 

analytical techniques or experimental processes is quite involved. 

The emphasis of this study is to determine the effects of eddy/tractive erosion 

on slope stability. The relationship among flow/eddy velocity, critical tractive force 

and erosion rate is complex (as previously discussed) involving many variables and 

is beyond the scope of this study. 

In Grand Canyon, tractive forces due to eddy systems have been observed 

to undercut the slopes of sandbars resulting in a series of mini-failures (Fig. 7.1). 

Undercutting of the slope occurs at an approximately constant rate for a given eddy 

system and operates at or just below the water suriiace elevation. The development 

of slope failures due to the undercutting of slopes by tractive forces will be examined 

using the finite element model. Tractive erosion is simulated by the continuous 

removal of soil elements from the surface of the slope until failure occurs. 
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Fig. 7.1 Generation of mini slope failures by scouring from eddy systems. 

The modeling process adopted in this study involves the following 

assumptions: 

a) The sediment transport capacity of the channel is unlimited ie. increases in 

sediment concentration from bank erosion does not affect the scouring capacity 

within the channel. Such an assumption is reasonable for the Colorado River 

downstream of Glen Canyon Dam, where most of the sediments in the river system 

are trapped upstream of Glen Canyon Dam. However, in general the sediment 

transport rate will usually be a function of the sediment concentration and this effect 

will have to be considered . 
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b) Tractive forces along the boundaries do not cause armoring of the channel 

boundaries to occur and thus affect the rate of erosion. Armoring refers to the 

process in which traction removes particles smaller than a certain size from the 

channel boundaries leaving the larger particles in place to form a protective layer 

over the rest of the particles. When armoring occurs tractive erosion ceases or 

continues at a diminished rate. Within Grand Canyon, the particle size distribution 

of the sandbar sediments falls within a nan'ow range (Fig. 7.2) as such amioring is 

not expected to occur. 

c) The magnitude and distribution of tractive forces and flow velocity are unaffected 

by the changes in channel cross-section due to tractive erosion. Generally, as the 

channel banks erode, the flow area increases with a corresponding decrease in the 

flow velocity and tractive forces. As a result, tractive erosion of a channel may 

diminish or cease when the flow area and sediment concentration increase. This 

assumption implies that local changes in the sandbar geometry have a negligible 

effect on the geometry of the entire channel cross section. The validity of such an 

assumption depends on the local channel geometry and the extent of erosion. If the 

channel cross section is large in comparison to the extent of bank erosion then this 

may be a valid assumption. However, this is generally not true and this effect can 

cause significant errors in the modeling process. 
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Fig. 7.2 Typical grain size distribution for Grand Canyon sandbars. 
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The finite element formulation simulates soil erosion by assuming that the 

permeability of the eroded elements is increased by one thousand times and the 

stiffness and unit weight are reduced by one-thousandth of their original value. This 

procedure, as was previously discussed, has been found to be computationally 

efficient while still providing a suitable level of accuracy, in comparison to removing 

the elements and reforming the mesh. 

In the modeling process, a coarse mesh is used to obtain an initial 

approximation of the failure mechanism for a given slope geometry and material 

properties. The problem is then re-analysed using a finer mesh in the area v\/here 

the failure mechanism is developed, to obtain a better approximation of the failure 

geometry. The above process allows for a more computationally efficient method 

of modeling tractive erosion than using a very fine mesh throughout the problem 

domain, from the onset. 

7.4 Effects of Tractive Erosion on Sandbar 172L 

As discussed in Art. 5.4, tractive forces were observed to cause failures on 

sandbar 172L for certain dam discharge regimes and sandbar geometries, (Cluer, 

1992). Following the seepage induced failures observed on sandbar 172L on June 
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18. 1991, the sandbar was rebuilt to a size somewhat larger than that attained 

before failure the failure on June 18,1991. The sandbar projected further into the 

main channel and tractive forces were observed to undercut the slope resulting in 

slope failures (Carpenter, 1992). To identify the the slope failure mechanism(s) 

associated with tractive erosion the failures observed on sandbar 172L will be 

simulated using the finite element model. The initial geometry of the sandbar is 

assumed to be similar to that measured on June 18,1991. Three assumptions of 

the tractive erosion pattem will be investigated using the finite element model. 

These are: 

a) Tractive erosion only occurs in the area of the slope close to the water surface 

elevation. 

b) Unifomn tractive erosion occurs along the entire length of the submerged slope. 

c) Tractive erosion occurs in a semidrcular shape, between the toe of the slope and 

the water surface. 

It is assumed that for every increment of the water surface elevation, the 

extent of tractive erosion is sufficient to trigger a failure ie. erosion continues until 

failure occurs. Hence, in the simulation procedure soil elements are removed from 

the bank until a slope failure is generated. 

The slope failures predicted using assumptions a, b and c, without an 

interface between the two material zones, are shown in Figs. 7.3, 7.4 and 7.5 

respectively. When an interface is included, a slope failure is triggered along the 
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Fig. 7.3 Slope failure generated by eddy system with assumption (a). 
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Fig. 7.4 Slope failure generated by eddy system with assumption (b). 
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Fig. 7.5 Slope failure generated by eddy system with assumption (c). 

A closer inspection of Figs. 7.3, 7.4 and 7.5 reveals that slope failures are 

triggered when the scour progresses beyond a certain critical depth, which is 

independent of the scour geometry. To verify whether the scour depth is indeed 

independent of the scour geometry, the previous scour analysis was repeated. 

However, instead of the previous assumptions (a, b and c) concerning the scour 

geometry, material was only removed along a horizontal plane con-esponding to the 

area where the maximum scour depth occun'ed. The slope failures generated are 

shown in Figs. 7.7, 7.8 and 7.9. It can be seen that the geometry of the slope 

failures generated are approximately the same as those obtained using assumptions 



189 
Missinc elements 
removed by tracUon Meuured aUble profile 

(7/14/91) Approximated 

profUe (6/02/91) 
98-r Failed toil element* 

HWL 
96 

s 
94 

e o LWL 
• f i  ta > 
« 
H 

92 

90 
121 m 

Distance (m) 

Fig. 7.6 Slope failure generated by scouring close to interface. 
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Fig. 7.7 Slope failure generated using minimum scour depth necessary to cause 

failure with assumption (a). 
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Fig. 7.8 Slope failure generated using minimum scour depth necessary to cause 

failure with assumption (b). 
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Fig. 7.9 Slope failure generated using minimum scour depth necessary to cause 

failure with assumption (a). 
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a, b and c (Figs. 7.3, 7.4 and 7.5). Therefore, to determine the effects of scour on 

slope stability, it is only necessary to evaluate the maximum scour depth and its 

location along the slope. The exact scour geometry is not necessary. 

7.5. Limit Equilibrium Analysis of Shear Failure. 

The finite element analysis shows that scouring along a slope cause shear 

failures to be generated. Scouring of material from the face of the slope, the 

overiying material producing shear stresses in the soil (Fig. 7.10). When the scour 

progresses beyond a certain depth, the shear stresses in the overiying soil would 

exceed the available shear strength resulting in a shear failure. 

The shear failure described above can be determined by calculating the 

minimum weight of the overiianging block that would be necessary to exceed the 

available shearing resistance on any plane within the soil mass. Consider a slope 

at an angle a, that is being scoured, let the vertical distance from the point of 

scouring to the top of the slope be H, the depth of scour necessary to cause failure 

be bj and the failure plane be inclined at an angle 3 to the horizontal (Fig. 7.11). 

The weight (W) of the soil wedge in the failure zone (Fig. 7.11) 

u2 u2 u 
W = {—— + —— + H{b, - -^)) Y (7.1) 

2 tana 2 tan|3 tan(3 
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simplifying equation (7.1) 

(7.2) 
2 tana 2 tanp ^ 

The available shear strength, Tavaj,. is: 

C H Tsvaii =  ̂ «>sp tarw)) (7.3) 

The disturbing force, , down the failure plane is: 

T  ̂= M^sinp (7.4) 

At limiting equilibrium the disturbing and resisting force are equal, substituting 

equation (7.2) and equation (7.3) in equation (7.4), yields: 

W sinp = + W cosp tan(|) (7.5) 
sinp 

Simplifying equation (7.5) 

W= — (7.6) 
sinp (sinp - cosP tan()>) 

Substituting for W from equation (7.2) in equation (7.6) to obtain b,: 
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6 = — £ IL- + -JL- (7 .7)  
sinp (sinp - cosp taiKj)) y 2 tana 2 tanp 

Since we are interested in the depth of scour (bj) to cause failure, equation (7.7) is 

simplified In terms of bji 

^2 = ^  (7.8) 
tana 

Now 

^ (7.9) 
 ̂  ̂ tanP 

Substituting equation (7.9) into equation (7.8), gives 

H H 6, = 6. -  + (7.10) 
tan 3 tan a 

Simplifying equation (7.7) in temis of bj, gives: 

c H H , ^ b = + (7.11]  
Y sin3 (sin3 - cosp tan(t>) 2 tan a 2 tan |3 

if bo < H / tana, then 
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h 2c ,  ̂
O, = (7.12) 

Y 

and if bj > H / tana, then 

c H 
b = — + (7.13) 

Y 2 tana 

The scour depth necessary to cause failure, bj, is a minimum for 3 = 90°. A 

plot of equation (7.11) with the appropiate limits, showing the variation of bj with H, 

for various values of 3 is shown in Fig. 7.12, for c = 2 kPa, y = ^7 kN/m  ̂and 

4) = a = 30°. It can be seen, from Fig. 7.12, that the depth of scour necessary to 

cause failure is a minimum for 3 = 90° and increases with distance from the top of 

the slope. The preceding observation is not surprising, since the length of the failure 

plane increases (resistance to failure) with distance fi'om the top of the slope and as 

a result a greater scour depth is necessary to cause failure. The relationship 

between ̂ 2 and H for various values of c is shown in Fig. 7.13, for y = 17 

kN/m ,̂4> = a = 30° and 3 =90°, the scour depth necessary to cause failure 

increases as the soil cohesion increases. Finally, equation (7.11) is again plotted 

to show the relationship between 62 and H (Fig. 7.14) when the slope angle (a) is 

varied, for y = 17 kN/m ,̂ c = 2 kPa, (|> = 30° and 3 = 90°, the scour depth 

necessary to cause failure increases as the soil becomes flatter. 
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Fig. 7.13 Plot of maximum scour depth vs. elevation for various values of cohesion. 
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The effects of tractive erosion on slope stability are investigated using a 

simplified model to simulate the process of tractive erosion. It is assumed that the 

sediment transport capacity of the channel is unlimited and erosion continues until 

a shear failure is generated. The effects of various scouring patterns on slope 

failure are investigated. It was found that the maximum scour depth was the 

governing factor in determining whether a shear induced slope failure would occur 

and that the scour geometry was insignificant. 
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The procedure used to model tractive erosion is approximate, but it provides 

a starting point from which a more exact tractive erosion model can be coupled to 

the existing finite element algorithm to provide a more realistic simulation of the 

actual process of tractive erosion. 
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SUMMARY AND CONCLUSIONS 

8.1 General 

In this study a two-dimensional finite element model to study seepage and 

tractive erosion on slope stability was developed. The finite element model 

accounts for groundwater, stress changes, soil failure/erosion and deformation due 

to the fluctuations of the extemal water level,. Detailed insights into, and 

understanding of, the effects of drawdown/recharge on the stability of cohesioniess 

or slightly cohesive slopes were obtained from the finite element analysis of slope 

stability problems. The predictions fix>m the finite element model compare favorably 

with field data firom Grand Canyon and studies conducted by other researchers. A 

conceptual model describing the aggradation/erosion cycles of sediments on 

sandbars in Grand Canyon due to eddy systems was described and compared with 

field data. 

8.2 Contributions from this Study. 

a) A modified residual procedure to locate the position of the phreatic surface for 

transient, unconfined flow problems was developed. The modified residual flow 
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procedure was shown to yield improved predictions of the phreatic surface in the 

region of the exit point in comparison to those of other available numerical and 

analytical techniques. 

b) While the effects of seepage on slope stability have long been recognized, very 

little woric has been done to investigate the exact failure mechanisms involved 

during seepage induced failures. In this study a finite element model was developed 

to study the effects of seepage on slope stability for situations involving fluctuating 

external water levels. The predictions of the finite element model (which caters for 

seepage effects) and those of other techniques that neglected seepage effects were 

compared with field data. In situations involving gradual drawdown, conventional 

slope stability analyses (which neglect seepage effects) were shown to overestimate 

the factor of safety for slope stability. 

The geometry of the failure surface does not need to be predefined in the 

finite element analysis, instead the failure surface is generated by tracking the failure 

of soil elements during the analysis. The possibility of liquefaction from seepage 

forces is also checked. However, the effects of rilling and other erosion processes 

caused along the surface by the exiting groundwater is not considered. 

c) An analytical procedure to predict seepage effects on slope stability and static 

liquefaction was formulated using a limit equilibrium approach. The magnitude and 
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direction of the seepage vector at the seepage surface are shown to be inter-related 

and are not independent variables as was previously assumed by other researchers. 

For a given set of material parameters, the stable slope angle is shown to be 

uniquely related to the seepage direction. Static liquefaction is shown to be possible 

over a range of seepage directions, depending on the unit weight of the soil. The 

predictions of the analytical model compare well with experimental data. The 

analytical procedure provides a rapid method of obtaining a preliminary estimate of 

the seepage effects on slope stability. 

d) A general conceptijal model to qualitatively predict the effects of changes in flow 

regime on bank (sandbar) stability was developed and used to explain the obsen/ed 

behavior of Grand Canyon sandbars. Erosion of sediments from sandbars in Grand 

Canyon occurs from dam operation and natural phenomena. Dam operation is 

mainly responsible for seepage and tractive erosion. The agents producing natural 

erosion are wind (wave forces and wind bome erosion), rock fall, debris flow, rains 

and snow melts. The effect of dam operation and natural phenomena is to cause 

perturbations about the equilibrium profile. Sediments, transported from the 

tributaries during rainfall and snow melts into the main channel, are deposited on the 

equilibrium profile when the hydraulic conditions are favorable. The depositional 

slopes are unstable under seepage forces and eventually collapsed back to the 

equilibrium profile under nomnal dam operation. 
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Most sandbars are associated with redrculating zones and the cyclic process 

of aggradation/erosion occurring on them are related to the dynamics of these 

zones. The sediments from slope failures on sandbars close to the recirculating 

zones become subaqueous deposits and fuels the eddies in the recirculating zones. 

Thus the cyclic process of aggradation/erosion perpetuates until another 

perturbation occurs. 

e) Scouring is shown to cause shear type failures due to the undermining of 

channel banks. The extent of scour necessary to cause slope instability is a function 

of the soil properties and the maximum scour depth. The scour depth plays the 

major role in detemiining whether failure would occur. A simple limit equilibrium 

model was developed to model the extent of shear type failures caused by scour. 

8.4 Recommendations for Future \Nork. 

In this study only two-dimensional models are used to study the effects of 

seepage and traction on slope stability. While a two dimensional model can 

simulate seepage effects at a given section, it cannot fully model the development 

and changes in tractive forces within a channel. It is therefore recommended that 

the existing model be extended to three-dimensional model. 
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The effects of traction are studied using a simplified model. A improved 

tractive erosion model that accounts for flow related parameters and the generation 

of eddies is necessary. An improved tractive/eddy model can be incorporated into 

the existing finite element algorithm, providing a more realistic simulation of the 

effects of traction on slope stability. 

The channel geometry play an important role in determining whether an eddy 

system will be generated and what range of flow conditions can cause the 

development of eddy systems. However, at the present time, very little work has 

been done to examine the relationship between channel geometry and eddy 

generation. To accurately simulate eddy effects it would be necessary to be able 

to know the nature of the velocity field generated within an eddy system and its 

relationship to flow and channel parameters. 
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