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PREFACE

Although considerable advances have been made during the past several

years in the understanding of shear strength and computation procedures for

estimating slope stability, the procedures for estimating slope stability

during sudden drawdown have remained relatively poorly understood. The lack

of understanding of procedures for slope stability computations for sudden

drawdown became especially evident to one of the writers (Wright) during

recent efforts to develop a computer program for slope stability for the US

Army Corps of Engineers (CE). Rather than settle for adoption of a procedure

in the computer program somewhat arbitrarily, without understanding the

potential differences among procedures, the US Army Engineer Waterways Experi-

ment Station (WES) contracted (Contract Nos. DACW39-86-M-0982 and DACW39-86-M-

1731) with the writers to prepare a state-of-the-art paper on the subject of

stability computations for sudden drawdown. The results of that effort are

presented in this paper.

An initial draft of this paper was first prepared by Dr. Stephen G. Wright

and reviewed by Dr. J. M. Duncan. A separate draft set of comments, conclu-

sions, and recommendations was subsequently prepared by Dr. Duncan. The two

drafts were then combined in the final form presented herein. Various CE

personnel and consultants also reviewed the original draft of this paper and

offered many useful suggestions and comments. Their contributions are grate-

fully acknowledged and, to the extent feasible, their suggestions have been

incorporated into this paper.

The writers express their appreciation to the members of the Computer

Applications in Geotechnical Engineering (CAGE) Committee of the CE for their

many comments and useful suggestions. Special appreciation is extended to

Messrs. Dale Munger, Office, Chief of Engineers (OCE); and Earl Edris, Engi-

neering Group, Soil Mechanics Division, Geotechnical Laboratory (GL), WES;

Professors Tom Wolff, Michigan State University; and Milton Harr, Purdue

University, for their many detailed comments on the first draft of this report.

The interest and support of the CE provided both the catalyst and means that

made this study possible.

The report was funded by the CAGE project sponsored by OCF.

Mr. William E. Strohm, Jr., Engineering Geology and Rock Mechanics Division,

GL, was Principal Investigator of the CAGE project. At W[S, the work was-
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under the management of the Soil Mechanics Division (SMD), GL.

The Contract Monitor was Mr. Earl Edris. Mr. Clifford L. McAnear was

Chief, SMD; and Dr. William F. Marcuson III was Chief, GL, during the prepara-

tion of this report.

COL Dwayne G. Lee, CE, is Commander and Director of WES. Dr. Robert W.

Whalin is Technical Director.
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NOMENCLATURE

English Letters

a - Henkel's pore pressure coefficient

a - coefficient of compressibility
v

A - Skempton's pore pressure coefficient

A - Skempton's pore pressure coefficient (= AB)

Af - value of A at failure

B - Skempton's pore pressure coefficient

B - Skempton's pore pressure coefficient (= 6u/Ao1 )

Z - cohesion intercept for effective stress envelope (from either R
or S tests)

cR - "cohesion" intercept for R-envelope drawn tangent to circles of
stress

cRf - "cohesion" intercept for R-envelope drawn through points on
circle of stress representing stresses on the failure plane

e - void ratio

g - acceleration due to gravity

h - total head

Ah w - change in height of water due to drawdown directly above the
wpoint of interest

k - coefficient of permeability

Kc  - effective principal stress ratio at consolidation (61c/3cd

Kf - effective principal stress ratio at failure (if/03f)

n - porosity

n e - effective porosity

SR - degree of saturation

S s  - specific storage

- excess pore water pressure above final static value

Au - change in pore water pressure due to undrained shear

12
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I.

AUf - change in pore water pressure due to undrained shear - at the
time of failure

Greek Letters

a - compressibility of soil skeleton, - dn/d-O

compressibility of fluid, dp/du

Y - unit weight of water

8 - angle of inclination of Tff vs. fc envelope

Ac. - dimensionless coefficient (= yHtan /E)

p - mass density of fluid, yw/g

o - effective normal stress a,

01 - total major principal stress

a1 - effective major principal stress

a1c - effective major principal stress at the time of consolidation

a1f - effective major principal stress at failure

03 - total minor principal stress

03 - effective minor principal stress
03c - effective minor principal stress at the time of consolidation

a3cl - effective minor principal stress at consolidation in an

isotropically consolidated undrained test which produces a 03 and
corresponding a1/- during shear eqUivalent to those in an
anisotropically consolidated shear test at the time of
consolidation.

a3f - effective minor principal stress at failure

0fc - effective normal stress on the failure plane at the time of
consolidation.

Off - effective normal stress on the failure plane at failure

AoI - major principal stress change (largest, most positive change in
normal stress)

AO2 - intermediate principal stress change
a

Au 3  - minor principal stress change (smallest, most negative change in
normal stress)

13
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b

- shear stress

fc - shear stress on the failure plane at the time of consolidation

T ff - shear stress on the failure plane at failure -

o 0 - intercept of Tff vs. fc envelope

- angle of internal friction for effective stress envelope (from
either R or S tests)

OR - slope of the R-envelope when drwan tangent to circles of stress

* Rf slope of the R-envelope when drawn through points on circle ofstress representing stresses on the failure plane

*1' 2 - pore pressure coefficients used in Lowe and Karafiath's
procedure for estimating effects of anisotropic consolidation on
undrained shear strengths using results of tests with isotropic
consolidation
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SECTION 1

INTRODUCTION

(Wright)

"Sudden" or "rapid" drawdown is considered to occur when reservoir

or other adjacent water levels are lowered at such a rate that little or

no drainage occurs in an earth slope while the water level is being

lowered. Slope stability analyses are routinely performed to calculate

the factor of safety for earth slopes subjected to this condition.

Frequently the design of such earth slopes is governed by the sudden

drawdown condition rather than by other conditions, such as those

immediately after construction and with steady state seepage.

Several different procedures exist and are currently used by

designers to compute slope stability for the case of sudden drawdown.

These various procedures are based on fundamentally different approaches

and are known to produce different results in at least some instances.

The procedures, the assumptions employed and the numerical results

obtained using these procedures are the subject of this paper.

BACKGROUND AND GENERAL ASSUMPTIONS

Most stability computations for sudden drawdown are based on

several common assumptions. First, most procedures are based on the

assumption that the drawdown is instantaneous. As the soil drains, the

shear strength will change and, eventually, will approach values

corresponding to the fully "drained" or steady seepage condition. By

considering the case of instantaneous drawdown as well as the steady

seepage condition it is assumed that the worst condition will be

detected and can be used to judge the design. Intermediate conditions

ISp
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between the undrained and fully drained condition are usually ignored. A

Only the condition of instantaneous drawdown with no drainage will be

considered in this paper. Stability computations for the steady seepage
.9'

condition are routinely performed and do not need to be covered here.
.

Although partial drainage during drawdown is not covered in this paper,

the techniques usually used are based on solutions to governing

equations for transient flow, which are discussed in Sectio-i 2 of this

paper.

Procedures for sudden drawdown stability computations are also all

based on the assumpti3n that the soil is saturated. This assumption is

consistent with the usual assumption that sudden drawdown will follow a

period of relatively steady reservoir or river levels and the soil will

have ample opportunity to become saturated. Although there are probably

many cases where the soil does not become saturated, especially when

drawdown follows the first filling of a reservoir or an unprecedented

flood, the possibility still exists that the soil will at some time "

become saturated. Shear strengths will be at their minimum values when

such saturation occurs, dnd, dccord 1rif;l t'it io otf ,C AT tt-

conditions appears to be appropriate for design. However, the fact that C-

the soil may not be saturated at the time of some fa', ,es may need to

be recognized when actual failures are egamined.

Factors of safety calculated by. tne varlows oroedwes tor si,dderl

drawdown will also be influenced by the Dart' .A a,'- m equ,'0' 'm

slope stability analysis procedure emp'oyed Io- e am ,e. Ir k 'a,

Method of Slices will typically Anderest'mare te a ' ,et w''e

the Corps of Engineers' Modified we(ds oro:,1,, i .&'p' -'- * '

factor of safety in comparison to Ie .a ,i ti' , ,- ' , ie'

o-|

'C|
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based on more rational assumptions. However, most of the differences

among factors of safety caused by the procedures used to compute the

factor of safety can be eliminated by use only of procedures which

satisfy complete static equilibrium. Such complete equilibrium

procedures are readily available and have been implemented in many

computer programs for slope stability analysis, including the program

UTEXAS2 which is currently being implemented by the Corps of Engineers.

Accordingly, the subject of assumptions and differences among various

limit equilibrium procedures is of little concern and is ignored for the

balance o' this paper. It will be assumed that any of the various

procedures discussed for stability analysis for sudden drawdown would be

used with a limit equilibrium procedure which satisfies complete static

equi;ibrium.

ORGANIZATION OF REPOPT

Procedures for stability calculations for sudden drawdown can De

separated into two general groups: (1) Effective stress procedures, and

I?) Two-stage procecdures. Effective stress procedures are based on

defining shear strengths in terms of effective stresses and require that

pore water pressures immediately after drawdown be determined. Effect've

st,ess procedures are described and discussed in Section 2. Two-stage

Add a 9ss procedures require tndt two separate sets of stabi' ty

a Aiations ne pertormed. The '"'t set is per~o'med for -omd'o.'s

-1 , eD ore 1Awdown to ,ompute the etfe(-1ive stresses. .hend h ( ,e ni--

at I,~ rl ''e '~a t'n t' :' -t -1 a op*

" mrme t '! I+ 1P i

%.
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3. One of the two-stage analysis procedures (Lowe and Karafiath's ,

1960a) as well as an alternative effective stress analysis procedure

which is developed and presented in this paper take into account the

fact that the soil is consolidated anisotropically under unequal

principal stresses (a1c' 3c) before drawdown. Procedures for estimating

the effects of anisotropic consolidation from the results of laboratory

tests employing isotropic consolidation are discussed in Section 4. The

alternative effective stress procedure considered in this paper is

presented in Section 5. Results of several- series of comparative

calculations for the factor of safety are presented in Section 6.

Finally, a summary and recommendations are presented in Section 7.

ah.
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SECTION 2

EFFECTIVE STRESS (ONE-STEP) ANALYSIS PROCEDURES

(Wright)

Effective stress analysis procedures are based on expressing the

shear strength in terms of effective stresses. Accordingly, analyses are

based on effective stresses and pore water pressures must be estimated

for the condition immediately after drawdown. The only difference

between an effective stress analysis for conditions after drawdown and

an effectives stress analysis for long-term, steady seepage conditions

is in the pore water pressures and surface loads used in the

computations. In the case of sudden drawdown analyses the pore water

pressures should represent the pressures expected immediately after

drawdown; for long-term, steady-state seepage analyses the pore water

pressures represent those associated with steady seepage.

SHEAR STRENGTH PARAMETERS

Effective stress shear strength parameters may be determined from

either consolidated-undrained tests with pore water pressure

measurements or from consolidated-drained tests. In the case of

consolidated-undrained tests two candidate criteria exist for defining

"failure" and determining the effective stress shear strength

parameters: Failure may be defined to be either at the point of maximum

principal stress difference, (o - 03)max, or at the point where the

effective stress path becomes tangent to the failure envelope (Fig.

IMI

},',, . . ' t',. ' '2' 
"
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2.1) In the case of rapid drawdown the loading is considered to be
a'.;

undrained. Consequently, it is fundamentally more correct to define a_

failure and the corresponding effective stress shear strength parameters

at the point of peak principal stress difference; the peak principal

stress difference represents the point of peak load (shear resistance)

for undrained loading. However, differences between the effective stress

shear strength parameters at the point of peak principal stress

difference and stress path tangency are likely to be relatively small

for compacted soils and soils with low sensitivities. Such soils are the

most likely types of fine-grained soils encountered in earth dams and

riverbank slopes where drawdown is significant.

Consolidated-drained shear test procedures may also be used to

determine the effective stress shear strength parameters. Fundamentally,

the effective stress shear strength parameters determined in

consolidated-drained shear tests should be different from those

applicable to undrained loading associated with rapid dravaosn for two

reasons: First, the effective stress strength parameters determined in 4w

consolidated-drained shear tests correspond to points of stress path .. -

tangency on the effective stress failure envelope, (a /3) ; the1 3 max. '.%

effective stress strength parameters applicable at failure for undrained V

a.- .*

If no cohesion (c) intercept exists, the point where the effective
stress path becomes tangent to the failure envelope coincides with the -
point of maximum effective principal stress ratio, (6 / )-a Thus,
"maximum effective principal stress ratio" and "stres 1t angency".
are synonymous failure criteria. If a cohesion intercept exists, the two a

failure criteria are not identical, and it is fundamentally more correct
to use the point of stress path tangency, although the point of
effective principal stress ratio is otten taken to be the point of
failure for convenience.

S.i~
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loading are those corresponding to the peak principal stress difference,

(a1 -3)max. Secondly, in consolidated-drained shear tests a portion

of the load applied to cause failure goes into producing volume change

and the strength parameters measured reflect this additional energy 2

required to produce the volume changes (Bishop and Eldin, 1953; Bishop,

1954a;, Rowe, 1962; Rowe, Barden and Lee, 1964). For undrained loading

as in the cases of sudden drawdown and consolidated-undrained shear

tests in the laboratory, no energy is used to produce volume changes

and, accordingly, any measured shear strength parameters do not reflect

such added energy. Consequently, the effective stress shear strength

parameters determined from consolidated-drained and consolidated-

undrained shear tests will not be identical.

Effective stress shear strength parameters determined for a 7

particular soil will clearly differ depending on the test procedures

(drained vs. undrained) employed and the manner in which filure is

selected. In addition to the two failure criteria discussed earlier, a

limiting strain, e. g. 15 percent, is sometimes selected as the point

defining failure in a laboratory shear test. Thus, a third potential

"failure criterion" is introduced and further differences among shear

strength parameters may exist. Additional differences may also be caused

by the type of laboratory shear device employed (triaxial shear, direct

shear, direct simple shear and plane strain). In most cases all of the

factors discussed pertaining to laboratory measurements of shear

strength will probably be overshadowed by scatter in data and the -!

variability of most soils in the field. However, all of the factors will

contribute to at least some extent to the computed results and may

influence conclusions drawn in any particular instance.

22



ESTIMATION OF PORE WATER PRESSURES

All of the effective stress analysis procedures require that pore

water pressures at the end of drawdown be estimated. At least four

fundamentally different approaches have been used to estimate the pore -

water pressures. The first procedure was first suggested by Bishop

(1954b) and later employed by Morgenstern (1963) using Skempton's (1954)

pore pressure coefficients. The procedure involves estimating the pore

water pressures by first estimating what the pore pressures would be

before drawdown and then estimating the changes in pore water pressure

which would occur during drawdown. The changes in pore water pressure

are estimated by estimating the changes in total stress and relating the

changes in total stress to changes in pore water pressure using

Skempton's pore pressure coefficients. The second approach to estimating

pore water pressures involves solving either analytically or numerically f

the basic governing differential equation for the transient (non-steady)

flow of water associated with the drawdown of the reservoir. Procedures

based on the second approach generally employ solutions developed for

either soil consolidation or groundwater flow. The third approach is _

actually a simplification of the second approach, consisting of

representing the flow as steady-state flow for selected instants of time

following drawdown. The fourth approach is the least well-defined p

approach and essentially encompasses those approaches in which the pore

water pressures are estimated based on past experience and judgement.

BISHOP-MORGENSTERN PROCEDURE

Bishop's (1954b) and Morgenstern's (1963) procedure for estimating

pore water pressures after drawdown is based on Skempton's pore pressure

23
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coefficient, B, and estimated changes in total stress during drawdown.

The pore pressure coefficient B is defined as,

B = Au 2.1

where Au is the change in pore water pressure and AcI is the major

principal stress change. Thus, the change in pore water pressure during

drawdown can be expressed as,

Au = SAO 1  2.2

The smaller the value of B, the smaller the changes in pore water

pressure during drawdown. Because the changes are expected to represent

decreases in pressure the smaller the decrease in pressure during

drawdown, the higher will be the final values of pore water pressure.

Higher values of pressure correspond directly to lower factors of

safety. Thus, the factor of safety will decrease as B becomes smaller,

all other factors remaining the same. Bishop and Morgenstern each

considered probable values for B and suggested that a value of unity

represented a lower-bound and, thus, conservative value. Consequently,

and based on Eq. 2.2, the change in pore water pressure becomes equal to

the major principal stress change, AG, (B = 1.0 in Eq. 2.2).

Bishop and Morgenstern also assumed that the major principal stress

change, Ac1 , was equal to the change in total vertical stress on the

slope directly above any particular point of interest. Thus,

a I = Ah Y 2.31 w

where Ah is the change in height of water above the surface of the
w

slope directly above the point of interest (Fig. 2.2) and yw is the unit

weight of water. Combining Eqs. 2.2 and 2.3 and setting B equal to unity

then gives,

Au Ahy 2.4

24
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Bishop and Morgenstern also assumed that the head loss in the slope U.

prior to drawdown is small and can be ignored. The consequence of this

assumption combined with the previous assumptions and Eq. 2.4 is that

the pore pressures after drawdown can be expressed by a simple

piezometric surface as illustrated in Fig. 2.3. The piezometric surface

is coincident with the surface of the slope above the level of the

drawdown and is coincident with the reservoir surface at and below the

level of the drawdown. Pore water pressures are simply the product of

the unit weight of water and the depth below the final piezometric

surface.

Bishop's and Morgenstern's procedure involves the following four

assumptions:

(1) The head loss due to seepage in the slope before drawdown is

negligible.

(2) Skempton's (1954) equation and pore pressure coefficients can

be used to compute changes in pore water pressures.

(3) The pore pressure coefficient B is equal to unity.

(4) The major principal stress change, Ao1 , is equal to the change

in vertical stress on the surface of the slope directly above any

point of interest.

The assumption that the head loss in the slope is negligible appears to

be reasonable inasmuch as slides due to sudden drawdown are typically

shallow. In addition the assumption of negligible head loss is made

primarily for simplicity; the concepts employed in Bishop's and

Morgenstern's procedure could be easily extended to include head losses

in the slope before drawdown if they were important. Bishop's and

Morgenstern's procedure is also based on the fundamental assumption that

26
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Skempton's (1954) equation for pore water pressures can be app'ied to

predicting pore water pressures in earth slopes due to silden drawdowr

For the present this will be considered valid and the ise of S~empton s

equation is discussed in further detail in Section 5 of tr-s paper-.

However, the remaining two assumptions listed above requ,'-e some frtner

discussion at this point.

The assumption that the pore pressure coefficient. B, is equal to

unity is best examined by considering Skempton's original expression for

the changes in pore water pressure due to undrained loading. Skempton

expressed the change in pore pressure during undrained loading as,

Au-= BA G + A ( o1 - AC ) 2.5

where, 6u is the change in pore water pressure, AaI and ,o 3 , are the

major and minor principal stress changes, respectively, and A and B are

pore pressure coefficients. The coefficient B represents tendencies for

pore water pressures to change due to a change in all-around (isotropic)

pressure; while the coefficient A represents tendencies for pore water

pressures to change due to a change in shear stress (principal stress

difference). By dividing both sides of Eq. 2.5 through by the major

principal stress change (Aol) and rearranging terms the following

equation can be written:

Au,
Au = B[I - (I - A)(1 -
Ao I  ~oI

The quantity on the left-hand side of this equation is equal to the pore

pressure coefficient, B. In the case of most saturated soi s the val>,e

of B will be essentially unity and, thus,

3
B [1 - (1 A)(1 - -3,

VS

U,,
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Accordingly. the pore pressure coefficient B can be related to the pore

pressure coefficient A and the principal stress changes, Ac 1 and :.- 3 ' At

this point the "principal stress changes," o 1 and A 3' which have been

used in Eqs. 2.1 through 2.7 should be distinguished from "changes in

principal stress." The major principal stress change, ',v,, in these

equations represents the largest algebraic (most positive) change in

stress. In the case of drawdown, the changes in normal stress are likely

to all be negative in value. Thus, the least negative value is the major

principal stress change, while the most negative value is the minor

principal stress change (Fig. 2.4). Accordingly, the absolute value of

the major principal stress change, Aol, is likely to be smaller than the

absolute value of the minor principal stress change, Aa 3 . Referring to

Eq. 2.7 it is then likely that both An1 and An3 will be negative and the

absolute value of An3 will be larger than the absolute value of A 1.,

Thus, the ratio, Aa 3 / oi, will be greater than unity. Consequently, the

value B given by Eq. 2.7 will always be greater than unity for all

values of A less than or equal to unity. Most compacted soils as well as

natural soils in slopes likely co be subjected to sudden drawdown would

be expected to produce values of A which are less than unity.

Accordingly, Bishop's and Morgenstern's assumption that a conservative

lower-bound value for B is unity appears to be valid. The degree of

conservatism associated with this assumption may be seen Dy examining

values of B computed for various values of A and ratio of principal

stress change (Au3/,al) as shown in Fig. 2.5. Referring to this figure

it can be seen that the values of B are at least unity and in many cases

may be several times greater than unity. For example, if the ratio of

principal stress changes is 2.0 and A is 0.2, a value which is certainly

29 o
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reasonable for a compacted clay at low confining pressures, the value of

B is 1.80. This value (1.80) is approaching twice the value assumed by

Morgenstern. Consequently, the change in pore water pressure during

drawdown would be nearly twice the value predicted based on Bishop's and .

Morgenstern's assumed values.

The final assumption to oe considered in Bishop's and Morgenstern's

procedure is that the major principal stress change is equal to the

change in vertical stress directly above any point of interest. At the

face of the slope tne change in stress normal (perpendicular) to the

face of the slope will be equal to the change in water pressure (or

vertical stress) on the face of the slope. The change in normal stress

on the face of the slope will be negative but greater in magnitude than

the change in normal stress on a plane perpendicular to the slope face.

Thus, at the face of the slope the change in v ertical stress, h w will

actually be equal to the minor principal stress change, A c,, while the

major principal stress change, ."i,. will be smaller in absolute value

than the change in vertical stress (Fig. 2.6). The consequence of this

will pe that the actual change in pore pressure computed from Eq. 2.2

would be smaller than what is computed by Morgenstern's assumption.

provided that all other factors remain the same, including the

assumption that B is unity.

Based on the above discussion it appears that Bishop's and

Morgenstern's procedure may underestimate the actual value of B whi e at

the same time the major principai stress change. ',. Is overest'mated.

Consequently. it is entirely possible that two errors may ,ompensate

each other in the procedure

IL0
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TRANSIENT FLOW SOLUTIONS

During the past 15 years the writer has gained the impression that

in a number of instances pore water pressures due to drawdown have been

estimated from theoretical solutions based on the equations of transient

flow. Although the details of the solutions are not available, the

solutions appear to have been based generally on numerical solutions of

the equations for consolidation or groundwater flow. In this section the

governing equations for transient flow are presented and the assumptions

employed in the classical versions of these equations for soil

cvnsolidation and groundwater flow are examined. Requirements for

correct modeling in the cas2 of sudden drawdown are also presented.

The general governing partial differential equation which must be

satisfied for two-dimensional transient (time-dependent) flow in porous

media is,

ok (3x2 +3y2) = n SR  I p S + n p 2.8
ax 2 RY2at Rat at2.

where, h is total head, n is porosity, p is the mass density of the

fluid (yw/g), and SR is the degree of saturation (e. g. Freeze and

Cherry, 1979). The partial derivatives on the left are taken with

respect to the spatial coordinates (x and y); the partial derivatives on

the right-hand side are taken with respect to time (t). In the case of

saturated flow (SR = 100% - aSR/at 0) and an incompressible fluid

(3o/at = 0), Eq. 2.8 reduces to

r h 2 h) an
okl 2 2 at 2.9

ax ay

In order to solve Eq. 2.9 either the head (h) must be related to the -

porosity (n), or the porosity must be related to the head. The most

34
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widely employed procedure for relating porosity to head follows the one

employed in the classical consolidation theory first suggested by

Terzaghi. This approach can be derived by first expressing the partial

derivative of porosity with respect to time as, p

@n 1 ae -Cau ah 2.10 V

t 1 + e 3o au 7h 't
0

where, 3e/a- represents the change in void ratio with respect to

effective stress, 30/au represents the change in effective stress with

respect to pore pressure, au/ah represents the change in pore pressure

with respect to total head, and ah/at represents the change in total

head with respect to time. The change in void ratio with respect to

change in effective stress can be expressed by the coefficient of

compressibility, av, where,

av  _ 32.11
v

The change in effective stress is assumed to be equal in magnitude and

opposite in sign to the change in pore water pressure. Thus,

1.0 2.12

3u

The change in pore pressure with respect to head can is expressed as,

a 2.13

Substituting Eqs. 2.11, 2.12 and 2.13 into 2.10 gives,

an 1 ;4h

+ e av 1 yw - 2.14

Finally, substituting Eq. 2.14 into Eq. 2.9 and rearranging terms gives.

2 h + d2h _ a _ Z 15
2 y2 k(i+e o  t (1 1e-

ax a'y 0
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In the case of one-dimensional flow Eq. 2.15 reduces to,

a2 h a av Yw ah 2.16
ax2  k (I + e ) at 26

which is Terzaghi's classical equation for one-dimensional equation

expressed in terms of total head. Equation 2.16 can also be expressed in

terms of excess pore pressure, i, as,

a2 av w aQ .7 '
V 2.17

2  k (1 + eo ) atax o

An alternate form of Eq. 2.15 is often used in modeling groundwater

problems. The equation for two-dimensional transient flow is written as,

a2h a2h 's ah
= at 2.18

ax ay2  k

where, S is the "specific storage." The specific storage is expressed
5

as,

s 1(c + n ) 2.19

where, oL and g are the compressibilities of the soil skeleton and water,

respectively. That is,

dn _
dn 2.20d '

and,

, d 2.21
du

Equations 2.15 and 2.18 are fundamentally identical except that Eq. 2.18

also takes into account the compressibility of water. Solutions to the S

two equations should be essentially identical.

Discussion of Assumptions

Equation 2.15 is based on the assumption that the water is

incompressible, which is a reasonable assumption for all practical

- I uu a -m~n-m Inl( i ' m # a' ' .... 6. .



purposes. Equations 2.15 and 2.18 are also based on a number of other

important assumptions:

1. The soil is saturated and remains saturated during flow.

2. Darcy's Law is valid (Assumed in deriving Eq. 2.8).

3. The void ratio is related to a single effective normal stress

component (-), regardless of the state of stress, including shear

stresses.

4. The change in effective stress is equal in magnitude to the

change in pore water pressure, regardless of changes in total

stress.

The assumption that the fluid is incompressible and Darcy's Law is valid

seems acceptable. However, the remaining three assumptions listed may

not be valid and are discussed in further detail below.

Soil is saturated. In the case of drawdown the soil may become

partly saturated above the phreatic surface as drainage occurs.

Accordingly, the third term, npaSR/at, in the governing equation (Eq.

2.8) for transient flow must be retained. This requires that a

relationship be established between the degree of saturation of the soil

and the total head in the soil. Although such relationships can be

determined, they require that additional soil parameters be evaluated.

Such relationships between degree of saturation and total head do not

appear to have been included in past uses of the transient flow

equations for predicting pore water pressures during sudden drawdown.

Single effective stress component. The assumption that the change " 0

in volume (void ratio) is related to a single effective normal stress

component ignores the fact that shear stresses produce volume change

and, accordingly, for undrained or partially drained loading shear

3-
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stresses will affect the pore water pressures. Correct representation of

the relationship between effective stress and volume change requires

that a complete constitutive (stress-strain) model be used and that allP components of stress be considered. For two-dimensional plane-strain

conditions three stress components must be considered: x' ay , and rxy"

Constitutive models based on Hooke's law are not valid for the present

problem because they do not properly model the volume change behavior of

soil during shear and, accordingly, they will not predict proper changes

in pore water pressures. During the past decade considerable progress

has been made in developing constitutive models based on plasticity

theory, which can account for shear induced volume changes. Such models

show considerable promise; however, they do not appear to have been

coupled with the equations for transient flow and applied to the case of

reservoir drawdown.

Constant total stress (A = - Au). The assumption that changes in

effective stress are equal to the changes in pore water pressure is

invalid for cases where there is a significant change in total stress. IN

For example, at the immediate face of a slope which is subjected to

rapid drawdown the total stress and pore water pressure change by the

same amount, while the effective stress remains unchanged. Any solution

based on the assumption that the change in effective stress is equal to

the change in pore pressure is clearly not valid in this case. Changes

in total stress and their effects on the effective stres- are easily

accounted for in the case of one-dimensional problems: For example in

Terzaghi's classical problem of one-dimensional consolidation the change

in total stress can be assumed to be constant over any vertical

distance. In two dimensions the changes in total stress will vary from
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point to point in the slope and can only be computed from a complete

stress analysis. By coupling the stresses with the equations of

transient flow as discussed in the previous paragraph, changes in total

stress should automatically be taken into account; however, as noted

above such coupled solutions have not generally been used.

SIMPLIFIED PROCEDURES BASED ON WATER FLOW

A number of procedures for estimating pore pressures have been

developed based on various simplified hydraulic flow solutions. These
.9i

procedures and solutions can be generally grouped into two categories:

The first category of solutions is based on the Dupuit assumptions and a

simplified differential equation for flow. The second set of procedures

is based on a solution of the governing partial differential equation

for two-dimensional steady-state flow. These procedures and the

assumptions employed are reviewed below.

Procedures Based on Dupuit Assumptions.

Procedures based on the Dupuit assumptions employ some form of the

following partial differential equation:

2hh
kh 2+ k(-) h= n 2.22

ax 2  ax,

This equation is based on the Dupuit assumptions that (1) equipotential

lines are vertical, and (2) the hydraulic gradient is equal to the slope

of the phreatic surface (line of seepage) and does not vary in the

vertical direction. In addition the equation is based on a number of

other assumptions:

1. Darcy's Law is valid.

2. The soil is saturated below the phreatic surface at any time.

3. The flow is horizontal in the x direction.

39 
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4. The soil or slope in which flow is occurring is homogeneous and

underlaid by an impervious base. Although not apparent from Eq.

2.22, "h" represents not only head, but also the elevation of the

phreatic surface above the assumed impervious base. Thus, Eq. 2.22

is not a general governing differential equation for

one-dimensional flow where x may represent a direction other than

horizontal.

5. The soil is assumed to be incompressible, i. e. there is no

volume c;,ange even though the pore pressures (heads) may change

with time.

6. The drainage of the soil in the zone where the free surface is

changing with time is represented by the effective porosity, ne .

ASTM (1986) defines effective porosity as "The ratio of: (1) the

volume of the voids of a soil or rock mass that can be drained by

gravity, to (2) the total volume of the mass." In the case of Eq.

.42.22 as the phreatic surface drops from an elevation, hl to a new

elevation, h2, the volume of water that drains from the soil is

equal to the product of ne and the total volume of soil between the

.4 elevations hI and h2 .

Equation 2.22 is usually simplified by ignoring the second term on

the left-hand side involving products of derivatives, which gives,

2 ..

a ah ah
n - 2.23

ax2  at

Equation 2.23 is also sometimes written as,

k k - 2n -- 2.24
2  atax
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Browzin (1961) developed a simple analytical solution for Eq. 2.23 while

Desai and Sherman (1971) presented a numerical solution. Several other

published solutions (Brahma and Harr, 1963; Newlin and Rossier, 1967)

have been based on further simplification of Eq. 2.23 achieved by

replacing the quantity "h" in the first term by a constant quantity, Y,

representing the average height of the phreatic surface above the

impervious base:

2
k h  = n h 2.25ax 2  at

The various solutions to Eqs. 2.23 or 2.25 have been directed toward

determining the drop in the phreatic surface due to partial drainage

during drawdown, rather than toward determining the pore water pressures

at the end of a sudden, instantaneous drawdown. However, regardless of

the degree of drainage, the pore water pressures are defined by the

location of the phreatic surface and the assumption of vertical

equipotential lines. For an instantaneous drawdown the pore pressures

should be identical to those determined using Bishop's and Morgenstern s

procedures, although the two approaches (Bishop-Morgenstern and

Dupuit-based flow solutions) represent totally different approaches

fundamentally. By either procedure the pore pressures are simply

calculated by taking the distance from the surface of the slope (or

reservoir level if below the final drawdown level) and multiplying the

distance by the unit weight of water.

Procedures Based on Steady-State Flow.

A number of procedures have employed the solutions for steady-state

flow for the purpose of calculating pore water pressures and flow

velocities during drawdown. In the case of isotropic materials the

41
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following LaPlace equation is the governing equation which must be

solved:

a2 h h a2h -2 0 2.26
ax ay

Cedergren (1948) appears to have been one of the first to apply this

equation to the case of drawdown. He constructed flow nets to solve the

equation and suggested an approach for accounting for partial drainage

and the drop in the phreatic surface during or after drawdown. He first

constructed a flow net for the original reservoir level and

steady-seepage (pre-drawdown) condition. Next, using the original

location of the phreatic surface but with a new reservoir level

representing drawdown at the slope face he constructed a new low net.

For the new flow net the portion of the upstream slope between the
.

original and new reservoir levels as well as the phreatic surface were 4'

now considered zero pressure, drainage (discharge) boundaries. Based on

the velocities of flow in a direction perpendicular to the phreatic

surface (obtained from the new flow net), Cedergren estimated the amount

of water which would have flowed away from the original phreatic surface

for a selected increment of time. This allowed a new position for the -

phreatic surface to be estimated and the process was repeated. This

process was repeated in selected increments of time until the desired

final solution in time was obtained. If appropriate, additional changes

in the reservoir level could be considered at any stage in the process.

Desai (1972, 1977) used the same approach employed by Cedergren, but

employed the finite element, rather than graphical (flow net) procedures

to solve the LaPlace equation (Eq. 2.26).

Although procedures based on the governing equation for

steady-state flow appear to have been used in a number of instances to

42
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obtain pore pressures associated with reservoir drawdown, there appears

to be no fundamental basis for the use of such procedures. As shown

previously the governing equation for transient flow is,

2h 2 a2
pk x2 + y2J = n S . + p SRa-n + n p R 2.8

(ax 2 ay 2) Rat Rat at

Equation 2.8 is clearly not the same as Eq. 2.26 and only by ignoring

significant terms on the right-hand side of Eq. 2.8 do the two equations
.. ,

become identical.

EMPIRICAL PROCEDURES BASED. ON EXPERIENCE

Pore pressures due to sudden drawdown appear to be predicted

sometimes using various empirical procedures based on the results from

either model tests or field measurements. For example, Nagy (1967)

presented a series of charts showing the critical rate of drawdown

(required to cause instability) for various slope angles, effective

stress friction angles and mean soil grain diameter. Nagy considered the

mean grain diameter to suitably characterize the soil permeability (and

presumably soil volume change characteristics) and developed his chart

based on the results of a series of model experiments. Although

empirical procedures based on experimental measurements and field

experience can be used to predict pore water pressures for use in sudden

drawdown analyses, the lack of sufficient data and the complexity of the

problem appears to have limited the use of this approach to at most a

few isolated cases.

DISCUSSION

None of the procedures examined for estimating pore pressures due

to sudden drawdown can be justified on theoretical bases; only the

-* procedure developed by Bishop (1954b) and Morgenstern (1963) even
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attempts to account for changes in pore water pressure which occur due

to induced shear stress during drawdown. However, even Bishop's and

Morgenstern's procedure does not account for differences among various

soils. Instead Bishop and Morgenstern adopted what they considered to be

conservative assumptions.

The only way in which any of the effective stress procedures can be

checked is by comparison of results obtained using the procedures with

measured results for actual dams. Such comparisons may take several

forms. Pore pressures may be measured and compared directly with values

which are predicted by the various theoretical and empirical approaches.

This is difficult to accomplish and due to point-to-point variations in

pore pressures it is difficult to judge the overall validity of various

approaches. Another approach is to examine case histories where slope

failures occurred due to drawdown and to compute the factor of safety by

various procedures. Wong, Duncan and Seed (1983) computed the factors

of safety for two dams which failed by sliding due to sudden drawdown:

Pilarcitos Dam and the Walter Bouldin Dam. They found that the factor of

safety computed by 3ishop's and Morgenstern's procedures were 1.15 and

0.98, respectively. These values (1.15, 0.98) are sufficiently close to

unity for these dams which failed to suggest that the pore pressures

predicted were reasonably correct. Wong, Duncan and Seed only considered

Bishop's and Morgenstern's procedure for predicting pore water pressures

and, thus, no assessment wis made of other effective stress procedures.

Analyses like those performed by Wong, Duncan and Seed are very useful:

however, the number of well-documented case histories of actual slope

failures due to sudden d;awdown is small and such analyses are seldom

performed.
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Much of the existing field data pertaining to embankment

performance during sudden drawdown consists of measured pore pressures

in stable embankments. Winkley (1982) examined measured pore pressure

data for eight embankment dams and dikes reported in the literature and
,.

summarized in Table 2.1. He computed factors of safety for these eight

dams using measured pore pressure information and pore pressures based

on Bishop's and Morgenstern's procedure. Because sufficient strength

data were generally not available for the dams, Winm;ey assumed seer ...

sets of strength values and computed the factor of safety for each set.

there was no way of establishing which set of values was actually

correct, because the slopes were stable and the factor of safety was ,ot

known. The factors of safety are summarized in Table 2.2 for each s ope

and set of shear strength values used. Factors of safety computed

employing pore pressures estimated by Bishop's and Morgenstern's

procedure are plotted versus the corresponding values computed usig re

measured pore pressure data in Fig. 2.7. A total of 30 pairs of values

are plotted; only 6 of the factors of safety which were computed using

estimated pore water pressures exceed those based on the measured pore 0

pressures. The mean ratio of factors of safety based on

estimated-to-measured values is 0.98, with a standard deviation ol C;.09.

The results shown in Fig. 2.7 confirm Bishop's and Morgenstern's

hypothesis that their procedure is conservative and are in substantla

agreement with the results of Wong, Duncan and Seed for emban~ments

which failed....

Few comparative studies appear to have been condu-red Pmrc.,

pore pressures estimated by procedjres other than Bishoc s ard

Morgenstern's. Some insight into the probable relatiorscric tetwee, *,

4.i~
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TABLE 2.12

EMBANKMENT DAMS STUDIED BY WINKLEY (1982) :

Amount Duration
Height Upstream of of%

Name of Dam Slope Drawdown Drawdown Ref.

(ft.) (ft.) (days)

Sir Adam Peak Dike 52 2.5:1 251 Brazett
(1961)

LOKvarka Dam 37 1.9:1 53.5 - Nonveiller
77.8 - (1957)

Gler Shira Lower Dam 53 3.0:1 16 2 Patton & -

24 3 Semple
30 4 (1961)

Alcova Dam 239 3.0:1 126.6 49 Glover et
al (1948)

Castiletto Dam 246 3.0-.1 194 180 Meyer-
Peter
(1964)

Sardis Dam 97 3.5:1 15 81 Corps of
Engrs.
(1967)

Grenada Dam 80 4.5:1 16 90 Corps of
Engrs.
(1970)

Goscheneralp 345 4.0:1 283 70 Meyer-
Peter
(1964)

0
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TABLE 2.2

COMPARISON OF FACTORS OF SAFETY COMPUTED USING MEASURED
PORE WATER PRESSURES AND PORE WATER PRESSURES ESTIMATED BY
BISHOP'S AND MORGENSTERN'S PROCEDURE (From Winkley, 1982)

(Assumed Factor of Factor of

Strength Safety Safety F.

Values) (Meas. (Bishop- FBishop
Dam cp Data) Morgenstern) FMeas

Sir Adam Peak Dike 11.8 1.06 1.36 1.28 Se

Sir Adam Peak Dike 5.9 1.39 1.45 1.04
Sir Adam Peak Dike 3.9 1.79 1.75 0.98

Sir Adam Peak Dike 3 2.09 2.04 0.98
Lokvarka - Drawdown No. 1 35.8 1.29 1.25 0.97
Lokvarka - Drawdown No. 1 17.9 1.32 1.29 0.98
Lokvarka - Drawdown No. 1 11.9 1.36 1.32 0.97
Lokvarka Drawdown No. 1 8.9 1.39 1.36 0.98
Lokvarka - Drawdown No. 2 35.8 1.28 1.25 0.98
Lokvarka - Drawdown No. 2 17.9 1.31 1.26 0.96
Lokvarka - Drawdown No. 2 11.9 1.35 1.29 0.96
Lokvarka - Drawdown No. 2 8.9 1.39 1.32 0.95
Glen Shira - Drawdown No. 1 0 1.46 1.65 1.13
Glen Shira - Drawdown No. 1 12 1.48 1.52 1.03
Glen Shira - Drawdown No. 2 0 1.45 1.66 1.14
Glen Shira - Drawdown No. 2 12 1.49 1.38 0.93
Glen Shira - Drawdown No. 3 0 1.73 1.77 1.02
Glen Shira - Drawdown No. 3 12 1.43 1.37 0.96
Alcova 54.4 1.16 0.95 0.82
Alcova 27.2 1.25 1.02 0.82
Alcova 18.1 1.33 1.09 0.82
Alcova 13.6 1.31 1.15 0.88
Castiletto 56 2.11 2.03 0.96
Castiletto 14 2.15 2.07 0.96
Sardis Dam 20 2.19 2.19 1.00
Sardis Dam 5 2.19 2.19 1.00
Grenada 18 1.75 1.65 0.94
Grenada 4.5 2.26 2.16 0.96
Goscheneralp 78.5 2.62 2.61 1.00
Goscheneralp 19.6 2.63 2.62 1.00

Si.
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pore pressures obtained using Bishop's and Morgenstern's approach and

the procedures based on various solutions of equations of hydraulic flow

appears in the early work of Glover, Gibbs and Daehn (1948). They first

observed:

.. the removal of the reservoir load caused an immediate change
in both the contact pressures [effective stress] and the pore
pressures. The latter assume a distribution resembling that due to
a gravity flow system but with a pressure gradient in the vertical
direction considerably less. This distribution will rapidly revert
co the gravity flow system as soon as enough percolation can take
place to satisfy the tendency of the grain structure to change
volume. The pore pressure distribution referred to herein as a
gravity flow system is one which can be maintained by gravity
forces only as distinguished from a system wherein the pore
pressures are influenced by an unsatisfied tendency of the grain
structure to expand."

Although they failed to recognize that the soil may exhibit a tendency.-A

to compress due to shear, rather than expand, Glover et al, recognized

that pore pressures will be influenced by the tendency of the soil to

change volume and will differ from those associated with gravity flow.

However, based on their assumption that the soil would tend to expand

they continued:

"The gravity flow system will exhibit an approximately hydrostatic
pressire increase along a vertical line ....... It is concluded that
no pore pressure distribution less favorable to stability than the
gravity flow system will be encountered, following a drawdown, no
matter how rapidly it may be accomplished."

Thus, while recognizing that pore pressures will be influenced by

tendencies for the soil to change volume, they considered the assumption

-A. of a gravity flow condition, i. e. that Eq. 2.26 can be considered the
Sw.

governing equation, should be conservative. Morgenstern (1963) also

noted that Terzaghi and Peck suggested as a first approximation that A'

horizontal flow and vertical equipotential lines could be assumed for A

conditions after sudden drawdown and that the assumption led to
d0

11
essentially identical pore pressures to those obtained using Bishop's

4.,



and Morgenstern's approach. Also as noted earlier the transient flow

procedures based on the Dupuit assumptions lead to pore pressures

identical to those obtained by Bishop's and Morgenstern's procedure.

Consequently, it appears that pore pressures predicted using at least a

number of the procedures based on equations of hydraulic flow are

identical to those based on Bishop's and Morgenstern's approach. It then

also follows that the validity of the procedures may be comparable to

* the validity of Bishop's and Morgenstern's procedure.

SUMMARY
Vo.

Effective stress analysis procedures all require that the pore

pressures be estimated for conditions at the end of sudden drawdown; the

various effective stress "procedures" differ only in the manner in which

the pore water pressures are estimated. Several procedures for

estimating pore water pressures have been developed and discussed in the

previous sections. Based on the discussion several important conclusions

can be drawn:

(1) The various procedures for estimating pore water pressures are

based on totally different approaches and assumptions and none can

be verified strictly on theoretical grounds due to the simplifying

nature of the assumptions employed.

0
(2) Bishop's and Morgenstern's procedure has produced good

agreement with measured field data including cases of slope

failure.

(3) Bishop's and Morgenstern's procedure is the easiest procedure

to use to estimate pore water pressures.

(4) Several of the approximate procedures based on equations of

0

4hydraulic flow yield pore ressures which are identical to those



obtained by Bishop's and Morgenstern's procedures and, thus, such

procedures based on hydraulic flow should show equally good

agreement with field performance data.

(5) None of the existing procedures for predicting pore water

pressures account for the differences among various soil types and

their tendency to chanoe volume and generate pore water pressures

during shear. Only Bishop's and Morgenstern's procedure even

considers pore pressures generated during shear.

(6) Numerical analyses which couple the equilibrium equations for

the stresses with the governing equation of hydraulic flow offer

the most promising alternative for obtaining a fundamentally,

rigorous solution to the problem of predicting pore water pressures

due to sudden drawdown. However, such an approach is extremely

complex, which may account for the fact that the approach has not

been used to predict pore pressures due to sudden drawdown.

51
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SECTION 3 -

TWO-STAGE ANALYSIS PROCEDURES

(Wright)

INTRODUCTION

Two separate sets of stability calculations are performed in the

two-stage analysis procedures (Fig. 3.1). The first set of computations -,

is performed for conditions just prior to drawdown. The purpose of the

first set of computations is to estimate the stresses under which the

soil is consolidated before drawdown and the corresponding values of

undrained shear strength. The second set of computations is performed

for conditions immediately after drawdown using the loads after drawdown

and the undrained shear strengths established from the first set of

computations. The two sets of computations are performed for a selected,

individual shear (sliding) surface; various trial shear surfaces are

selected until the one producing the minimum factor of safety (after

drawdown) is found. The most critical shear surface found in this manner

will usually be different from the most critical shear surface for

conditions before drawdown (steady seepage, etc.).

Stage 1 Stability Computations

The first set of stability computations in the two-stage procedures

is performed using shear strength parameters and loads representing

conditions in the slope just prior to drawdown. The shear strength

parameters are expressed in terms of effective stresses and would -,

normally be btained from either consolidated-drained (CD, S) tests or

consolidated-undrained (CU, R) tests with pore pressure measurements.

The pore water pressures used in the first set of stability computations

52



(a) Stage 1 -Before Drawdown

C (

steady seepage

(b) Stage 2 -After Drawdown

C (P 0

Figure 3.1 -Schematic Illustration of the Two Stages Considered in
Analyses by Two-Stage Procedures for Sudden Drawdown
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are determined either from a steady state seepage analysis or calculated

directly from the reservoir level before drawdown, neglecting head

losses in the slope. The purpose of the first set of stability

calculations is to compute the stresses on the shear surface prior to

drawdown. The factor of safety calculated in the first set of

computations is of no interest; however, the factor of safety must

ordinarily be calculated as part of the limit equilibrium solution for

the stresses. Once the stresses have been calculated they are used to

estimate the undrained shear strength, su' at the shear surface. The

undrained shear strength is estimated for each slice and, ordinarily,

will be different for each slice because the stresses vary from slice to

slice. Several procedures have been used to estimate the undrained shear -'

strength along the shear surface; the differences in these procedures

constitute the primary difference among the various two-stage procedures

of analysis and are described in further detail in the various

subsections below.

Stage 2 Stability Calculations

The second set of stability computations is performed for

conditions immediately after drawdown. For all but freely draining

materials the shear strengths used are those estimated based on the

first set of computations and are represented as "o = 0" strengths (c S

s = 0). Total stresses are used; pore pressures are not considered

explicitly. In the case of freely-draining materials effective stresses

are used; the shear strength parameters are identical to those used in

the first set of computations and pore pressures representing those

after drawdown are used. Regardless of whether materials are freely

draining or not, any surface loads due to water which remains after

54 a-
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drawdown are applied for the second set of computations. The factor of

safety calculated in the second set of computations is the factor of

safety after drawdown.

CORPS OF ENGINEERS' PROCEDURE

The Corps of Engineers' procedure is based on the use of a

composite (bilinear) shear strength envelope which represents the

minimum of the R and S envelopes, from consolidated-drained and

consolidated-undrained shear tests, respectively, as shown in Fig. 3.2.

The Corps of Engineers' Stability Manual (Engineer Manual 1110-2-1902)

indicates that the same composite (bilinear) shear strength envelope is

used for both the first and the second states of the computations,

although it is not clear that procedures in the Manual are always followed

in practice. In general geotechnical engineering practice, including

possibly the Corps of Engineers' own practice, it appears that at least

three variations of the Corps of Engineers' procedure might be adopted for

the shear strength used in the first stage computations: .,

1. The S ("drained," effective stress) envelope could be adopted

exclusively to define the shear strength in the first stage

computations. This would be consistent with the general concept

that the first stage computations in two-stage analysis procedures

represent conditions with steady-seepage before drawdown and the

conventional geotechnical practice of employing the S envelope for

such conditions.

2. A bilinear envelope representing the S envelope or a line of

"(R + S)/2," whichever is less, as shown in Fig. 3.3. Such an

envelope as the one illustrated in Fig. 3.3 is recommended by the

Corps of Engineers for the steady-seepage stability condition.
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Thus, use of the envelope would again be consistent with the

concept that the first stage stability computations are performed

to represent conditions with steady seepage before drawdown, and

would be consistent with the Corps of Engineers' recommendations

for the steady-seepage condition.

3. The composite (bilinear) envelope used for the second stage

computations and shown in Fig. 3.2 could be used for the first

stage computations as discussed earlier above and, apparently,

intended by the procedure given in Corps of Engineers

(1970).

Inasmuch as the first-stage computations are only used to compute the %

effective normal stress on the shear surface it is probably not

important as to which of the three alternatives is selected to describe

the failure envelope. However, some differences among computed factors

of safety can be expected depending on the envelope selected.

Several alternatives may be used in the first-stage computations to

estimate the pore pressures in the slope before drawdown. The most

fundamentally correct approach is to estimate pore pressures based on

either graphical (flow net) or numerical solutions for the steady state

seepage through the slope prior to drawdown. A simpler approach is to

ignore head losses in the slope in which case the water surface adjacent

to the slope can be extended horizontally into the slope and treated as

a horizontal piezometric line to define pore pressures at all points

0
within the slope. Examples presented in the Corps of Engineers'

Stability Manual indicate that head losses are ignored, i. e. a

horizontal water surface is assumed to exist before drawdown. In this

case effective stresses can be accounted for in either of two ways: (1)

• ' " : .- -. . . . . . . , , - .- - . . . . . . . . . . . . .. .t°2
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submerged unit weights can be used below the water surface and t-ta.

unit weights can be used above the water surface, or (2) total ,

weights can be used for all materials and pore pressures can oe

calculated using the upstream reservoir surface as a piezometric surface

A.

for the entire slope. The approach employing submerged unit weignts is

only valid when there are no seepage forces (no hydraulic gradient). The

writer recommends use of total unit weights and pore water pressures in

all cases because seepage forces are then ignored and the potential for

errors due to their inadvertent omission are eliminated.

Use of a horizontal water surface, rather than accounting for head

losses in the slope due to steady seepage will lead to higher values of

estimated pore pressure and, thus, lower effective stresses.
.w.

Consequently, the undrained shear strengths which are estimated using

the effective stresses will be lower when a horizontal water surface is

assumed and, thus, will be in error on the safe side. The negligible

head losses in the upstream slope of relatively homogeneous slopes,

especially at the shallow depths where most drawdown failures may occur,

probably justify ignoring such head losses. By ignoring such head losses

the analyses are often substantially simplified and any errors are in

the direction of increased safety.

The first-stage computations are used to calculate the effective %
'S%

normal stresses along the shear surface. Inasmuch as some procedure of

slices is ordinarily used, the effective normal stresses wil' oe

calculated at the base of each individual slice-, the effective normal

stress is computed by dividing the total normal force on the base cf the

slice by the area of the base of tne slice and subtracting tne co,e

, '
.5.



water pressure 1
. Once the effective normal stress is calculated the

bilinear shear strength envelope (Fig. 3.2) is used to determine an

appropriate value of shear strength. The shear strength determined in

this manner is then considered to represent an undrained shear strength

for use in the second stage stability computations.

Second stage computations are performed once appropriate undrained

shear strengths have been estimated from the first stage computations.

In general, the second stage computations are performed in an identical

fashion for all two-stage analysis procedures once undrained shear

strengths have been estimated. More specifically, the Corps of

Engineers' Stability Manual suggests two limit equilibrium analysis

procedures for computing the factor of safety for the second stage: (1)

the Modified Swedish procedure, and (2) the Ordinary Method of Slices.

Several observations may be made with regard to the recommendation of

these two procedures:

1. Although the Ordinary Method of Slices is not generally

considered to be an accurate procedure, in the special case of

sudden drawdown (saturated soil, undrained loading) the friction

angle (¢) is zero for the second stage computations. In this case

0) the factor of safety calculated using the Ordinary Method

of Slices will be identical to the value calculated by any

The reader is referred to Wright (1986b) for the specific

equations used to compute the normal force on the base of slices in the
various limit equilibrium procedures employed in UTEXAS2 (Wright,

1986a). In the case where submerged unit weights are used for soil belo"
the water table, the normal force which is calculated on the base of the
slice will be the effective normal force and the pore water pressires S
shou)d not be subtracted.

-



procedure which satlshies complete static equilibrium. Thus, the

a: e or the factor o* safety should be as accurate as any that

car be obtained ' c, equilibrium procedures.

.i. e accurate 'c, ne second-stage computations, the factor of

%a*et9 -ompoted by Ire Ordinary Method of Slices will not be the

same as the one comouted by the Corps of Engineers' Modified

weaisr o'ocedure, necause the Modified Swedish procedure does not

satisfj moment equiWorium.

3. The Ordinary Method of Slices is restricted to use with circular

shear surfaces. Thus, the Modified Swedish procedure would

apparently be used for noncircular shear surfaces according to the

Stability Manual (excluding those special cases where the Corps'

Wedge Method is used).

4. In cases where some portions of a slope may be freely draining

and, thus, shear strengths might be represented as "drained" and

expressed in terms of effective stresses for the second stage

computations, the Stability Manual is unclear regarding use of the

Ordinary Method of Slices. All illustrations of applications using

the Ordinary Method of Slices in the Stability Manual apply only to

soils which are not drained. The Ordinary Method of Slices can lead

to large errors when effective stresses are used.

In general, it is not clear in the Corps of Engineers' procedure if all

soils are to be considered undrained, or if portions of the soil which

are freely draining are to be considered as "drained." Consequently, it

is not clear regarding the manner in which strengths might be

represented in a cross-section of a zoned earth dam for portions which

are freely draining. For example, it is not clear if the bilinear

61



.'

envelope used for conventional steady-seepage analyses (Fig. 3.3) is to

be used for freely-draining materials or if the conventional S envelope

by itself is to be used in these cases.

LOWE AND KARAFIATH'S PROCEDURE

Lowe and Karafiath (1960a) developed their procedure to account for

the fact that the soil is consolidated anisotropically prior to

drawdown. Although Lowe and Karafiath did not elaborate on the

first-stage stability computations, the first-stage computations are

generally performed as conventional steady-state seepage stability

computations. Effective stress shear strength parameters are determined.

employing either consolidated-drained (CD, S) shear test procedures or -

consolidated-undrained (CU, R) test procedures with pore pressure

measurements; pore pressures are determined by either an appropriate

steady-state seepage analysis or by neglecting head losses and using the

reservoir surface as a horizontal piezometric line.

The principal unique feature of Lowe and Karafiath's procedure

involves the use of a family of shear strength envelopes to estimate the

undrained shear strength for the second-stage stability computations

(Fig. 3.4). Each shear strength envelop corresponds to a given effective

principal stress ratio at consolidation, K the family of
c 1c1 3c'thfaiyo

envelopes is developed from laboratory tests employing anisotropic

consolidation and several, selected effective principal stress ratios.

Each envelope expresses the variation in undrained shear strength (Tff)
-fi

with effective normal stress on the failure plane at the time of

consolidation (a-c) for a given consolidation stress ratio (Kc). The

undrained shear strength is the shear stress on the failure plane at

failure and can be computed from 
.0

.U-.
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(aIf 231") cos $ 31

ff 2 3.1

where, alf and a3f represent the major and minor principal stresses,

respectively, at failure and is the friction angle is terms of

effective stresses. The effective normal stress on the failure plane at

consolidation can be computed from:

( 1c + 5 3c)  (1c -3c )  3.2

fc 2 2 sin32

where, -a and -3c represent the major and minor principal effective
ic 3c

stresses at consolidation, respectively. Values of both Tff and 5fc can

be calculated from the data from any triaxial shear test and plotted on

a diagram like the one shown in Fig. 3.4. The lowest value of effective

principal stress ratio for which failure envelopes can be determined is

unity, which corresponds to an isotropic state of stress at

consolidation and is the usual stress state employed in

consolidated-undrained triaxial shear tests. The upper limit on the

effective principal stress ratio to which a soil can be consolidated is

equal to the effective principal stress ratio at failure in a 0

consolidated-drained shear test. Accordingly, the failure envelope

corresponding to the maximum effective principal stress ratio at

uonsolidation is identical to the conventional (effective stress) •

failure envelope from consolidated-drained shear tests (Note: T =

fc fffand n-fc =: off in the case of consolidated-drained shear tests)..',

Fundamentally, Lowe and Karafiath's procedure requires that several .

series of consolidated-undrained shear tests be performed using each of " N

several different effective principal stress ratios for consolidation.

However, several simplified procedures have been proposed for estimating 0
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the effects of anisotropic consolidation using the results of

isotropically consolidated-undrained triaxial tests with pore water

pressure measurements. The various simplified procedures are discussed

in detail in Section 4 of this paper.

The undrained shear strength, Tff, to be used in the second stage

of the computations in Lowe and Karafiath's procedure is determined from

the family of envelopes like those shown in Fig. 3.4. In order to

determine the value of T ff both the effective normal stress on the

failure plane at consolidation, 0-fc' and the effective principal stress

ratio at consolidation, -1c/3c' are determined. The effective normal

stress on the failure plane is determined in the same manner as in the

Corps of Engineers' procedure. That is, the total normal force on the

base of each slice, computed from the first-stage stability

computations, is divided by the area of the base of the slice and the

pore water pressure is then subtracted. The effective principal stress-S-

ratio, Kc, is not known and, thus, cannot be determined as easily as the 5.

effective normal stress because only the stresses on the shear plane are

calculated in limit equilibrium analyses. To calculate the effective

principal stress ratio Lowe and Karafiath assumed that the directions of

the principal stresses are the same before drawdown as they would be at

failure. Thus, the effective principal stresses at consolidation act in

the same direction with respect to the shear surface as they would act

if failure would occur (Fig. 3.5). Knowing the effective normal stress

(Of) and shear stress (ifc) on the shear surface at consolidation, i.e.,

before drawdown, then enables the principal stresses to be calculated

(Fig. 3.6). The principal stresses are given by the following:

101c =fc + 7f (tan 0 + cos 3.3fcCos 0'- -
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and,
a + tan3.4

°3c =fc + fc(tan Cos )

The shear stress, Tfc. is the shear stress on the shear plane atfc-?
consolidation and is calculated from the first-stage stability

computations by dividing the shear force on the base of each slice by

the respective area 2 . Once the principal stresses have been calculated

the effective principal stress ratio (K ) is computed and with the
c

effective normal stress on the failure plane at consolidation (fc) also

known the undrained shear strength is determined from the family of

shear strength envelopes. The undrained shear strength, Tff, becomes the

"cohesion" component of shear strength for the second-stage stability

computations and 0 is set equal to zero (c = Tff, 0). Once the shear

strength is determined, the second-stage stability computations are

fundamentally the same as those by any other two-stage analysis

procedure, including the Corps of Engineers procedure.

Some difficulties may be encountered with Lowe and Karafiath's

procedure for soils where an effective cohesion intercept ( ) exists. In

such cases, the maximum effective principal stress ratio associated with

the consolidated-drained (effective stress) envelope is not a constant,

but varies with the effective stress. As the effective stresses decrease

and become small, the effective principal stress ratio at failure first

approaches a value of infinity as 03c approaches zero (Fig. 3.7a) and,

then, the effective principal stress ratio becomes negative, the 7,

2S

2The reader is again referred to Wright (1986b) for the specific
equations used to compute the shear force on the base of slices in the
various limit equilibrium procedures employed in UTEXAS2. 0
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effective principal stress ratio is clearly negative when cft reaches -,

zero (Fig. 3.7b). Any attempt to interpolate shear strength values ."

between strength envelopes corresponding to the maximum effective-

principal stress ratio (Kf), and some lower effective princioal stress

ratio becomes complicated when the value of K becomes very large or
f

negative. In addition to the problems associated with defining Kf for

the failure envelope, either one or both of the effective principal

stresses (at consolidation) which are calculated from Eqs. 3.3 and 3.4

using the stresses computed from the first-stage stability computations

may also become negative. In order to avoid these difficulties several

alternatives exist and one or more may be necessary to overcome these

problems. First, low stresses and potentially negative values of the

corresponding principal stresses calculated from the stability analyses

may be at least partially eliminated by introducing a tension crack into

the stability computations. Secondly, with regard to computing the

effective principal stress ratio associated with the effective stress

failure envelope. Wong, Duncan and Seed (1983), neglected the effective

cohesion intercept and assumed a constant effective principal stress

ratio at failure given by,

K if tan 2 (45 + o/2) 3.5f 3f

In addition the effective cohesion intercept (c) may be neglected

entirely in the stability computations, including the first-stage

computations. This would both eliminate the possibility of 'egati'e

values being computed for the stresses in the first-stage stability

computations and the effective principal stress rat io dsso,-ated vqth

the effective stress failure envelone wou.d te a ,' , ;

%. 0



quantity. None of the alternatives in Lowe and Karafiath's procedure is

ideal nor have any been investigated in sufficient detail at the present

time to warrant recommending one in preference to another. However, the

effective cohesion intercept, c, often has a very important effect on

the computed factor of safety for small slopes and shallow slides, and

the manner in which the effective cohesion is treated may have an

important effect on the computed factors of safety for sudden drawdown.

DISCUSSION

Both two-stage procedures are conceptually similar. Both

involve calculating the effective stresses before drawdown from a set of

stability calculations for the steady seepage condition and, then, using

the stresses to estimate undrained shear strengths at the time of

drawdown. A second set of stability calculations is then performed using

the estimated undrained shear strengths. The only major difference

between the two approaches is in the procedures used to estimate the -

undrained shear strengths. In a broad sense, the Corps of Engineers'

"* procedure represents a conservative, lower-bound approach to the one

suggested by Lowe and Karafiath. However, the use of the R-type failure

envelope in the Corps of Engineers' procedure warrants some further

.- discussion.

R envelope versus -rn line. The R envelope is obtained ny first
S-ff-fc

constructing a series of "Mohr's" circles, where the minor principal

stress represents the minor principal effective stress at the time of

c.nso~ldation (,,3c , and the diameter of the circle represents the

~ principal stress difference at the time of failure ("If 3) as shoNn

in Fig. 3.8. The "Mohr's" circles and corresponding failure enve'ooes

constructed using such circles are referred to in most textbooks and
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much of the literature as "total stress" circles and envelopes,

respectively. However, this nomenclature is not correct inasmuch as the

minor principal stress is the effective stress at the time of

consolidation, while the diameter of the circle represents values at

failure. The stresses being used are not actually total stresses nor do

they occur simultaneously; the stresses are not associated with a given

state of stress. Circles like the ones plotted for the R envelope are

*' only valid Mohr's circles when the stresses occur at the same instant.

The circles would be a valid representation of the total stresses at
A.

failure provided that no back pressure is used in the laboratory test or

no pore pressure exists in the field. This is seldom the case and, thus,

the circles in general are invalid. For the remainder of this paper

circles like the one shown in Fig. 3.8 will be referred to as "circles

of stress," rather than Mohr's circles.

Although the circles of stress on which the R envelope is based

have no fundamental basis, the envelope which is drawn tangent to the

circles may possess close similarity to the line representing the

relationship between Tff and 0 fc for the case of isotropic

consolidation. The similarity can be illustrated by referring to Fig.

3,9. The circle of stress shown is the one normally constructed for

obtaining the R envelope. Line A-A' is drawn tangent to the circle to 0

represent an R envelope (Only one c'rcle is shown for clarity, although

several circles are required to draw the failure envelope). The stresses

on the failure plane at consolidation, Gfc (= a3c in the case of

isotropic consolidation) and the shear stress or' the failure plane at

failure. , are also indicatea in this figure. Fino lly e ine B-B'

ffA,

is s own d rawn Inh ou ghM p o in ts it h P _,)o rdia e I, ,f, a t e

[-'.

'A.l
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seen that the lines A-A' and B-B are similar. In order to examine the

degree to which the two lines are similar to one another a series of

calculations were performed in which the slope and intercept values cr

the R envelope were compared with the corresponding values for the line

representing the relationship between f and f The intercept(

and slope angle (0) for the line representing the relationship between

7 and fc are related to the intercept and slope of the R envelope, c

and R' respectively, and the value of the effective stress friction

angle, I: The intercept, , is given by

7 (intercept) c N, cos P 3.6

and the slope angle, is given b,.
,%1

(slope angle) tar [ ( - 1) cos m] 3.7
2 T

where.

N tan 2 (45 3.8

Values of the intercept arn slope of the ff-fc line are shown for a

relatively wide range 7n ,,a>Les of cRT and T in Table 3.1. The

percentage difference between the intercept of the -ff- fc line, , and

the "cohesion,. c, fcor trie R-e-.e ooe, and the corresponding

differences in the s oLce iges ." and +or the two envelopes are

a so shown. The diffe-,rs sifowr ar-e lcdeoendent c)' the cohesion °.a'ue

and become la'',eg', 2os't',e as te di ,'elce between

the friction angles -. ,i 'r' eases .', 'e,ercPs ) , st .

O)r•ent _ maqn , 'we

s*trengths tran tne %" o ~ i'~c 3e '31
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TABLE 3.1

COMPARISON OF THE SLOPE AND INTERCEPT FOR THE T-- ENVELOPES
WITH THE STRENGTH PARAMETERS FROM THE R ENVELOPE (tC and (p

R an

CC
CRc TR - a R - F "-

R R 0 T0T
(psf) (degs) (degs) (psf) (degs) (%) (%)

50 10 25 54.0 10.8 -7.4 -7.3
300 10 25 324.0 10.8 -7.4 -7.3
700 10 25 756.1 10.8 -7.4 -7.3
1000 10 25 1080.1 10.8 -7.4 -7.3
3000 10 25 3240.3 10.8 -7.4 -7.3

50 20 25 64.7 25.2 -22.7 -20.7
300 20 25 388.3 25.2 -22.7 -20.7
700 20 25 906.0 25.2 -22.7 -20.7
1000 20 25 1294.3 25.2 -22.7 -20.7
3000 20 25 3883.0 25.2 -22.7 -20.7

50 10 35 48.8 9.8 2.4 2.4
300 10 35 292.9 9.8 2.4 2.4
700 10 35 683.4 9.8 2.4 2.4
1000 10 35 976.2 9.8 2.4 2.4
3000 10 35 2928.7 9.8 2.4 2.4

50 20 35 58.5 23.1 -14.5 -13.3
300 20 35 351.0 23.1 -14.5 -13.3
700 20 35 818.9 23.1 -14.5 -13.3

100 20 35 1169.9 23.1 -14.5 -13.3
3000 20 35 3509.6 23.1 -14.5 -13.3

50 30 35 70.9 39.3 -29.5 -23. 7
300 30 35 425.6 39.3 -29.5 -23.7
700 30 35 993.2 39.3 -29.5 -23.7

1000 30 35 1418.8 39.3 -29.5 -23.7
3000 30 35 4256.4 39.3 -29.5 -23.7

50 10 45 42.1 8.5 18.7 18.3
300 10 45 252.8 8.5 18.7 18.3
700 10 45 589.9 8.5 18.7 18.3

1000 10 45 842.7 8.5 18.7 18.3
3000 10 45 2528.1 8.5 18.7 18.3 .

50 20 45 50.5 20.2 -1.0 -0.9
300 20 45 303.0 20.2 -1.0 -0.9
700 20 45 706.9 20.2 -1.0 -0.9
1000 20 45 1009.9 20.2 -1.0 -0.9
-000 20 45 3029.6 20.2 -i.0 -0.9

50 30 45 61.2 35.3 -18.4 -14.9
300 30 45 367.4 35.3 -18.4 -14.9

DC 30 45 857>3 35.3 -i8.4 -i4.9
1.00 30 45 1224.7 35.3 -18.4 -14.9

G0 K 45 674.2 53 -18 4 -14.9

" '.
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envelope will always be more conservative than Lowe and Karafiath's

procedure, which uses the more correct fffc line. The differences

between the two procedures will depend on the values of o ano I as well

as on the effective principal stress ratio (Kc) in the case of Lowe andc

Karafiath's procedure.

It is fortuitous that the R envelope and the line representing the

relationship between f and 0 fc are as similar as they are over a broad

range of values. This close similarity was recognized by Johnson (1974)

and provided a portion of the the rationale for adoption of the R

envelope in the Corps of Engineers' procedure. The numerical comparisons

presented in Table 3.1 suggest that the R envelope should generally lead

to conservative estimates of shear strength relative to the

fundamentally more correct 7ff vs. Ofc relationship, although exceptions

to this are also shown.

R envelope construction. At least two different criteria appear to

be currently used in constructing the R envelope from a series of

consolidated-undrained triaxial shear tests. The first criterion is the

one util':ed above and consists of drawing the failure envelope tangent 0

to the circles of stress as illustrated previously in Fig. 3.8. The

second criterion consists of constructing the envelope by drawinq a line

through points on the circle of stress corresponding to stresses on tre 0

failure plane as shown in Fig. 3.10. The Corps of Engineer's Stabi' ,

Manual suggests that both approaches are used nve',,Des a,'e ,'a r

tangent to the cr,-cles ,j stress *he ;:ase )t "., ~ ." ' .

t )O:jgn points , , icnd'rg t: q -~sse -  *r, .

4-ise o f "compacted" %c ,.- q. ,".. - "11 .-- " .... , 1 1 '..
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stresses on the failure plane. Many textbooks show the R envelope

(consolidated-undrained "total stress envelope") as apparently being

drawn tangent to the circles of stress (e. g. Sowers, 1979; Holtz and

Kovacs, 1981; Terzaghi and Peck, 1967). There does not appear to be an,/

universally accepted procedure for constructing R envelopes and there 0"

probably never will be due to the rather arbitrary nature of the

envelope.

The relationship between the intercepts and slopes of R envelopes

drawn tangent to the circles of stress and drawn through points

corresponding to the stresses on the failures plane can be derived ..

theoretically. The relationship between the "cohesion" intercepts is

given by,

coso cosoR

cRf CR 1 - sins sinoR

where, cRf represents the intercept of the envelope drawn through points..

corresponding to stresses on the failure plane, cR and oR represer, the

intercept and slope, respectively, of the envelope drawn tangent to the

circles of stress, and is the effective stress friction dngle. The 0

relationship between the "friction angles" is given by,

-1 cosc s'lno~
*Rf tan l- si sinR 3.10Ri sin sine R

where, Rf represents the slope of the envelope drawn through points

correspnrding to stresses on the failure plane. Values of cf and fD

are shown in Table 3.2 for a range in values of cR, OR and ¢. The

oercentage differences between the two sets of intercepts (c and cf..

t che two sets of slopes (oR and (pRf) are also shown in this table.

i' 'P eces. expressed as percentages are independent of the
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TABLE 3.2

COMPARISON OF THE SHEAR STRENGTH PARAMETERS FOR R-ENVELOPES DRAWN
TANGENT TO CIRCLES OF STRESS (c , ) AND R-ENVELOPES DRAWN THROUGH
POINTS CORRESPONDING TO STRESSES ON THE FAILURE PLANE (cRf, ORfO

- CRf - CR ORf'- R 4O

CR R 0 CRf Rf CR R

(psf) (degs) (degs) (psf) (degs) (%) (%)

50 10 25 48.2 9.6 -3.8 -3.7
300 10 25 289.0 9.6 -3.8 -3.7
700 10 25 674.3 9.6 -3.8 -3.7
1000 10 25 963.2 9.6 -3.8 -3.7_5
3000 10 25 2889.7 9.6 -3.8 -3.7

50 20 25 49.8 19.9 -0.4 -0.4
300 20 25 298.7 19.9 -0.4 -0.4
700 20 25 696.9 19.9 -0.4 -0.4

1000 20 25 995.6 19.9 -0.4 -0.4
3000 20 25 2986.7 19.9 -0.4 -0.4 -'

50 10 35 44.8 9.0 -11.6 -11.4
300 10 35 268.8 9.0 -11.6 -11.4
700 10 35 627.2 9.0 -11.6 -11.4

1000 10 35 895.9 9.0 -11.6 -11.4
3000 10 35 2687.8 9.0 -11.6 -11.4

50 20 35 47.9 19.2 -4.4 -4.1
300 20 35 287.3 19.2 -4.4 -4.1
700 20 35 670.3 19.2 -4.4 -4.1

1000 20 35 957.6 19.2 -4.4 -4.1
3000 20 35 2872.8 19.2 -4.4 -4.1

50 30 '5 49.7 29.9 -0.5 -0.4
300 30 35 298.4 29.9 -0.5 -0.4
700 30 35 696.3 29.9 -0.5 -0.4

1000 30 35 994.7 29.9 -0.5 -0.4
3000 30 35 2984.0 29.9 -0.5 -0.4

50 10 45 39.7 8.0 -26.0 -25.5
300 10 45 238.2 8.0 -26.0 -25.5
700 10 45 555.7 8.0 -26.0 -25.5 -

1000 10 45 793.8 8.0 -26.0 -25.5
3000 10 45 2381.5 8.0 -26.0 -25.5

50 20 45 43.8 17.7 -14.1 -13.0
300 20 45 262.9 17.7 -14.1 -13.0
700 20 45 613.5 17.7 -14.1 -13.0
1000 20 45 876.4 17.7 -14.1 -13.0
3000 20 45 2629.3 17.7 -14.1 -13.0

50 30 45 47.4 28.7 -5.6 -4.6
300 30 45 284.2 28.7 -5.6 -4.6
700 30 45 663.1 28.7 -5.6 -4.61000 30 45 947.3 28.7 -5.6 -4.6

3000 30 45 2841.9 28.7 -5.6 -4.6
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cohesion values and increase as the difference between the friction

angle from the R envelope, 0R' and the effective stress envelope, ,

increase. Differences of over 25 percent are shown in the extreme case

(0 = 10 degrees, 45 degrees).

Use of an R envelope which is drawn through points on the circles

of stress corresponding to stresses on the failure plane appears to be

unnecessarily conservative in instances when the envelope is to then be

used to represent the relationship between rff and 0 fc" The combined

effect of constructing the R envelope through points representing

stresses on the failure plane and using the envelope to express the

relationship between Tff and ofc will be to underestimate the undrained

shear strength in almost all cases. This underestimate coupled with the

additional conservatism associated with the use of isotropic

consolidation and an envelope representing a minimum of the R-S

strengths appears to excessively compound conservatism.

1-.
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SECTION 4

ESTIMATION OF ACU STRENGTH ENVELOPES FROM ICU TESTS

(Wright)

Lowe and Karafiath's (1960a) procedure employs a series of

envelopes, each envelope corresponding to a particular effective

principal stress ratio at consolidation, Kc (= 0lc/03c). Such envelopes

may be obtained by performing several series of consolidated-undrained

triaxial shear tests employing anistotropic stress for consolidation and

with each series of tests being performed at a selected effective

principal stress ratio. Testing of this type is laborious, expensive and

often the scatter among results at different effective principal stress

ratios leads to considerable uncertainty in the strength envelopes even

after extensive testing has been completed. As an alternative several

procedures have been proposed for estimating the ACU envelopes from the

results of ICU triaxial shear tests. Wong, Duncan and Seed (1983)

examined the available procedures for estimating the strength envelopes

from the results of tests employing isotropic consolidation. They also

compared the differences among the failure envelopes using data obtained

from a series of tests performed on the soil from Hirfanli Dam and

presented by Lowe and Karafiath (1960b).

The various procedures for estimating the undrained shear strength

for anisotropic consolidation from the results of tests employing
"

isotropic consolidation are briefly restated in this chapter. The

appropriate equations used to estimate the failure envelopes for various

values of the effective principal stress ratio for anisotropic

consolidation are included. Most of these equations were originally

82 -.
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presented by Wong, Duncan and Seed (1983). In several cases they

considered the effective cohesion, c, to be zero; in other cases

non-zero cohesion was accounted for. All of the equations presented

herein for the various procedures have been derived for the case where

an effective cohesion value may exist. The equations presented by Wong,

Duncan and Seed also were all based on the assumption that the R

envelope passes through points on the circles of stress corresponding to

stresses on the failure plane rather than being tangent to the circles

of stress. The convention used by Wong, Duncan and Seed has been

retained for this section of the report to permit the work in this

-4..

report to be compared to their earlier work.
-"

Useful insight into the various procedures for estimating failure

envelopes for anisotropic consolidation was gained during this study by

examining the values of Skempton's pore pressure coefficient, Af, which

are implicit in each of the interpolation procedures. In general the

lower the value of the pore pressure coefficient, the higher will be the

value of the corresponding undrained shear strength. The appropriate

equations for computing the pore pressure coefficients were derived in

conjunction with the preparation of the present paper and are also

presented in this section.

Comparisons were made among both the strength envelopes (Tff-df) .

and pore pressure coefficients for the various procedures for several

different soils. These comparisons are presented at the end of this

section.

TAYLOR'S PROCEDURE

Taylor assumed tr'at the effective stress paths for anisotropic

consolidation are coincident with the effective stress paths for

lie "34



isotropic consolidation for the portion of the loading which is

undrained, i. e. after consolidation. Accordingly, the undrained shear

strength obtained with isotropic consolidation will be identical to the

undrained shear strength obtained for any specimen which is consolidated

to an effective stress state existing at any stage in the ICU test.
'A

Tff versus 6fc envelopes.

Points corresponding to the T -0 line for a given anisotropic
fffc

consolidation stress ratio, Kc, are obtained from the effective stress

paths for specimens which were isotropically consolidated by identifying

the points on the stress paths where the effective principal stress

ratio (-1/G 3 ) is equal to the desired stress ratio (Kc). The effective

stresses corresponding to the selected point on the effective stress

path (-3 afc ) are then considered to represent the effective stress at

consolidation for the selected anisotropic consolidation stress ratio;

the shear strength corresponding to the selected stress path from the

isotropically consolidated specimen is then considered to also be the

shear strength for the anisotropically consolidated specimen.

Taylor's procedure formally requires that the actual stress path be 0

used to estimate the strength envelopes. However, if the effective

stress path is assumed to be linear (A is constant during shear) the

envelopes for anisotropic consolidation can be estimated directly from

the R envelope and effective stress shear strength parameters, and .

To estimate the failure envelopes for a linear stress path, the

effective minor principal stress at consolidation corresponding to the

equivalent test with isotropic consolidation must first be found. The

equivalent isotropic consolidation pressure will be termed, 3cI' and

can be computed by solving the following equation:
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d2
d + d (Kc  1)]

(5 3cI +  d 3 3ci
03cI  (3c + (K -)d2 4.1

I + (K l I  + 2
S1 3cI + d3

where, 0 is the effective consolidation pressure for an
'anisotrocally consolidated specimen and,

1
dI  coso(coto - cot ) 4.2

1 co~ctRf

d2 = (ccoto - CRfCotoRf)(cos cotoRf + sin - 1) 4.3

3 cRfCOt Rf

The undrained shear strength, iff, is then computed from the following

equation:

-. ' -3cl tan Rf +cRf

ff - 1 - (1 - sin )tanoRf/Cos$

where 3c is determined by solving Eq. 4.1.
3dl

Pore Pressure Coefficients, Af.

Once the equivalent effective minor principal stress, 03cI' is

calculated for any values of 0 3c (or -fc) and K as described above,c

the corresponding pore pressure coefficient can be calculated from the

following equation, which is obtained for isotropic consolidation:

d2A d + 2 4.6
f3 cI + d 3

The equivalent consolidation pressure, a3cI' is, again, obtained from

the solution to Eq. 4.1.

LOWE AND KARAFIATH'S PROCEDURE

Lowe and Karafiath expressed the pore water pressures at failure by

an equation of the form,

Auf 1l(jalf G a3f) +2
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where 1 and "'2  are pore pressure coefficients I. The pore pressure

coefficients are determined from ICU tests and are related to the R

strength parameters (CRf and oRf) as follows,

1 -
2csdCotRf - cot$) 4.7

12 - (CRf cotORf - Z cot$) 4.8

Lowe and Karafiath assumed that the pore pressure coefficients "q1 and

are the same for isotropic and anisotropic consolidation.

tff versus afc envelopes.

The relationship between the undrained shear strength and the

effective stress on the failure plane at consolidation is given by,
2 0 f c ~

[(K + 1) - (K - 1)sin] + ;[(l + el) cot$] - e2c c 4.9 "
(1 + e1) cot + tan$ c 1

coso

where,

N- K K
1 + sin 1 41

'I I + (K 1 .1

c[cos(- 1 + sin +  2 N 1 1 4.+ 2..

2 1 + (K 1)"

c- -

2

iLowe and Karafiath originally used the designation, Af, for q,"
However, the designation i has been adopted for this paper to avoi.-
confusion with Skempton's pore pressure coefficient, A, A, Aft etc. The
parameter, is not equivalent to any of Skempton's pore pressure
coefficients I"
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Pore Pressure Coefficients, A
• ,,

Pore pressures coefficients are calculated by first calcuianng tne

pore pressure at failure from the following equation:

( N+26/N K04 + .

(.!3
uf 1 - (1 - ),p

The corresponding difference in the principal stress changes, F. i

f' is computed from the following equation:

if -"3f 
= (3c "uf)(N 1) + 2cIN - G3c(Kc -1) 4.14

The pore pressure coefficient is then obtained by dividing the cnange in

pore pressure at failure by the difference in the principal stress

changes as,

AufA = L f - 3 4.15 '''

f 
" 

if A3f

MODIFIED KARAFIATH PROCEDURE

This procedure was suggested by Wong, Duncan and Seed. They assumed

that the relationship between Skempton's pore pressure coefficient A,

and the effective stress on the failure plane at consolidation, ft was

independent of the effective principal stress ratio at consolidation

(K ). Accordingly, the relationship between the pore pressure
c

coefficient and 6f was uniquely defined and could be calculated from
fc

the results of tests performed on isotropically consolidated specimens.
0

T ff versus fc envelopes.
ff I

The following equation has been derived, expressing the

relationship between the undrained shear strength, Tff, and the

effective stress on the failure plane at consolidation,
26fc

[(Kc + 1) - (K c  1)sin ] + ccot(1 + % 2 46

T ff141
1 + Ol cote + tan- co 46
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'

where,

A(N- - K )

S (1 + sino)[1 + A(K 1)]

Ac N [(1 - sino)K + I sine] a,

a2 (1 + sine)[1 + A(K 1)] .18
C

and N- is given by Eq. 4.12.

Pore Pressure Coefficients, Af.

For isotropically consolidated specimens tre pore pressure

coefficient at failure is expressed in terms of the effective

consolidation pressure, 03c' the strength parameters from the R

envelope, cRf and oRf' and the effective stress friction angle, ,, by
d2

A df d 1 + d 4.19
3c + 3

where, dI, d2 and d3 are give by Eqs. 4.2, 4.3 and 4.4, respectively.

Inasmuch as Eq. 4.19 is written for the case of isotropic consoliation.

the consolidation pressure, o3c' is also equal to the effective normal

stress on the failure plane at consolidation. In the case of anisotropic

consolidation Eq. 4.19 is rewritten by replacing the effective stress, "

a3c , by the effective normal stress on the failure plane at

consolidation, -fc" Thus, the expression for Af now becomes,

d2 -

Af :d1 + - 4.20
" ofc +d 3  " i

The effective normal stress on the failure plane at consolidation in Eq.

4.20 can be expressed in terms of the effective minor principal stress

at consolidation (fc) and the effective principal stress ratio at

consolidation by,

0I

.1

..
o 

. . . . . . .



3. c

dfc = c -3C'- c2* " rC'l-

Thus, Eq. 4.20 can .- 3 Jate Af for any values of 3c and .C

SI . DOORANY AND SEED'S STJDY

This approacn v,a igested by Wong, Duncan and Seed. nasea on

earlier work of Noc,', , -ea. The procedure is based on the

assumption that tr.e -, . : Detween the pore water Dressure

coefficient Af ano tre ,. , orma] stress on the failu,-e plane at

consolidation is th.e < a, - . otropic and anisotropic consolidation.

Accordingly, the asurnru -rncoyed in this approach are identical to

those used in the .10  .. at procedure: only the form of tne

algebraic equations ,se..: 'r"oute various quantities are different.

f.versus c'f, envelope-.-ff f

The undrained snea ".,..gtn is computed from:
2afc°S~sr :' -< 1)]

c c
4.22

If I ) s si nf

Ydere. the pore Dress,_;- -et cient. A is obtained from.

cos[ 0 ra':, (,7fCSinc + c cosT) (1-sini) f)0
Af f c2 sin 2 sin(P-

4. 23

Equations 4.22 api . .... extensions to the equations presented

by Wong, Duncan ar:-±'. ide an eflectiv.e cohesion, c. The

undrained shear ste-g r,  I'" . fec. prom Eq. 4.22 is identical to the

undrained shear strgt , .d from Eq. 4.16 although the two

equations appear to o e Si-nat different.

%-'
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Pore Pressjre Coefficients, A

The pore pressure coefficient at failure is computed fom Eq. 4 23.

which was given above. The pore pressure coefficients computed from EQs.

4.20 and 4.23 are identical, although the equations are, again, somewnat

different in algebraic form.

EXTENSION OF H. BENJAMIN'S STUDY

Tnis procedure was also suggested by Wong, Duncan and Seed, and is

based on earlier work by Benjamin (1975). The procedure is based on the

assumption that the ratio of the undrained shear strength (s u) to

effective major principal stress at consolidation ic is the same for

isotropic and anisotropic consolidation.

f versus 2 fc envelopes.

The undrained shear strength is related to the effective stress on

the failure plane at consolidation by the equation,

2 K tanoRf
cf +Rff

cK

[(K + 1) - (K - 1)sin ]
c c 4.24

[I - cot(45 * 2)tanoRf]

Pore Pressure Coefficients, Af.'

Tte pore pressure copfficient. Af is computed by first computing

the change in pore pressure at failure from the following eouation:

2 ff
,u + ,3ci - (N- 1) L- cv 4.25

f 3c( 0 N 1 coso

The corresponding difference in the principal stress changes. :clf ;
I , -

Ao3f' s computed using the following equation: 0

ff/ 3c 2 6
if - r3 f - 3c [  cos (Kc - 1)] 4.26

0

%0
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-4

Finally, the pore pressure coefficient is computed by dividing tre
4%

change in pore pressure at failure by the difference in the principal

stress changes as,

A 4.27
i..lf °3f

LINEAR INTERPOLATION PROCEDURE

The linear interpolation procedure consists of interpolating

linearly between the n lines for isotropic consolidation (Kc  ,

1.0) and for anisotropic consolidation with Kc Kf The envelope

, corresponding to anisotropic consolidation with Kc =Kf is identical to

the effective stress failure envelope determined from

consolidated-drained shear tests and can be determined either from

consolidated-drained tests or isotropically consolidated-undrained shear

tests with pore pressure measurements.

ff versus fc envelopes.

Lines corresponding to intermediate consolidation stress ratios

between unity and the value at failure are obtained by linearly

interpolating between the lines of f versus -o- obtained for isotropic S
'ff fc

consolidation (Kc 1.0) and for the maximum permissible effective

principal stress ratio, i. e. the .alue, Kf, at failure in a
f,

consolidated-drained shear test. Tre line representing the relationship

between T and fc for isotropic consolidation is represented by the

equation,

c + tan~ S
( fc Rf 4.28ff I - ( sin )tano f/coso ''

% V

.
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The line representing the relationship between T and C for
,-fc

anisotropic consolidation is simply the effective stress failure

envelope, i. e.

+ff C ± f tan 4.29

The maximum effective principal stress ratio for the effective stress

failure envelope is related to the effective stress shear strength

parameters and the effective normal stress on the failure plane at

failure, 0fc (or at consolidation since 0 fc = 
Off) by the expression,

K [(Kc + 1) - (K c -. 1)sin ] _

f a (5+i + fctan(45 + 4.30Kf 2.30

Thus, if the effective stress cohesion value, c, is not zero, the

maximum value of the effective principal stress ratio (Kf) actua ly

varies with the effective normal stress on the failure plane. This

complicates linear interpolation in that a value of Kf must be

calculated each time an 'iterpolation is performed depending on the

value of the effective normal stress on the failure plane. Duncan Wong

and Seed avoided this problem in at least one instance where the

effective cohesion was not zero by ignoring the cohesion and computing

the effective principal stress ratio at failure from the expression.

Kf = tan 2 (45 +

By neglecting the cohesion value in computing Kf a slight. ,

estimate is made of the shear strength in the linear iiter "

Pore Pressure Coefficients, Af.

Pore pressure coeffirients are calculated t, '

pore pressure at failure from the following:

• 
2 Tff

• - - 26/"N -
AU cost
f 3c (N- 1)
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where T is computed by linear interpolation and corresponds to the

value of -3c in this equation. (Note: the relationship between &3c and

0fc in Eq. 4.32 is given by Eq. 4.21). The difference in the principal

stress changes is computed from,

Aif - A3fcos 3c (Kc - 1) 4.33

Finally, the pore pressure coefficient, Af, is computed from, N

A=f A f 4.34
if 3f~

COMPARISON OF PROCEDURES

Undrained strength envelopes in the form of lines representing the

relationship between Tff and -fc were computed using the equations

presented above for several different soils. The corresponding

relationships between the pore pressure coefficient, Af and 3 fc were

also computed and compared.

Pilarcitos Dam Soil

Wong, Duncan and Seed presented shear strength envelopes for sandy

clay material from the upstream slope of Pilarcitos Dam. The shear

strength envelopes (R and S) for this soil were curved and several sets

of strength parameters were reported, depending on the range in stress

over which the failure envelopes were drawn. For low stresses (0-10 psi)

the following values were reported:

Effective stress envelope:

0, = = 45 degrees

R envelope:

cRf 60 psf, ¢Rf 23 degrees

93

.. . . . , . . . . -. , .. .



Jp W6

The first set of comparative calculations was performed using these data

from Wong, Duncan and Seed.

iff versus 0 fc envelopes. Envelopes for anisotropic consolidation

stress ratios, Kc9 of 1, 2, 3, 4, 5, and 5.83 (= Kf) are shown in Figs.

4.1 through 4.6, for Taylor's procedure, Lowe and Karafiath's procedure,

the Modified Karafiath procedure, the Extension of Noorany and Seed, the

Extension of Benjamin, and the linear interpolation procedure,

respectively.

Af versus 0 fc" The variations in the pore pressures coefficients,

Af, with the effective normal stress on the failure plane at

consolidation are shown in Figs. 4.7 through 4.12, for Taylor's

procedures, Lowe and Karafiath's procedure, the Modified Karafiath

procedure, the Extension of Noorany and Seed, the Extension of Benjamin,

and the linear interpolation procedures, respectively. The relationships

are again shown for consolidation stress ratios of 1, 2, 3, 4, 5 and

5.83.

Other soils.

V7-iations in f and Af with 0 fc were also calculated for three

additional sets (Set Nos. 2, 3 and 4) of soil properties. Data for Set

No. 2 were obtained from Wong, Duncan and Seed and were based on data 4.

for a brown sandy clay from a dam site in Rio Blanco, Colorado. Data for

Set No. 3 represent the values obtained from the Pilarcitos Dam referred

to above for a range in stress form 0 to 100 psi. The final set, Set No.

4, of data were estimated based on data for Hirfanli Dam presented by

Lowe and Karafiath (1960b). Data for the three additional sets as well

as the set used previously are summarized in Table 4.1.
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TABLE 4.1

SUMMARY OF FOUR SETS OF SOIL PROPERTIES USED TO
SPROCEDURES FOR ESTIMATING SHEAR STRENGTH

ENVELOPES FOR ANISOTROPIC CONSOLIDATION

Property Set cR OR Kc

(psf) (degs) (psf) (degs) '.

1 60 23 0 45 3.41

2 700 15 200 31 2.06

3 300 15.5 0 34 2.27

4 1400 22.5 0 35 2.35

"10

p.

"p

-p.

.

".

- °

I07 p



Values of undrained shear strength and pore pressure coefficients

were computed for each of the sets of soil properties for a single

anisotropic consolidation stress ratio. The stress ratio was computed as

the average of the value at failure (Kf) and unity, i. e.

Kf + 1
K f- 4.35c 2

The stress ratio (K ) is shown in Table 4.1 for each set of data. The
c

effective stresses, ofc, used for computations with each set of data

ranged from zero to values approximately two-to-three times the

effective stress at the point where the R and S envelopes intersect.

This range was judged to be the range of principal interest and was I

selected accordingly.

f versus i5 envelopes. Envelopes are shown in Figs. 4.13 through

4.16, for soil property Sets 1 through 4, respectively. For each set of

properties envelopes are shown for the six procedures discussed:

Taylor's procedures, Lowe and Karafiath's procedure, the Modified

Karafiath procedure, the Extension of Noorany and Seed, the Extension of

Benjamin, and the linear interpolation procedures.

f versus &fc. Corresponding variations in the pore pressure

coefficients, Af, with the effective normal stress on the failure plane

at consolidation are shown in Figs. 4.17 through 4.20, for the four sets

of soil properties.

Discussion.

Several consistent patterns exist in the failure envelopes shown in

Figs. 4.13 through 4.16. Lowe and Karafiath's procedure and the

extension of Benjamin's work appear to consistently overestimate the

shear strength relative to what is found by the other procedures.
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I ,9,

Taylor's procedure suggests higher strength at low effective stress as

compared to the Modified Karafiath procedure, the Extension of Noorany

and Seed, and the linear interpolation procedures. However, the nigner

strength estimated using Taylor's procedure in the cases illustrated may

result from the assumption of a linear stress path. The assumption of a

linear stress path was made for the present study to simplify the

calculations and because in most cases actual effective stress path data

were not readily available. Wong, Duncan and Seed did not observe the

higher strengths at low effective stresses with Taylor's procedure when

they used actual effective stress paths for the soil (from Hirfanli Dam)

which they examined. Taylor's procedure, the Modified Karafiath

procedure, the Extension of Noorany and Seed, and the linear

interpolation procedures all produced essentially identical envelopes at

the higher stresses for all four sets of soil properties considered.

This is substantially in agreement with the findings of Wong, Duncan and

Seed for the soil from Hirfanli Dam.

The pore pressure coefficients shown in Figs. 4.17 through 4.20

also show patterns similar to those observed for the failure envelopes.

As expected, Lowe and Karafiath's procedure and the Extension of

Benjamin produce lower pore pressure coefficients, which is consistent

with the higher strengths produced by these procedures. The pore

pressure coefficients calculated using Taylor's procedure, the Modified

Karafiath procedure, the Extension of Noorany and Seed, and the linear
I0

interpolation procedures are all similar. The deviations observed in the

failure envelopes with Taylor's procedure at low stresses are much less

obvious when the pore pressure coefficients are examined and reflect the
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sensitivity of the shear strenith to small differences in pore pressure

coefficient at low stress.

Comparison of the strength envelopes and pore pressure coefficients

with measured values for tests where anisotropic consolidation is used

would be very helpful in establishing the validity of the various

procedures. There are probably sufficient data already in the literature

to permit at least some such comparisons to be made; however, additional

testing would also be useful. Laboratory tests where anisotropic

consolidation is employed typically show sufficient scatter to make it

difficult to differentiate between results for one effective principal

stress ratio and another. The existence of such scatter probably

justifies such approximate procedures as those discussed in this

section. However, in order to verify the procedures much more accurate

data are required than are often obtained in routine testing. The

additional effort required to develop such information is needed to

verify the approximate procedures.

Regardless of the validity of the various procedures for estimating

the effects of anisotropic consolidation, the results for even the case

of isotropic consolidation illustrate the significant variation in the

*r pore pressure coefficient, Af, with consolidation pressure. Procedures,

like Bishop's and Morgenstern's effective stress procedure, which are

based on the assumption of a constant value for the pore pressure

coefficient, clearly must be considered as approximate procedures. The

data for all four soils considered show that the pore pressure

coefficient is actually negative at low stresses and increases to

positive values as the confining pressure increases. Although Bishop's

and M,rgenstern's procedure employs conservative, positive values, and,
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thus, could be considered "~safe", the possibility exists that the

procedure is excessively conservative in at least some cases.
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SECTION 5

AN ALTERNATE APPROACH FOR SUDDEN DRAWDOWN 
"o

(Wright)

The effective stress approach first suggested by Bishop (1954) and

later employed by Morgenstern (1963) is attractive for several

fundamental reasons: First, the procedure is based on effective

stresses. Accordingly, the shear strength parameters are based on

effective stresses and can be obtained from test results obtained
a,,

employing either consolidated-drained procedures or

consolidated-undrained procedures with pore pressure measurements. The

effective stress shear strength parameters are generally much less
'-

sensitive to effects of sample disturbance and compaction conditions

(dry density, water content, compaction method, etc.), than the strength

parameters for either the R-envelope or Tff versus -fc relationships.

Secondly, Bishop's and Morgenstern's procedure is based on the use of

pore water pressures which have a rational fundamental basis and, at

least conceptually, reflect the tendency of soil to change volume and

develop changes in pore water pressures during undrained shear. Most of

the other procedures for estimating pore water pressures do not reflect

the fact that pore water pressures may change due to induced shear

stresses during drawdown.

The principal limitations of Bishop's and Morgenstern's procedure

result from the assumptions which are made to make the procedure simple.

First, a single value of unity is adopted for the pore pressure

parameter, B. This implies either that A and the ratio of the total

principal stress changes A 1/Aa 3 are both constant and independent of

120
"-I

--. . . . . . . ... " S



soil type, or these two quantities vary in such a way that B is equal to

unity. The second limitation of Bishop's and Morgenstern's procedure is

associated with the assumption that the major principal stress change is

equal to the change in vertical stress at the surface of the slope. As

discussed earlier in Section 2 this assumption is clearly not valid near

the face of the slope.

In order to eliminate some of the limitations imposed by the

assumptions in Bishop's and Morgenstern's procedure (B = 1.0, Aoa = Aa V)

and to investigate the significance of these assumptions an alternate

procedure has been established and used as part of the current study.

The alternate procedure employs the finite element method to calculate

the change in stress in the slope due to drawdown. The changes in stress

are then used with appropriate values for the pore pressure coefficients

(A and B) to compute the changes in pore water pressure caused by the

drawdown. Finally, the changes in pore water pressure are added to the

pore water pressures before drawdown to arrive at final values of pore

water pressures after drawdown.

VALIDITY OF SKEMPTON'S PORE PRESSURE EQUATION

A fundamental hypothesis of Bishop's and Morgenstern's procedure,

as well as the alternative procedure described herein, is that

Skempton's (1954) equation and pore pressure coefficients are valid for

computing changes in pore water pressures due to sudden drawdown. Before

proceeding further with the discussion of the alternative procedure it

is appropriate to first examine the validity of Skempton's equation.

Skempton's equation can be written as,

Au BAa + A ( - 3 5.1
3 1 c 3)
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where, Au is the change in pore water pressure, Au1 and AC3 , are the

major and minor principal stress changes, respectively, and A and B are

pore pressure coefficients. Equation 5.1 is based on the assumption that

the change in pore water pressure is independent of changes in the
'S

intermediate principal stress, a 2 . Henkel (1960) and others (e. g.

Perloff and Baron, 1976) have proposed that changes in pore water

pressure are affected by changes in the intermediate principal stress.

To account for the effects of the intermediate change in principal

stress the following equation for changes in pore water pressure has

been proposed:

AcI + AC + Ac
AU 1 3 + a (Aa1  A 2)2 + (c 2 A 3 ) + (Ac 3  AC) 1)"2

5.2

where Acl, Ac2 and Ac3 represent the major, intermediate and minor

principal stress changes, respectively1 .

Equations 5.1 and 5.2 are fundamentally different equations and

different values will be predicted for changes in pore pressure

depending on the loading path2 . For example, if the pore pressure

coefficients (A and a) are determined from tests with one loading path,

e.g. triaxial compression, and then used in the respective equations

(5.1 and 5.2) to predict the pore pressure changes for a different

loading path, e. g. triaxial extension or some form of plane strain

1Equation 5.2 is written in the form for a saturated soil; a
different form is required for partly saturated soils.

2 1n this case "loading" path includes the orientation of the
principal stresses at consolidation, the orientation of the principal
stress changes, the intermediate principal stress, and the deformation
conditions (plane strain, triaxial, etc.)
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deformation, different pore pressures will be predicted, deperding on 4..

which of the two equations is used. The problem of predicting ore

pressures and establishing the validity of Eqs. 5.1 or 5.2 is

complicated by the fact that the pore pressure coefficients themselves

may vary with the loading path due to inherent material anisotropy. For

example, Duncan and Seed (1966) reported values of Af of 1.12 for plane

strain tests in which the principal stress at failure was vertical and

0.70 for plane strain tests in which the major principal st,- ss at

failure was horizontal. Such variations in the pore pressure J-

coefficients themselves make it very difficult to verify that either Eq.

5.1 or 5.2 is fundamentally more correct. However, in the present case

where the interest lies in predicting pore water pressures rue to sudden

drawdown the problem is somewhat simpler: The purpose of using either

Eq. 5.1 or 5.2 and the associated pore pressure coefficients is to

estimate changes in pore pressure using a single value for the pore

pressure coefficient, A or a, regardless of the orientatior of the

principal stress changes. Accordingly, the most suitable equation (5.1

or 5.2) is the one which produces a pore pressure coefficient that is

-. relatively independent of the loading path. The pore pressure

coefficient which is the more unique in value for different loading

paths reflects the more valid pore pressure coefficient for the present

purposes.

Van Saun (1985) examined values of the pore pressure coefficients

(A and a) measured for different loading paths from laboratcy test data

for approximately 20 soils. In each case both triaxial compr-ssion and

9 extension tests were performed on specimens at comparable corsolidation

pressures and overconsolidation ratios. The soils for which Cata were

4 .
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examined encompassed undisturbed specimens, compacted specimens and

specimens reconstituted and consolidated from a slurry. Specimens ranged

from normally consolidated to specimens with overconsolidation ratios of

24. Effective consolidation pressures (aic) ranged from 5 to 120 psi.

The values of Skempton's pore pressure coefficient, A, based on these

test data for triaxial extension tests are plotted versus the

corresponding values for the compression tests in Fig. 5.1. A line is

drawn to represent the line of equality for the two sets (compression,

extension) of test values. A similar plot for the other pore pressure

coefficient (a) is shown in Fig. 5.2. The actual values shown in Fig.

5.2 have been multiplied by the square root of 2; in the case of

triaxial shear where two of the principal stress changes are always

equal Eq. 5.2 becomes:

AoA + av'2 (Aoi - AO3 ) 5.3

where,

AO 1(AG + Ao + Ao3 ) 5.4

The quantity a,,2, thus appears as a coefficient analogous to the

coefficient A in Eq. 5.1.

Examination of the data presented in Figs. 5.1 and 5.2 reveals that

neither A nor a are unique for compression and extension nor does one

set of coefficients appear to be more unique than the other. However, at

the same time both coefficients are reasonably similar for the two

*loading paths (triaxial compression, triaxial extension) represented by

the data in Figs. 5.1 and 5.2. The average difference between the pore

pressure coefficient Af for compression and extension tests is 0.16: the

higher values generally being measured in extension tests. The average %

difference between the quantity a,2 for compression and extension tests

1?4
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is 0.17; the higher values generally being measured in compression

tests. For practical purposes and based on the data summarized in Figs.

5.1 and 5.2, Eqs. 5.1 and 5.2 and their associated pore pressure

coefficients appear to be equally suited for use in predicting pore

water pressure due to sudden drawdown.

Although it would have been useful to examine similar types of data

to those presented in Figs. 5.1 and 5.2 for the case of plane strain,

such data are very limited and usually the intermediate principal stress

is not known. The intermediate principal stress would have to be

estimated to calculate the pore pressure coefficient, a, from Eq. 5.2.

Skempton's equation (Eq. 5.1) was selected for computing changes in

pore pressure in the present study because of the apparently wider use

of and experience with the equation and the past history of use of

Skempton's pore pressure coefficients for sudden drawdown. The data

shown in Figs. 5.1 and 5.2 suggest that Eq. 5.2 and the pore pressure

coefficient, a, also could have been used with probably equal validity.

FINITE ELEMENT COMPUTATIONS

In the alternative procedure developed herein the change in stress

due to drawdown is computed first by applying loads (stresses) at the

face of the slope to represent the changes in stress caused by lowering

the adjacent water level. Changes in stress are applied as "tensile" S

stresses acting away from the face of the slope to represent the

unloading (Fig. 5.3). For the present study all computations were

performed assuming linear elasticity and using a constant value for the
.5.

soil modulus (Young's modulus). The actual value of modulus was

immaterial inasmuch as only stresses were of interest; computed
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displacements were ignored. Poisson's ratio was assumed to be 0.49 to

approximate undrained loading (zero volume change).

A finite element computer program employing the "QM5" isoparametric

quadrilateral element developed by Doherty, Wilson and Taylor (1969) was

used to compute the changes in stress. Changes in stress were calculated

at the centroids of each element and, accordingly the pore pressures -+

which were subsequently calculated were calculated at the centroids of

each element.

PORE PRESSURE COEFFICIENTS

Pore pressure coefficients were assumed to vary within the slope,

depending on the effective stresses which existed just prior to

drawdown. Pore pressure coefficients were computed at points

corresponding to the location of the centroid of each of the finite

elements which were used to compute changes in stress. Pore pressure

coefficients were computed using Taylor's procedure which was described

in Section 4 of this paper. A linear effective stress path was assumed.

Thus, the pore pressure coefficient, A, could be related to the strength

parameters from the R envelope (cR and R) , the effective stress S

friction angle, , and the state of stress (e. g. 03c and K ). For
3c c

purposes of computing pore pressure coefficients the strength parameters

associated with the R envelope were considered to be those for an R -

envelope which is drawn tangent to the circles of stress, rather than

through the points corresponding to stresses on the failure plane.

Accordingly, the equations and procedures used to compute the pore

pressure coefficient were different from those presented in Section 4

for Taylor's procedure, which were based on an envelope drawn through

points corresponding to stresses on the failure plane.
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To compute the pore pressure coefficient T for a given effective

principal stress ratio at consolidation (K ) and effective minor
c

principal stress ( 3c) an equivalent effective minor principal stress,

03cl, for the corresponding stress path for isotropic consolidation is

found first. The equivalent effective minor principal stress is

determined by solving the following equation:I-

+ 3 cidl + d2  3c (Kc 5.5
3 3c OR 3 d3 + d4  .d. +dc 1+ (K - 1) 3cl 2

C RId 3 + d4

where,

d = N- - N 5.6

d2 = 2(c - cR N) 5.7

d (N - 1)(N - 1) 5.8

3

d4  (N¢ 1) 2cR  N, 5.9 ,a.

and.

N- tan (45 + ) 5.10

2 R
N¢ :tan (45 + -) 5.11

Once the equivalent effective minor principal stress is calculated, the

corresponding pore pressure coefficient is calculated from the following

equation, which is obtained for isotropic consolidation:

3ci d  I d 2 ""Af = 5.1A d3cd +d 5.12
R 3

The minor principal stress ('J3c) and the effective principal stress

ratio for consolidation (K ), which are used to compute the pore
C

pressure coefficients, were estimated for the present study as follows:

The effective vertical stress was calculated first assuming no head

losses in the upstream slope: total unit weights were used above the
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initial (pre-drawdown) water level and submerged unit weights were used

below the water level. The effective vertical stress was assumed to be

the major principal stress. The effective minor principal stress was

calculated assuming that the effective principal stress ratio at 1

consolidation was equal to the average of the value of the effective

principal stress ratio at failure (Kf) and a value of unity, i. e.

v 
51

0 3c K 5.13
c

where, - represents the effective vertical stress and,v

(1 + Kf)
.K -5.14

c 2

PORE PRESSURE COMPUTATIONS

Once the changes in stress and the pore pressure coefficients were

determined for the center of each element, changes in pore water

pressure were calculated from Skempton's equation:

Au = BA 3 + A(Ac I - A03 ) 5.15

where Ac1 and Ac3 are principal stress changes calculated by the finite

element method, A represents the pore pressure coefficient determined in

the manner described above, and B was assumed to be equal to unity

(assuming a saturated soil). The initial pore water pressures, u

before drawdown were calculated assuming a horizontal water surface in

the slope with no head losses. Thus,

=YZ 5.16

where z is the distance from the free water surface to the centroid of
w

the element. Finally, the jore pressures after drawdown, u1 . were

calculated from,

+ .U U 0+o

1 10



STABILITY COMPUTATIONS

Stability computations were performed using the pore pressures at

the centroids of each finite element to interpolate values along the

shear surface. The computer program, UTEXAS2, was used for the

computations and includes provisions for automatically performing the

required interpolation (Wright, 1986a). Thus, once pore pressures were

determined at the centroids of the finite elements all additional

computations were performed using the existing computer program for

slope stability analyses.

SUMMARY

The finite element based procedure described in this section

includes several potential improvements over previous procedures. The

procedure accounts for the variation in the pore pressure coefficient,

A, with effective consolidation pressures and employs rational

procedures for estimating the changes in total stress in the slope

caused by drawdown. A number of assumptions are also made in the

procedure:

1. The soil is linearly elastic and has a constant modulus.

2. Poisson's ratio is constant and equal to 0.49.

3. Skempton's pore pressure coefficients are valid for computing

changes in pore water pressure.

4. The major principal stress before drawdown is equal to the

effective vertical overburden pressure (-z, y'z).

5. The effective principal stress ratio for consolidation (before

drawdown) is exactly midway between a value of unity and the value
%:

at failure (Eq. 5.14).

13?



6. Taylor's procedure is valid for estimating the undrained shear

strengths and corresponding pore pressure coefficients for

anisotropic consolidation using results from tests with isotropic

consolidation.

7. There is no head loss before drawdown; the pore pressures are

governed by a horizontal piezometric surface at the adjacent free

water level.

A number of parametric studies were performed using the finite

element-based procedure for comparison with the results obtained by

other procedures. The results obtained with this procedure are compared

,, with the results from other procedures in the next section of this

paper.

a .
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SECTION 6

COMPARATIVE EXAMPLES AND CALCULATIONS

(Wright)

.

Three series of example problems were selected for comparative

studies employing the various procedures described in the preceding

sections of this paper. The first series of examples was selected and

used for comparison of the effective stress procedures. This series was

entirely hypothetical and selected for comparative purposes only. The

second series of examples was based on the Pilarcitos Dam. Pilarcitos

Dam experienced a slide due to sudden drawdown and, thus, the actual

factor of safety could be assumed to be close to unity. The third series

of examples was selected and used to examine both the effective stress

analysis procedures and the two-stage analysis procedures. The third

series of examples is also hypothetical, although the strength

properties are based on actual data from embankment dams.

EFFECTIVE STRESS PROCEDURES

The first series of examples selected for effective stress

calculations are identical to a series of examples examined by Wong,

Duncan and Seed (1983). A slope height of 100 feet and side slopes of

1.5:1 (horizontal:vertical) and 3.5:1 were used. The water level before

drawdown was assumed to be at the crest of the slope; drawdown levels

(L) of 35, 70 and 100 percent of the initial water level (H) were

considered. Effective stress shear strength parameters were selected to 'S

correspond to values of the dimensionless parameter, \ (z yHtano/c) of
coS

5, 10 and 50. Pertinent data for these examples are shown in Fig. 6.1
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Two effective stress procedures were used. The first was Bishop's

and Morgenstern's procedure. In this case pore water pressures were

represented by a piezometric line coincident with the face of the slope

above the reservoir level, and coincident with the reservoir surface

below the reservoir level (Fig. 6.2); the reservoir level represents the

reservoir level after drawdown. The second effective stress procedure

was based on pore water pressures obtained by solving the governing .

differential equation for steady-state seepage (Eq. 2.27). A finite

element procedure was used to obtain the solution. The finite element

procedure consisted of first locating the phreatic surface for steady

seepage before drawdown using Neuman and Witherspoon's (1970) procedure

where the finite element mesh is successively adjusted until the

boundary conditions along the free surface (zero pressure; no flow) are

satisfied (Fig. 6.3a). Once the free surface was located, the boundary

conditions along the free surface were set to zero pressure and the

heads along the upstream slope were set equal to the values after

drawdown (Fig. 6.3b). New heads and pore water pressures were then

computed. The new heads were used to calculate the pore water pressures

after drawdown. This approach is essentially identical to the approaches

Cedergren (1948, 1967) used with flow nets and Desai (1972, 1977)

employed with the finite element method. However, in the present case

drawdown was assumed to be instantaneous and, thus, partial drainage was

not considered.

Factors of safety were calculated using the computer program,

UTEXAS2 (Wright, 1986a), and assuming circular shear surfaces. The

factors of safety are summarized in Table 6.1. The ratio of the factor

of safety computed using pore pressures derived from the steady-state
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seepage solution to the factor of safety computed using pore pressures

obtained by Bishop's and Morgenstern's procedure is also shown in this

table. In all cases the factors of safety computed using the pore water

pressures from the steady-state flow solution are higher than those

computed using Bishop's and Morgenstern's approach. The differences

between the factors of safety computed by the two approaches generally

de(-eases as the slope angle decreases (slope ratio increases) and as

the value of X c decreases. The largest difference is approximately 29

percent (1.5:1 slope, Aco = 50), while the smallest difference is only

approximately 4 percent (3.5:1 slope, X = 5). These differences are

remarkably small considering the very different bases of the two

approaches.

The differences between factors of safety computed using pore

pressures obtained by Bishop's and Morgenstern's procedure and the

steady-state flow solution may in some cases be much larger than those

summarized in Table 6.1. In the preceding c,culations the slope was

assumed to be homogeneous and to rest on an impervious foundation as

shown in Fig. 6.4a. If instead the slope rests on a pervious foundation, .

a significant downward flow would have been predicted with an attendant

significant reduction in pore water pressures (Fig. 6.4b). Adams (1982)

showed a similar effect may even occur for an impervious foundation in -

the case of sloping core dams. He showed that for the Lokvarka Dam (Fig

6.5) the flow is predominately vertically downward except at the base of

the core. This resulted in nearly horizontal equiootential lines

throughout most of the core (Fig. 6.6). Such horizontal equipotential

lines correspond to zero pore water pressure. Consequently, the factors

of safety computed in this case (Lokvarka Dam) using pore pressures
.
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TABLE 6.1

% SUMMARY OF FACTORS OF SAFETY CALCULATED BY EFFECTIVE STRESS
METHODS FOR SELECTED EXAMPLES

F(Steady Seepage)..-

Slope Drawdown F(Bishop/ F(Steady t Se
Ratio X (percent) Morgenstern) Seepage) F(Bishop/Morgenstern)

co'

1.5:1 5 35 2.014 2.232 1.108

1.5:1 10 35 1.408 1.584 1.125

1.5:1 50 35 0.715 0.895 1.252

1.5:1 5 70 1.522 1.732 1.138

* 1.5:1 10 70 1.037 1.213 1.170

1.5:1 50 70 0.544 0.685 1.259

1.5.1 5 100 1.397 1.610 1.152

1.5:1 10 100 0.933 1.116 1.196

1.5:1 50 100 0.484 0.620 1.281

3.5:1 5 35 3.395 3.525 1.038

* 3.5:1 10 35 2.508 2.630 1.049

" 3.5:1 50 35 1.457 .

3.5:1 5 70 2.617 2.720 1.039

3.5:1 10 70 1.918 2.003 1.044

3.5:1 50 70 1.261 1.327 1.052 "S

3.5:1 5 100 2.551 2.659 1.042

*3.5:1 10 100 1.842 1.928 1.047

3.5:1 50 100 1.200 1.253 1.044

1
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based on the steady-state flow equation would be expected to be much

higher than those based on Bishop's and Morgenstern's procedure.

Bishop's and Morgenstern's procedure is equivalent to assuming that the

flow is horizontal toward the face of the slope and, thus, the .

equipotential lines are vertical.

ANALYSES FOR PILARCITOS DAM

Pilarcitos Dam was examined previously by Wong, Duncan and Seed

(1983). They provide the following description:

"Pilarcitos Dam is a homogeneous rolled earthfill embankment.

The crest of the dam is about 78 feet above the upstream toe. The

upstream toe has a gradient of 2-1/2 to 1 for the lower 58 ft. (i.

e. to El. 678), and a 3 to 1 slope from this point to the crest

(El. 698). The water level was lowered from El. 692 to El. 657

between October 7 and November 19, 1969, at which time a drawdown

slide occurred."

A cross-section of the embankment is shown in Fig. 6.7. The embankment

was considered to have a total unit weight of 135 pcf. Effective stress

shear strength parameters for the fill were: c = 0, 45 degrees.

Strength parameters for the R envelope were given as: cR = 60 psf, DR

23 degrees. Although the information was not given, the R envelope was

assumed to have been constructed to be tangent to the circles of stress, -,

i.e. c = cR, rather than cRf, and = R' rather than 0Rf

Factors of safety were computed for the Pilarcitos Dam using the

following procedures:

1. Bishop's and Morgenstern's procedure.

2. Th effective stress procedure described in Section 5: Stresses

caused by drawdown were calculated by the finite element method and
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pore water pressure coefficients were used to compute the

corresponding changes in pore pressure. This procedure is

designated as the "Finite Element - A" procedure.

3. The Corps of Engineer's two-stage analysis procedure employing

," the bilinear (composite R-S) strength envelope.

4. Lowe and Karafiath's procedure; linear interpolation was used,

as described in Section 4, to estimate the strength envelopes for

values of Kc between unity and the value at failure (Kf).

5. A two-stage analysis procedure employing a single Tff versus Cfc

relationship based on an effective principal stress ratio of 2 for

consolidation. The single envelope was estimated using linear

interpolation.

The fifth procedure employing a single envelope to describe the

relationship between Tff and 0fc was suggested by Wong, Duncan and Seed

(1983) as an approximate way of accounting for the effects of

anisotropic consolidation and as an alternative to Lowe and Karafiath's

more rigorous approach. Wong, Duncan and Seed found the approach

produced reasonable results and, accordingly, the procedure was examined 0

as part of the current studies.

Values of the factors of safety are summarized in Table 6.2. The

critical shear surface (circle) for Bishop's and Morgenstern's procedure

was very shallow, corresponding essentially to a plane coincident with

the face of the slope. The corresponding critical circles for the

remaining four procedures listed above are shown in respective order in

Figs. 6.8 through 6.11. The factors of safety computed by all five

procedures were within approximately 15 percent of unity. which would in

most cases be considered sufficiently close to unity to indicate
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TABLE 6.2

SUMMARY OF FACTORS OF SAFETY FOR PILARCITOS DAM
CALCULATED BY VARIOUS PROCEDURES

Procedure Factor of Safety

Bishop's and Morgenstern's 1.160

Finite Element - A 1.117

Corps of Engineers 0.838

Lowe and Karafiath 1.137

Two-stage with single 1.097
Tff -c envelope (Kc  2)

-f.1
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failure. The second, forth and fifth of the five procedures listed above

produced factors of safety that were in agreement within 2 percent of

one another. Such close agreement (2 percent) is encouraging in that the

second procedure is an effective stress procedure, while the fourth and

fifth procedures are two-stage procedures where the factor of safety

after drawdown is actually computed using total stresses and undrained

shear strengths. However, all three approaches should reflect the

effects of the pore pressures generated by undrained shear during

drawdown and the fact that the pore pressure coefficient (A) varies with

the effective consolidation pressure Accordingly, such close agreement

is not surprising.

The factors of safety calculated by the second, fourth and fifth

procedures are in close agreement but slightly higher than unity, while

the factor of safety calculated by the Corps of Engineer's procedure is

somewhat less than unity. The relationship between the factors of safety

calculated by these various procedures and a value of unity is as

expected: The Corps of Engineers procedure essentially takes a

lower-bound, conservative approach for defining shear strengths and

effectively ignores higher strengths which would develop at low stresses

due to dilatancy. The other approaches (FEM-A, Lowe and Karafiath, and

Single Tff-Ofc envelope) on the oLner hand are based on the assumption

Although the pore pressure coefficient is not explicitly
considered in the two-stage analysis procedures, the pore pressure
coefficients are explicitly expressed. For a given set of effective
stress strength parameters (c and o) and undrained strength envelope
(Tff-af_ line or cof and tpf values) a unique relationship between the
pore prssure coefficient anfd effective stress is implied as discussed
in detail in Section 3.

152
'p

:: .--



[%- . . V. r. W -

that the soil is undrained and that any effects of dilatancy and the

attendant reduction in pore water pressures due to dilatancy can be

fully included. In reality conditions somewhere between these two

extremes may develop. The consistency and rationality of the results

obtained for Pilarcitos Dam should encourage further studies for other

case histories.

PARAMETRIC STUDIES

*The final series of examples was selected and used to perform

analyses employing six different procedures. The procedures consisted of

the five procedures employed for Pilarcitos Dam plus the procedure based 7

on the solution of the steady-state flow equations as described for the

first series of examples. A slope height of 100 feet and side slopes of

1.5:1 and 3.5:1 were used. Four sets of soil properties were used as
I.

shown in Table 6.3. The shear strength properties shown are identical to

those considered previously in Section 4 where the various procedures

for estimating shear strength envelopes for anisotropic consolidation

were presented. The initial, pre-drawdown water surface was assumed to

be at the crest of the slope and complete, instantaneous drawdown was

assumed to occur in all cases and in all procedures.

Factors of safety computed for each set of soil properties (1

through 4) are summarized in Tables 6.4 and 6.5 for 1.5:1 and 3.5:1

slopes, respectively. Two sets of normalized values of the factor of

safety are also shown. The first set of normalized values was obtained

by dividing the computed factors of safety by the corresponding factor

of safety computed using Lowe and Karafiath's procedure. The second set

was normalized by dividing the computed factor of safety for each

procedure by the corresponding factor of safety computed by the Corps of

153
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TABLE 6.3

SUMMARY OF FOUR SETS OF SOIL PROPERTIES USED
FOR COMPARATIVE CALCULATIONS WITH VARIOUS PROCEDURES

Property Set Number 1:

Total (saturated) unit weight, y: 135 pcf
4-

R-Envelope parameters: cR 60 psf, OR 23 degrees

Effective stress strength parameters: 0 = 45 degrees

Property Set Number 2:

Total (saturated) unit weight, y: 130 pcf

R-Envelope parameters- cR 700 psf, o = 15 degrees

Effective stress strength parameters: c = 200 psf, = 31 degrees

Property Set Number 3:

Total (saturated) unit weight, y: 135 pcf

R-Envelope parameters: cR = 300 psf, OR = 15.5 degrees

Effective stress strength parameters: 'E 0 psf, = 34 degrees

Property Set Number 4:

Total (saturated) unit weight, 1: 128 pcf
rd

R-Envelope parameters- cR 1,400 psf, 0R 22.5 degrees

Effective stress strength parameters: c 0 psf, ¢ = 35 degrees

0
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Engineers procedure. Several important observations can be made from the

results summarized in Tables 6.4 and 6.5:

1. In six of eight cases the factors of safety computed by Lowe and

Karafiath's procedure and by the Finite Element-A (FEM-A) procedure

were within 15 percent of each other. In one of the cases where the

differences were larger (1.5:1 slope, Property Set No. 1)

significant errors may have been introduced in extrapolating and

interpolating pore pressures at the face of the slope by the FEM-A

procedure and the results are questionable. In the second case

(3.5:1 slope - Property Set No. 4) the cohesion component for the R

envelope was substantial. In this case the factors of safety

differed by 30 percent. However, the generally small differences

between the factors of safety calculated by Lowe and Karafiath's

approach and the FEM-A procedures are again encouraging. These two

approaches differ in that one is an effective stress approach while

the other is a two-stage approach, but both reflect the tendency

for the soil to either dilate or compress depending on confining

stress.

2. The two-stage analysis procedure in which a single envelope

,, (ff-Ofc) was used produced factors of safety which were within 10

percent of the values calculated by Lowe and Karafiath's procedure

for six of the eight cases considered. The remaining two cases

where the differences were larger occurred for a 1.5:1 slope: In

one case (Property Set 1) use of the single envelope resulted in a

17 percent lower factor of safety; in the other case (Property Set

No. 4) the single envelope resulted in a factor of safety which was

37 percent higher than the value computed by Lowe and Ka-afiath's
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TABLE 6.4

SUMMARY OF FACTORS OF SAFETY CALCULATED BY VARIOUS O.EDJRES
METHODS FOR FOUR SETS OF MATERIAL PROPERTIES i.3: SLOPE

Factor

Property of F'
Set Procedure Safety F(Lowe) F(Corps)

1 Bishop/Morgenstern 0.499 0.75 1.13
1 Steady Seepage 0.501 0.75 i.14
1 FEM-A (u=O) 0.321 0.48 C.73
1 FEM-A (u<O) - -

1 Corps of Engineers 0.441 0.66 i.00
I Lowe & Karafiath 0.664 1.00 1.51
1 Single Tff-Gfc envelope 0.554 0.83 1.26

2 Bishop/Morgenstern 0.564 0.77 0.84
2 Steady Seepage 0.708 0.97 1.05
2 FEM-A (u>:O) 0.771 1.05 1.15
2 FEM-A (u<O) 0.802 1.10 1.19
2 Corps of Engineers 0.672 0.92 1.00
2 Lowe & Karafiath 0.731 1.00 1.09
2 Single Tff -fc envelope 0.787 1.08 1.17

3 Bishop/Morgenstern 0.338 0.57 0.71
3 Steady Seepage 0.338 0.57 0.71
3 FEM-A (u>=O) 0.528 0.89 1.12

3 FEM-A (u<O) 0.549 0.93 1.16 "
3 Corps of Engineers 0.473 0.80 1.00

3 Lowe & Karafiath 0.591 1.00 1.25
3 Single Tf- fc envelope 0.587 0.99 1.24

4 Bishop/Morgenstern 0.313 0.33 0.57
4 Steady Seepage 0.316 0.33 0.57
4 FEM-A (u2O) 0.930 0.98 1.68
4 FEM-A (uO) 0.991 1.05 1.80
4 Corps of Engineers 0.552 0.58 1.00
4 Lowe & Karafiath 0.947 1.00 1.72
4 Single T ff-fc envelope 1.295 1.37 2.35

Note: All factors of safety were calculated using Spencer's
limit equilibrium procedure of slices.



TABLE 6.5

SUMMARY OF FACTORS OF SAFETY CALCULATED BY VARIOUS PROCEDURES
METHODS FOR FOUR SETS OF MATERIAL PROPERTIES - 3.5:1 SLOPE

Factor
Property of F/ F /.

Set Procedure Safety F(Lowe) F(Corps)

1 Bishop/Morgenstern 1.750 1.51 1.90
1 Steady Seepage 1.750 1.51 1.90
I FEM-A (u=0) 1.145 0.99 1.24
I FEM-A (uO) 1.145 0.99 1.24
1 Corps of Engineers 0.920 0.79 1.00
1 Lowe & Karafiath 1.160 1.00 1.26
1 Single T ff-cfc envelope 1.186 1.02 1.29

2 Bishop/Morgenstern 1.340 0.97 1.14 C'-.
2 Steady Seepage 1.397 1.01 1.19
2 FEM-A (u>=O) 1.483 1.07 1.26
2 FEM-A (u<O) 1.483 1.07 1.26
2 Corps of Engineers 1.174 0.85 1.00
2 Lowe & Karafiath 1.383 1.00 1.18
2 Single f-T-fc envelope 1.412 1.02 1.20

3 Bishop/Morgenstern 1.181 1.09 1.36
3 Steady Seepage 1.181 1.09 1.36
3 FEM-A (u>=O) 1.237 1.14 1.43
3 FEM-A (u<O) 1.239 1.14 1.43
3 Corps of Engineers 0.867 0.80 1.00
3 Lowe & Karafiath 1.088 1.00 1.25
3 Single T ff-fc envelope 1.134 1.04 1.31

4 Bishop/Morgenstern 1.158 0.49 0.91
4 Steady Seepage 1.159 0.49 0.91 0
4 FEM-A (u =O) 1.667 0.70 1.31
4 FEM-A (u<O) 1.669 0.70 1.32
4 Corps of Engineers 1.268 0.53 1.00
4 Lowe & Karafiath 2.383 1.00 1.88
4 Single Tff- fc envelope 2.237 0.94 1.76

Note: All factors of safety were calculated using Spencer's
limit equilibrium procedure of slices.

0
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more rigorous procedure. No significant correlations between the

differences in the factors of safety by the two procedures and the

soil properties were evident; the differences would be affected both

by the effective principal stress ratio and the magnitude of the

effective normal stresses along the shear surface before drawdown.

A single iff-fc envelope may not be suitable for some cases and,

accordingly, should be used cautiously.

3. The factors of safety computed by the Corps of Engineers

procedure ranged from approximately 53 percent to 92 percent of the

value computed by Lowe and Karafiath's procedure. The largest

differences occur for Property Set No. 4 which exhibited the

largest cohesion intercept for the R-envelope. The differences

between the factors of safety computed by the Corps of Engineers'

procedure and Lowe and Karafiath's procedure reflect the

conservative nature of the Corps of Engineers' approach. The Corps

of Engineers' approach deliberately neglects the higher undrained

shear strengths associated with dilatancy at low confining

0pressures.

4. The factors of safety computed by effective stress procedures

employing Morgenstern's approach and the steady-state flow

procedure for estimating pore water pressure were generally in

agreement within 5 percent or better. The only exception to this

agreement occurred for the ..5:1 slope with Property Set No. 2

where the pore pressures compited by Bi-hop's and Morgenstern's .

approach prodiced a factor of safety aporovmately 20 oe'-cent lower

than by the steady-state t'ow approach TniS 'arge" difference (20

percent is due to tre sa- '  ect ,e Iohes ,, ,  
.a' ie fo-
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Property Set No. 2, which caused the critical shear surface to pass

deeper than in other cases. As the depth increases the differences

between the pore water pressures by Bishop's and Morgenstern's

approach and the steady-state flow approach would be expected to

become more pronounced.

5. Factors of safety computed by effective stress procedures based

on either Bishop's and Morgenstern's approach or the steady-state

flow approach ranged from approximately 33 to 150 percent of the

values computed by Lowe and Karafiath's procedure. Similarly the V

values by these effective stress procedures ranged from 57 to 190

percent of the values computed by the Corps of Engineers procedure.

The factors of safety computed by the effective stress approaches

generally tended to increase relative to those computed by either

Lowe and Karafiath's or the Corps of Engineers procedures as the

slope became flatter and as the cohesion intercept for the

R-envelope decreased, i. e. as the tendency for dilatancy to occur

diminished. The relatively large differences between the factors of

safety computed by the two effective stress approaches and by the

two-stage approaches should be expected: Both effective stress

approaches make no distinction among soil types with regard to the

tendency for pore pressures to vary depending on the degree to 0

which the soil tends to compress or expand, while the two-stage -

procedures are strongly affected by the tendency for pore pressures

to develop and affect undrained shear strength. .

6. With only one exception Bishop's and Morgenstern s procedure

produced factors of safety which were either significantly lower or

within 10 percent of the values computed by Lowe and Karafiath's
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procedure. Accordingly, the procedure seems to generally meet the

intended objective of being at least on the conservative (safe)

side. The exception to this conservatism occurred in the case of a

3.5:1 slope with Property Set No. 1, where cR was relatively small

(60 psf) while T was relatively large (45 degrees). In this case

Morgenstern's approach produced a factor of safety which was 50

percent higher than the value computed by Lowe and Karafiath's

procedure and 90 percent higher than the value computed by the

Corps of Engineers procedure.

7. The Corps of Engineers procedure produced factors of safety

which were either lower than or within 10 percent of the values

computed by all uther procedures with only a few exceptions. The

exceptions occurred with regard to the effective stress procedures

for a 1.5:1 slope and two of the sets of material properties

considered. In these cases the effective stress procedures produced

much lower factors of safety; however, there is no basis to judge

that either the effective stress procedures or Corps of Engineer's

procedure were more correct. It appears likely that neither one is 0

correct, but both may be conservative to varying degrees.

I- .

:.

.-r

0.

•.4

.i-
-5-



SECTION 7

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

(Duncan and Wright)

SUMMARY

A number of procedures exist for performing slope stability

analyses for sudden drawdown. These various procedures differ

principally in the manner in which the shear strength is defined and can

De grouped into two general categories. The first category includes

those procedures which are based on the use of effective stresses. The

effective stress procedures require that pore water pressures be

estimated at the end of sudden drawdown and the differences among the

various effective stress procedures are related directly to differences

in the procedures used to estimate pore water pressures. The second

category of procedures for sudden drawdown analysis is two-stage

procedure: One set (stage) of calculations is performed for conditions

immediately prior to drawdown and is used to estimate effective stresses

and corresponding undrained strengths; the second set (stage) of 0

computations is per-formed for conditions immediately after drawdown and

employs undrained shear strengths estimated from the first set of

computations.

Effective Stress Analysis Procedures.

Most of the effective stress analysis procedures are based on one

of tvo approaches to estimate pore water pressures. One approach employs -

Swempton's pore pressure coefficients and estimated changes in total

stress (due to drawdown) to estimate changes in pore water pressure and

subsequently the final pore water pressures. Bishop's and Morgenstern's

° 4-.
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procedure and the "new" alternative procedure based on the finite

element method to calculate stresses, which was described in Section

of this paper, represent the first class of effective stress approacnes.

I The second class of effective stress approaches is based on solutions

to some form of the equations for hydraulic flow. Most of these are

based on very simplified assumptions and neglect the tendency for soil

to change volume and develop pore water pressures due to shear stresses

induced by drawdown. Although more rigorous solutions are possible and

should lead to improved results, such rigorous solutions have generally

not been used. The most common solutions are based on simply solving the

equation for steady-state flow and ignoring transient effects.

An alternative procedure has been presented in this paper as an

, improvement over Bishop's and Morgenstern's procedure whereby the

variation in the pore pressure coefficient A with effective stress is
ff

accounted for and the changes in stress caused by removal of the water

. load at the slope face are more realistic. However, the procedure has

not been tested extensively and requires considerably more effort to use

than any of the other procedures, effective stress or two-stage,

described in this paper.

Two-Stage Analysis Procedures

The only difference among the various two-stage analysis procedures

4, is in the manner in which the undrained shear strength is estimated from

,d the effective stresses before sudden drawdown. Two principal approaches

have been used for this purpose: One is the Corps of Engineers

procedures, which adopts essentially a "lower-bound" approach for

estimating the relationship between undrained shear strength and

effective consolidation pressure. The second approach is the one -0
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suggested by Lowe and Karafiath which attempts to account for the

effects of anisotropic consolidation on the undrained shear strength. A

third approach was suggested by Wong, Duncan and Seed (1983) and was

used in the comparative studies in Section 6. The third approach employs

a single relationship between undrained shear strength and effective

consolidation pressure, which accounts in an approximate manner for the

effects of anisotropic consolidation and is somewhat simpler than Lowe

and Karafiath's procedure.

Several approaches have been suggested for estimating the effects

of anisotropic consolidation on the undrained shear strength of the soil

without performing extensive laboratory tests with anisotropic

consolidation. Further study and verification of the various procedures

would be useful; however, it appears that at least several may be used

with reasonable success and confidence at the present time. Accordingly,

it appears that the effects of anisotropic consolidation can be accounted

for at least in an approximate manner in slope stability analyses

without the necessity for very extensive laboratory testing.

CONCLUSIONS

This study provides a basis for a number of important conclusions

regarding the accuracy and the degree of conservatism of procedures for

analyzing rapid drawdown slope stability. The writers believe that the •

results of the study have brought the state-of-the-art to a point where

it is possible to establish what is the most suitable procedure for

analysis of rapid drawdown slope stability problems, without need for 4

extensive further studies. ,.

One of the facts brought out clearly by the studies in this paper

is that effective stress analysis procedures that use simple pore O
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pressure assumptions do not properly reflect the actual behavior of the

soils in the slope. These procedures (Bishop and Morgenstern, Steady

Seepage) use the same estimates of pore water pressure after drawdown no

matter what the characteristics of the soil are with regard to

development of pore pressures during undrained loading. As estimated by

these procedures, the pore pressures after drawdown are the same for all

soils, no matter whether they develop high or low pore water pressures

during undrained loading. Based on the results of the comparative

analyses it appears that these methods may be excessively conservative

in some cases, and unconservative in other cases. At best they are

suitable only for "quick-and-dirty" analyses, being easy to perform but

unreliable with regard to accuracy.

The remaining effective stress method discussed (the FEM-A

procedure) resulted in factors of safety that were consistently in good

agreement with those calculated using Lowe and Karafiath's procedure.

This finding is very significant. It indicates that these two different

procedures for approaching the mechanics of the analyses lead to

essentially the same results if they are consistent with respect to soil

strength parameters and pore water pressures. Pore water pressures are

considered explicitly in the effective stress analyses and implicitly in

Lowe and Karafiath's procedure. Although the FEM-A procedure is too

complex and time-consuming for routine use, it has served a very useful

purpose by further validating Lowe and Karafiath's procedure, the most

soundly based of the available methods with respect to consistency of

mechanics and treatment of soil shear strength.

The Corps of Engineers' procedure is the only one in use that

excludes components of strength resulting from negative pore water
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pressures. It accomplishes this by using the drained strength envelope

in the low stress range where the drained (S) envelope is below the -

consolidated-undrained (R) envelope. This procedure ensures that the

factor of safety will not be overestimated if so> drainage occurs

during drawdown. If some amount of drainage does occur during drawdown, -- '

negative pore pressures that develop in the slope at shallow depths

would be reduced in magnitude, and the strength of the soil would be
"..

reduced accordingly.

Methods such as Lowe and Karafiath's ana others that include .

components of strength resulting from negative pore pressures give

unconservative estimates of factor of safety except for completely

undrained conditions. As an example, consider the results of the

analyses of Pilarcitos Dam shown in Table 6.2: Lowe and Karafiath's

procedure results in a value of F = 1.14, while the Corps of Engineer's ,.,

procedure results in a value of F = 0.84, for the failure condition

where the actual factor of safety must have been less than or equal to

unity. While it must be recognized that these values of factor of

safety might be biased due to unknown inaccuracies in evaluation of the .

shear strength parameters, it is nevertheless clear that unconservative

estimates of safety factor may be calculated when shear strength

resulting from negative pore pressures are not eliminated. 0

Based on the results presented in this paper, it is clear that a

method of analysis of rapid drawdown slope stability to be used for

design of embankment dam slopes should have the following -

characteristics:

(1) The procedure should enploy a measure of shear strength and

pore pressure that reflects the actual properties of the soils in
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the slope. Specifically, the tendency of the soils to develop low

or high pore pressures during undrained shear should be reflected

in the shear strength or pore pressure parameters used in the ..-

analyses.

While in principle this aspect of the soil behavior can be

included in either effective stress or total stress analyses, in

practice it is much easier and more practical to represent it by

using a two-stage analysis procedure, with total stress analysis of

stability after drawdown.

(2) The procedure should employ a soundly based technique for

relating shear strength to effective consolidation pressures. The

method of relating the shear stress on the failure plane at failure

to the effective stresses at the time of consolidation used by Lowe

and Karafiath is, in the writers' opinion, the most logical and

fundamentally sound method available for doing this. In contrast,

the method now used by the Corps of Engineers, involving use of the

R envelope, is fundamentally less sound. Its greatest merit is

that it can be shown to be somewhat conservative for most (but not

all) conditions.

(3) The procedure should not include strength components due to

negative pore water pressures, to avoid overestimating factors of

-' safety for conditions where partial drainage occurs during

drawdown. The Corps of Engineers method of using the drained

strength envelope in the range of low stresses where the undrained

strength exceeds the drained strength is a simple and practical

means of accomplishing this objective.
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A method with these characteristics can be conceived as a

combination of methods currently in use. It could be described as being

a modification of the method currently used by the Corps of Engineers,

the modification being adoption of Lowe and Karafiath's procedure for

.* representing the undrained strength of the soil, rather than using the

R-envelope as is now done. Lowe and Karafiath's procedure relates the

shear stress on the failure plane at failure to the effective stress on

the failure plane during consolidation and the effective principal

stress ratio during consolidation. The new method could also be

described as being a modification of Lowe and Karafiath's procedure, the

,- modification being elimination of strength components due to negative

pore pressures through use of the drained strength envelope in the low

range of stresses where the undrained strength exceeds the drained

strength.

RECOMMENDATIONS

It is recommended that a computer program be developed

incoroorating the features outlined above, and adopted for use in

analysis and design by the Corps of Engineers. The program should be
.-.

tested by analyzing the same benchmark cases analyzed in the present

study to insure that, as expected, it results in factors of safety that

fall between the values computed using the current Corps of Engineers

procedure and those calculated using Lowe and Karafiath's procedure.

The writer believes that the method described will incorporate the best

features of all current procedures, being soundly based with regard to "

treatment of shear strength, and reliably conservative through adoption %
1. l

of the Corps of Engineers procedure for eliminating strength components

resulting from negative pore water pressures.
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It is recommended that the linear interpolation method be used to

establish the relationships among shear stress on the failure plane at

failure, effective stress on the failure plane during consolidation, and

effective principal stress ratio during consolidation. This procedure

requires only R-bar tests (conventional isotropically

consolidated-undrained triaxial tests with pore pressure measurement) i.5

for strength evaluation. The required laboratory testing will, thus. be

no more difficult than required for the analysis proced.re currently

used by the Corps of Engineers.

It is recommended that the appropriate minimum factor of safety for

use with the new method of analysis is F 1.00. The factors supporting

use of F 1.00 for rapid drawdown conditions analyzed by this procedure

are:

(1) Like the method currently used by the Corps of Engineers, the

method will provide a conservative bias in the strength evaluations
5.-,

by eliminating components of strength resulting from negative pore

pressures.

(2) There is a further conservative bias in the use of freshly

compacted laboratory test specimens for strength evaluations.

because compacted soils become harder and stronger with age after

compaction. Ignoring this increase in strength and stiffness, as

is conventional procedure, results in inherently conservative

estimates of shear strengths for compacted fills.

(3) Most critical failure mechanisms for slope instability Ourirgig

rapid drawdown are shallow. Thus, most rapid drawdown slides do

not threaten the integrity of the dam and pose no threat of loss of

5'-
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the reservoir. The consequence of a rapid drawdown slide in most

cases is only the cost of repair, and there is no threat to life.

The positions of slip surfaces should be examined critically wnen

the slope stability analyses are performed, and any slip surface

involving possible failure of a large portion of the embankment, or-

which cuts through the crest and would lead to loss of freeboard. ot - ,ri.Lk

has the rotential for blocking an outlet works, should hav,., a fd r f

safety during rapid drawdown greater than unity.

In summary, it is the writers' opinion that the studies presented

in this report provide an adequate basis for selection of a method of

analysis for rapid drawdown for use by the Corps of Engineers. This new

method should incorporate the best features of the method currently used

by the Corps, and the method developed by Lowe and Karafiath. It is -

recommended that a computer program be developed for performing analyses

using this procedure, and that the program ai14 tne procedure be adopted

as standards for use by the Corps.
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