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13223 UPLIFT RESISTANCE OF COHESIVE SOILS

KEY WORDS: Anchors; Clays; Cohesive soils; Dimensional analysis; Finite
elements; Models; Pull-out tests; Uplift resistance

ABSTRACT: Effects of vertical uplift forces on circular anchors in purely cohesive
soils are considered. Model tests indicate a general type of ultimate uplift failure in
shallow anchors, occurring by yielding above and below the anchor due to shear and
tensile stresses and cracking in the soil. Existing shallow anchor theories, although in
substantial agreement with one another, overestimate actual ultimate uplift resistance
since they do not take into account tensile stresses and cracking. Model tests indicate
a local type of failure in deep anchors and confirm existing deep anchor theories that
take account of soil compressibility. Dimensional analysis indicates that caution must
be exercised when interpreting model uplift test results in terms of the prototype,
particularly when the prototype soil has low shear strength. A finite element program
has been developed to estimate, within limitations, the magnitude and direction of
stresses occurring in each element of the mesh at any stage of uplift resistance.

REFERENCE: Davie, John R., and Sutherland, Hugh B., “Uplift Resistance of
Cohesive Soils,” Journal of the Geotechnical Engineering Division, ASCE, Vol. 103,
No. GT9, Proc. Paper 13223, September, 1977, pp. 935-952

. KEY WORDS: Dam construction; Dam design; Dams; Dams (arch); Dams

13214 ENGINEERING OF GROUT CURTAINS TO STANDARDS

(concrete); Dams (gravity); Dams (rockfill); Drainage; Field tests; Foreign
engineering; Foundations; Grouting; Permeability; Pore water pressure;
Seepage; Standards; Tests

ABSTRACT: The desirable permeabilities of curtains vary for different types of dams
and conditions. The paper examines these issues and for them suggests standards of
permeability expressed in lugeon units. To engineer curtains to desired standards, the
split spacing or closure method is used, and closure is preserved until the target
standards are reached. This procedure is applied to hole spacing and, separately, to
hole depth. The upper stages of curtains can be constructed to tighter permeabilities
than lower stages. At earth core dams, the curtain permeability should ideally produce
pore pressures immediately above the foundation slightly in excess of pressures in
foundation joints. The curtain’s position affects the ideal permeability. At concrete
dams, the curtain permeability should relate to the ability of the drainage system to
discharge seepage.

REFERENCE: Houlsby, Adam Clive, “Engineering of Grout Curtains to Standards,”
Journal of the Geotechnical Engineering Division, ASCE, Vol. 103, No. GT9, Proc.
Paper 13214, September, 1977, pp. 953-970

13221 THREE-DIMENSIONAL SLOPE STABILITY ANALYSIS

KEY WORDS: Equilibrium methods; Landslides; Limit design method;
Mathematical models; Slope protection; Slope stability; Stability analysis;
Three-dimensional

ABSTRACT: Existing limit-equilibrium stability analysis methods are two-dimensional;
a few methods for correcting or extending a two-dimensional analysis have been
proposed. Presented in this paper is a general method for three-dimensional limit-
equilibrium stability analysis. Limiting cases are considered in order to study
preliminary implications of three-dimensional stability analyses. The method lends
itself to both hand calculation and computer application. Method can also be used
together with finite element analysis which should make it possible to set up a fairly
realistic model for soil and slope behavior.

REFERENCE: Hovland, H. John, “Three-Dimensional Slope Stability Analysis
Method,” Journal of the Geotechnical Engineering Division, ASCE, Vol. 103, No.
GT9, Proc. Paper 13221, September, 1977, pp. 971-986
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and foundation conditions. Typical values are shown in Fig. 1 for standards
of watertightness.

Methods are detailed in the paper for obtaining specified standards of permea-
bility. These methods are suitable for use by very experienced personnel.
ACKNOWLEDGMENT
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THREE-DIMENSIONAL SLOPE STABILITY
ANALYSIS METHOD

By H. John Hovland,' M. ASCE

INTRODUCTION

‘Many kinds of problems in geotechnical engineering require limit-equilibrium
stability analysis. Any situation in which the earth materials are stressed to
the point that slip occurs and in which the body of materials that are slipping
can be described can be analyzed with a limit-equilibrium type of analysis.
By the more usual, but restricted, definition, limit-equilibrium stability analysis
refers to slope stability analysis.

The geotechnical literature describes numerous landslide case histories (1).
These case histories usually deal with the larger landslides; analysis, exploration,
testing, post-failure analysis, and corrective measures are described. Because
of the many assumptions necessary in stability analyses, case histories are,
of course, of fundamental importance.

Past research has concentrated on refining two-dimensional analysis techniques.
Rather extensive comparisons of various two-dimensional methods have been
made (10,11). These show that, for two-dimensional analyses to be generally
accurate, certain conditions of equilibrium must be satisfied, i.e., side forces
between the slices must be considered, or appropriate assumptions must be
made concerning these side forces. Studies (10) show that the ordinary method
of slices, which assumes that there are no side forces between slices, usually
differs by less than 10%, on the conservative side, from more correct methods.
When compared to the greater uncertainties associated with material heteroge-
neity, ' ““minor’’ geological details, sampling, and testing, a less than 10%
discrepancy seems relatively small. However, in exceptional cases, the ordinary
method of slices can be in error by more than 35% (10).

Studies by Baligh and Azzouz (2) show that for a cohesive soil, consideration
of end effects can lead to a 4%-40% increase in the factor of safety. Finite

Note.—Discussion open until February 1, 1978. To extend the closing date one month,
a written request must be filed with the Editor of Technical Publications, ASCE. This
paper is part of the copyrighted Journal of the Geotechnical Engineering Division,
Proceedings of the American Society of Civil Engineers, Vol. 103, No. GT9, September,

1977. Manuscript was submitted for review for possible piiblication on October 19, 1976.
!Civ. Engr., Pacific Gas and Electric Co., San Francisco, Calif.

971
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element studies of end effects by Lefebvre and Duncan (7) suggest that end
effects become important for dams located in relatively narrow valleys with
side slopes steeper than 3:1.

Previous investigations, as reviewed here, suggest that the assumption of
two-dimensionality (plane strain) can not be justified without consideration of
the specific problem to be solved. Errors associated with the assumption of
two-dimensionality can be at least as large as errors associated with an inappro-
priate assumption regarding side forces between slices.

Previous methods of three-dimensional analysis are limited to cohesive soils
and to specific cases. The studies described in the following sections present
ageneral three-dimensional method of analysis by which any geometrical condition
and any ¢ — ¢ soil can be analyzed.

THEORY

Definition of Factor of Safety.—The factor of safety, F, is often defined as
the ratio of the summation of resisting forces to the summation of driving

= |
: i

SLIDING SURFACE

FIG. 1.—Section View of Two-Dimensional Slope Stability Analysis

forces along a shear surface. It can be shown that this definition is identical
to one in which F = the ratio of the summation of strength to the summation
of mobilized strength. The writer defines this same Fas the ratio of the summation
of available resistance to the summation of mobilized resistance along a shear
surface:

Y available resistance

& > mobilized resistance

Two-Dimensional Factor of Safety, F,.—The two-dimensional (2-D), or plane
strain, case is shown in Fig. 1. For this case
S(cA, + W, cos tan
PRt ca W, cOre L) il e T e P @

IW,sina,,
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cAy
2 +yzAycosa , tand
cosa
or F,= e [ U B e O G B 6 €))
S yzAysina T

per unit distance into the plane of the paper. In Eq. 3, cohesion c, friction
angle ¢, and density vy are variables; they can be functions of strain, confinement,
pore pressure, tension cracks, and earth pressure. These considerations would
be applied at each point along the shearing surface. If ¢, ¢, vy, and Ay are
constant, then

c\ Zseca, Izcosa,
F={—"]s——=+(and)——F—— . . .ot 2o o 00 T 0L, 4)
v/ Zzsina, 2 zsina
c
or 2=(—>Gcz+tan¢GM ....................... &)
vh

The G, and G ,, terms are only functions of geometry. The G , term determines
how cohesional resistance is influenced by geometry for a 2-D case, and the
G,, term determines how frictional resistance is influenced by geometry for
a 2-D case. The height of the slope, h, can be taken outside the summation
signs; the variable heights inside the summation signs are then z/ h.

Three-Dimensional Factor of Safety, F,.—Since 3-D analysis is uncommon,
it may be helpful to begin with a typical 3-D slope instability problem (Fig.
2). A plan view with the contours is, except for a visit to the site and photographs
of the landslide, often the first quantitative data provided. The direction of
sliding may be somewhat curved depending on geological and topographic
boundary constraints.

In setting up the problem (Fig. 3), a right-handed orthogonal coordinate system
is selected. The y-coordinate direction is selected to be parallel to the direction
of downslope movement. The x- and y-coordinates are perpendicular and are
in the horizontal plane; and they are also perpendicular to the z-coordinate
direction, which is vertical.

A single soil column, analogous to a slice in a 2-D analysis, is also shown
in Fig. 3. Plan and section views of this soil column are shown in Fig. 4.
The area of the soil column in the horizontal plane is defined by Ax and Ay,
which can be selected directly on the topographic map. The inclination of the
shearing surface is defined by the dip angles, o, in the x-z and o, in the
y-z plane.

A 3-D view of the soil column is shown in Fig. 5. The following analysis,
then, assumes that the soil column is selected small enough so that all faces
can be described by straight lines. The top surface of the column may be irregular,
but that is assumed to be relatively unimportant to the analysis; the depth
of the column, z, is simply computed approximately from the center of the
top face to the center of the bottom face (the shear surface).

Strike and dip of the shear surface follow the usual geological definition.
It is necessary to derive a general expression for the dip angle (DIP) since
it is needed to compute the normal force. Note also that, as a normal view
is taken of the shear surface, a relatively regular area in the x-y plane is distorted,
and the x and y-axes projected on the shear surface are not orthogonal. It
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is necessary to define angle 8, and to derive a general expression for the area
of the shear surface, for the purpose of computing the cohesion acting on
the surface.

y-z SECTION
N

x-z SECTIONS

2

FIG. 2—Plan View and Topography of FIG. 3.—Coordinates, Plan, and Section
Landslide Views of Landslide

X
center of top surface

x-y plane
{orthogonat coordinates)

SECTION
z

t———shear surface

strike _|
7\,( dip

SECTION

normal view of shear
surface

FIG. 4.—Plan and Section Views of One FIG. 5.—Three-Dimensional View of One
Soil Column Soil Column

The intersection of the axes with a portion of the lower corner of the shear
surface shown in Fig. 5 is shown in Fig. 6. This is a three-dimensional view
of an irregular cone bounded by the shear surface (on top), and the orthogonal

GT9 SLOPE STABILITY 975

coordinate axes planes. The intersection of the shear surface with the horizontal
plane is the strike line, and the local strike angle (STR) is defined as the angle
between the strike line and the y-axis in the horizontal plane. The dip angle
(DIP) defines the direction of the normal to the shear surface.

Using the terminology introduced with Fig. 6, an expression can be derived
for (STR) as follows:

ct c'
in (STR) e tana tan o, ©
sin =-= R e e AL O O G0 G ¢
f Ve+d: \/ ¢! a\? Gtz
+
(tan a,, (ta.n o,

tan? o -1/2
sin(STR) = |1 + (————&) ...................... )

tan’a,
Checking of Eq. 7 suggests that it is generally valid; ie., if a,, = a , for

any value of 0 < a < 90°, (STR) = 45°.

w
//
N /b/
~
e e -
/ _ -3
/ -
Ve
/-
partion of shear surface gt
g 5
74
R ] Fhefoin= X
pat -y
> 3,
/@ ) &
/ z

FIG. 6.—Three-Dimensional View of Portion of Shear Surface of Soil Column [Setup
for Deriving Expressions for (STR), (DIP), and 6]

Similarly, a general expression can be derived for (DIP) as follows:

) sin (STR)
g dsin(STR) tana
cos (DIP) = — = = 2
g 1 C ! c ’
sin (DIP) sin (DIP)

o sin (DIP) sin (STR)

tanozyz
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cos (DIP) = (1 + tan® a,, + tan? (xyz)'l/z ................... O]

fa,=0 DIP) = o, which is the often considered two-dimensional case.
The normal force, N, equals W cos (DIP), or

N= W(l+tanzot.xz+tanzmyz)"/2 .................... (10)

To compute the area of the shear surface of the soil column, it can be shown
that the area of a general quadrilateral, A, (Figs. 5 and 6), is

Ay=absin® . .. .o L Ll LNATL L Lo BT DL an

Again, using the terminology in Fig. 6, an expression is derived for 8. From
the cosine law

1 /e d’ f?
CosO=—[—+———— . . e e (12)

2 \d’ e’ e'd’
and er____ ; dl= - f2_82+d2

sina sina
c' c'
e= O e O P I (13)
tana tanozyz

Substituting Eqs. 13 into Eq. 12, and simplifying
cos 8 = sina, sina T T T O e L ST IR (14)
from which sin 6 = (1 — sina , sin’a y2) V2L i e 0.5 (15)

As shown by Eq. 15, if either « = 0, sin 6 = 1, since a and b intersect at
90°.

Noting that a = Ax/cos a , and b = Ay/cos a  , and substituting Eq. 15
into Eq. 11, the area of the shear surface of a soil column is

(1-sin?a_sin?a )!/?
A, = AxAy [ z s P o P (16)
cosa,  cosa,,
For a, = 0, Eq. 16 reduces to
A, = (A X ) o . L e L a7

Cos a Ve

which is the expression for 2-D analysis (Eq. 3) per unit distance Ax into the
plane of the paper.

The preceding equations solve all quantities needed for the evaluation of
F for soil columns which have in plan, a cross section of a general quadrilateral.
Close to the boundary of the landslide (Fig. 7), there will always be some
soil columns or elements that do not fall into this category. Two alternative
approaches can be taken:

1. The boundary elements can be subdivided in plan into quadrilaterals (usually
squares and rectangles) and triangles until the triangles are small enough to
be neglected. The previously developed equations would apply to all elements
that are quadrilateral in a plan view. This approach would probably be preferable

GT9 SLOPE STABILITY 977

for computer solution of the problem. Anticipated tension cracks should also
be considered in deciding the sizes of triangular elements that should be neglected.

2. The triangular boundary soil elements can be considered separately. This
approach appears to be preferable for long-hand computations.

Considering the soil elements shown in Fig. 7, elements A and B could be
evaluated with the previously presented equations by approximating the boundary
with the dashed lines parallel to direction y. Elements D and E, for example,
would also be evaluated with the previously presented equations, with Ax and

: y

A

i LANDSLIDE BOUNDARY

IDEALIZED BOUNDARY
-y
b '__7___ V= %AxAyz‘
;5\ 7 Ay A =absing

W > / b

z

FIG. 7.—Boundary Soil Columns or Elements

Ay defined as shown in Fig. 7(b). For element C, triangular in plan, with Ax,
Ay, and 7z’ defined as shown in Fig. 7(b), would have

2
W, = ?(yAxAyz’) ............................. (18)

and the area would be computed from Eq. 11, in which a and b are defined
as in Fig. 7(b), and sin 0 is defined by Eq. 15.

Sliding is assumed to occur only in direction y. The tangential driving forces
are, therefore, only a function of o
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PHERy g gbtess At hanasnina dsldu, 475 o, saultior seiyany (19)

Assuming that the vertical sides of the soil columns are frictionless (no side
forces on the vertical sides of the soil columns, or with their influence canceling
out, as for the 2-D analysis expressed by Eq. 2), a 3-D factor of safety can
now be expressed as

2 Z [cA, + W, cos (DIP) tan ¢ ]
x_y

z EW,sinayz
%oy

in which A, is determined from Eq. 16; cos (DIP) is determined from Eg.
9; the weight of any soil column = W, = yzAxAy; and summation is carried
out in both x and y. Eq. 20 is very similar to a 2-D expression for F, and,
as shown, for a,, = 0, Eq. 20 reduces to Eq. 2. Alternatively

F;=

cAxAysin 6

2 Z [_—— ++vyzAxAycos (DIP) tan ¢ ]
e~ &4 | cOsa, COSa,
F=—2Y ——>= » = ... 21

2 2 yzAxAysina ,
x y

If ¢, &, v, and Ax and Ay are constant

2 ZZSeCansecansine 222008 (DIP)
F=(—)xy 7 +tan¢$ ——2 i (22)
Ezzsmozyz
x y

2 2 zsina ,
c
or F,= (—) GittandG,, ... v v e 23)
yh

3
¥

x y

in which G_, and G ,; are the 3-D geometry terms that show how the cohesional
and frictional resistances are influenced by geometry for a homogeneous soil
slope.

SeeciaL Cases

Cone Shaped Shear Surface, Vertical Slope.—The first special case to be
considered is a vertical cut or embankment in clay. This case would have practical
significance in evaluating the stable height of a trench, for example. It was
chosen primarily to demonstrate the application of the presented method and
to make possible a comparison with the solution by Baligh and Azzouz (2).

A 3-D view of the problem is shown in Fig. 8. The analysis would begin
by drawing to scale the plan and section views of the problem (Fig. 9). Next,
the soil columns are selected and drawn in the plan view [Fig. 9(a)]. Sections
are then drawn of all soil columns [Figs. 9(b) and 9(c)]. Since the accuracy
of the analysis depends on the extent to which the shear surface is approximated
by straight line segments, smaller soil columns are selected where the shear
surface is steeply inclined. Once the y-z sections [Fig. 9(b)] have been plotted,
the x-z sections [Fig. 9(c)] can be determined by cross plotting between Figs.
9(a) and 9(b). Next the projection of the soil column axes (a and b in Fig.

GT9 SLOPE STABILITY 979

-.--- lines along which
Lz and dyz
are determined

DN OV WN

12345678 A', B iCETD I E CF w6l HOFETU

b. y-z SECTIONS € x-2 SECTIONS
FIG. 9.—Setup for Solving Problem, Vertical Cut, Circular Cylinder, and Cone

5) are drawn on the y-z and x-z sections [the dashed lines in Figs. 9(b) and
9(c)].

Table 1 presents the solution to this problem. The soil columns are identified
as indicated. Scaled distances are used for Ax, Ay, and z, as measured from
Fig. 9. The angles a, and o, are then measured from Figs. 9(b) and 9(c).
The rest of the analysis requires only solving of the simple equations.

The example is a solution to all problems of the same geometry, i.e., any
height of slope (since scaled distances can be used) and any length of the
cylindrical section. This can be expressed as

c 94.28 + n49.40 \ 1
F3=——(—————...................'..(24)
yh /\113.87 + n85.64 /] 8

in which n = fraction or number of 2-D sections, i.e.

49.40\ 1
G, = (—— SR T s L e (25)
85.64) 8
( 94.28 + n49.40 \ 1
113.87 + n85.64) 8

The ratio of the 3-D to the 2-D factor of safety can be expressed as

c3
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F, G, 94.28 + n49.40
=2 173 (————

F,s Gy, 113.87 + n85.64

Results of Eq. 27 are compared with results obtained by Baligh and Azzouz
(2) in Table 2. Results of the comparison are remarkably close, considering
the rather coarse mesh of soil columns selected in the problem given as example.
For practical purposes, the selected mesh appears to be satisfactory. Note the
significant deviation from the actual curved shear surface [Figs. 9(b) and 9(c),

TABLE 1.—Details of Solution to Problem Shown in Fig. 8

sin § =
(1 — sin?

Soil a,, sin? AxAysin 6/ zAxAy G =1(1/8)/
column | Ax | Ay | z | @, |a, | «,)"2 JAxAysin@icosa, cosa,({cosa, cosa,)| sina, (£10/211}
(1 (2 | (3) | (4| (5) | (6) (7 (8) (9 (10 (1) (12)
AB1 4 1 2.3 0 75 1 4 0.259 15.44 8.89
AB2 4 1 4.7 0 55 1 4 0.574 6.97 15.40
AB34 4 2 6.25 0 39 1 8 0.777 10.30 31.47
AB56 4 2 7.4 0 |22 1 8 0.927 8.63 22.18
AB78 4 2 19 0 7 1 8 0.993 8.06 7.70

249.40 285.64 0.0721
ci® 2 05|25 51 |69 0.688 0.688 0.226 3.044 1.557
C2 2 1 38| 46 59 0.787 1.574 0.358 4.397 6.514
C34 2 2 5.65| 34 141 0.930 3.720 0.626 5.942 14.827
D2* 2 05122 54 67 0.667 0.667 0.230 2.900 1.351
D3 2 1 35| 45 57 0.805 1.610 0.385 4.182 5.871
D4 2 [ 48 | 35 4 0.917 1.834 0.589 3.114 6.669
CDs6 4 2 6329 25 0.979 7.832 0.793 9.876 21.300
CD78 4 2 6.95 27 8 0.998 7.984 0.882 9.052 7738
E3* 2 (05|21 50 |64 0.725 0.725 0.282 2.57 1.259
E4 2 1 32| 4 53.5 0.843 1.686 0.442 3.814 5.145
ES6 2 2 4.65( 30 |33.5( 0.961 3.844 0.722 5.324 10.266
Fa* 2 05 (19| 45 62.5 0.779 0.779 0.327 2.382 1.124
Fs 2 1 29| 40 49 0.874 1.748 0.503 3.475 4.377
F6 2 1 3.8 [ 31533 0.959 1.918 0.715 2.683 4.139
EF78 4 2 49| 27 1 0.996 7.968 0.875 9.106 7.480
Gs* 2 [05 1.7 44 [605| 0.797 0.797 0.354 2.251 0.987
G6 2 1 2.45| 37 44 0.908 1.816 0.574 3.164 3.404
G78 2 2 3.35) 27 17 0.991 3.964 0.852 4.653 3.918
Hé* 2 05114 41 56 0.839 0.839 0.422 1.988 0.774
H7 2 1 21| 34 35 0.947 1.894 0.679 2.789 2.409
H8 2 1 241 27 12 0.996 1.992 0.872 2284 0.998
178 2 05 (10 37 46 0.901 0.901 0.555 1.623 0.480
18 2 1 1.3 30 1205 098 1.970 0.811 2.429 0.911
J8 2 051 1.2 27 28 0.977 0.977 0.787 1.241 0.376
294.28 z113.87 0.1035
2143.68 2199.51 0.0%00
*Col. 11 = (2/3) zAxAy 8in a,.

AxAysin@

c cosa,, cosa,, c
Note: =0; F, = (—) A T (—) G-
y/ ZzBxlysina,, yh

Column F5] resulting from the planar approximation required by the theory
presented here. For more accurate comparisons, a finer mesh is necessary,
particularly where the shear surface is steeply inclined.

It is of interest to consider a ¢ — ¢ soil for the same sample problem. This
requires the solution of G,, of Eq. 23. The only term not already considered
in Table 1 is the cos (DIP) term given by Eq. 9. Such calculations then give

c
F, =0.1035 (_h) o 10836 tanidy . 00 E AR L w0 LA G BT 28)
Y
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c
F, =0.0721 (—-) + 1.248tand . . . ... Ll E T R, 29
vyh
c
0.1035 (—) + 1.836 tan
ik = vh (30)
F, Ci
0.0721 (—- + 1.248 tan ¢
Yh

Ratios of F,/F, from Eq. 30 are plotted in Fig. 10. As shown, for a conical

shear surface, F, is much (~1.44 times) higher than F, for all values of ¢

and . The lower the value of c/vyh, the higher the value of F,/F,.
Wedge-Shaped Shear Surface.—Wedges have been analyzed previously in rock

TABLE 2.—Comparison of Results, Vertical Cut in Clay, Shear Surface Consisting
of Cylinder and Cone (Fig. 8)

FB/FZ
Basis n=0, n=1, n=2, n=4, n=8,
l/h=2 I/h=0|1/h=05 | [ /h=1 I./h=2 I./h=4
(1) (2) (3) (4) (5) (6)
Presented theory,

Eq. 27 1.44 1.25 1.17 1.11 1.06
Baligh and Azzouz (2) — 1.23 1.16 1.09 1.06
15 T Ty T T

|
=100
R b " -
F
1'3 1 1 1 1
0 10 20 30 40 50

¢a

FIG. 10.—F,/F, Ratios, Vertical Cut, Shear Surface Consisting of Circular Cylinder
and Cone

mechanics (4,6,8), but to the writer’s knowledge, such analyses have not yet
been applied to soil mechanics problems. Due to the simple geometry of the
selected wedge, an independent *‘closed-form’’ solution was possible.

The setup for the computation of the F for a three-dimensional wedge is
shown in Fig. 11. Since sliding is considered possible only down the intersection
of planes CAO and CBO, T, = W sin i, as for a two-dimensional wedge.
However, the normal force, normal to planes CAO and CBO, can be computed
using vector analysis:

(OAxOC )
N=WX |[—————
|0A x OC]|
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When all the vector quantities are resolved, and the necessary substitutions 4
are made 2 i % -4
E £ £ 1-FC
3c B 1 tand Ex Rz ‘ﬁ% @ 2%
F, = s ST P T T A A (R T PP 32) g8 &2 83 1e a8
vb' sini B tani =S 5 ) 63
o .9. .'?' ] o D o
b’ 2 1/2 n 1 ] ] ]
inwhich B= [4 (—) sin2i + 1] .................. (33) 2 i 5 hEAYT 18 § §
w b
o 2g
When the three-dimensional and the two-dimensional F values are expressed Se
as a ratio 18 %2
1 yb’ . § L"é
1.5B + ———tan¢ sin 2i & ST
Fj B 4c p A " A A 3 |« =
e e e e e (34 = “ & “ e 5 E ga e < % o
F2 Y ! . . - pot
1 + —tan ¢ sin 2i urjus g "o
4c gl |
Limiting Conditions.—For a cohesionless soil, ¢ = 0
[ 3
EALe R ! |
B T S C T R Y S eI < 35 e TV 7
E,. vB Mo g7 9
For a frictionless soil, & = 0 8;
358 36) I
.................................. gle |- . = oli|= N )
2 k = ] .3
For an infinitely long slope, B = 1. As shown by Eq. 33, B is close to 2 g
1 for most situations. There are, however, important exceptions. Consider the {' 2 o
~
ﬁ &
ﬁ . . . . . = I
2 & = 2 o = 2 3 b
| . )
.‘ urfur (o
I
2
Fa 2 (cA+ Ntang') .
c = Td B 3
i
FIG. 11.—Three-Dimensional Wedge 12
| e

stability of a vertical open trench in a sandy soil; assume ¢ = 0. As indicated
by Egs. 33 and 35, the narrower the wedge (the smaller b’'/w), the lower |
the factor of safety. With b’/w = 1/2 and i = 45°, F,/F, = 0.816. These |
studies, then, indicate that narrow wedge-shaped failures are more likely in
a sandy soil, and that some extreme situations may have significantly less stability
than that determined from 2-D analyses.

Eq. 34 can also be expressed as a function of the slope height h by observing
from Fig. 11 that

-l

FIG. 12—F,/F, Ratios, Wedge, Vertical

Slope
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B an i - tan P

sin2i / 1 1 yh
1.5B + ( — — | tand
F, 4B \tani tanf c 39)
F, =

sin2i / 1 1 yh
iy
4 tani tanf c

Janbu (5) pointed out that the effect of soil parameters can be expressed
by a single parameter, A , = (y h/c) tan &. As shown by Eq. 38, this is also
possible for the F,/F, ratio of a 3-D wedge. All terms other than A in Eq.
38 deal only with geometry.

Eq. 38 was solved for ¢ — ¢ conditions for a vertical and for a 2:1 slope;
the results are presented in Figs. 12 and 13. The significance of differences
in geometry becomes clear when Figs. 12 and 13 are compared with Fig. 10.
For wedges (Figs. 12 and 13), the lowest F,/F, ratios are obtained for c¢/yh
= 0; for cones, the lowest F,/F, ratios are obtained for high values of c/vyh.
A check on the correctness of these results is obtained from the general theory,
Eq. 22. For comparable conditions (Fig. 12, b'/w = 1/4, B = 90°, b’ = h,
i = 45°), an exact solution is obtained from Egs. 5 and 23:

0 Ty ad AL s T NI SN L el (39)
F, G, cosa

For the conditions just outlined, a,, = 26.57°, a , = 45° and F,/F, = 0.943.
This is exactly the same value obtained from Eq. 34 or 35, and plotted as
the lower horizontal line in Fig. 12.

It may also be of interest to plot the results of Eq. 34 for combinations
of ¢ and ¢. For constant values of i and B (i = 18.4°, B = 26.57°), F,/F,
is presented in Fig. 14 as a function of b’/ w.

CONSIDERATIONS AND IMPLICATIONS

It is generally known, as was pointed out by Bishop (3), that in order to
satisfy equilibrium conditions in 2-D analyses, forces must act on the vertical
sides of each slice, and appropriate assumptions must be made about these
forces. In the 3-D method presented, side forces on the vertical sides of each
soil column were assumed to be 0 for the following reasons:

1. Side forces, as treated and understood in 2-D analysis, bring about a more
acceptable 2-D analysis, but do not necessarily bring the results closer to reality,
since side forces on the two other vertical sides (the two y-z faces) have not
been considered. The equally important effect of the 3-D geometry has been
demonstrated herein and previously (2).

2. It is believed that such equilibrium conditions can be more easily satisfied
by combining the presented method with 3-D finite element (FE) analysis. Stresses
and deformations acting on a shear surface can be readily computed with the
FE method.

The 3-D method, and its results, can be arrived at by the F,/F, ratio also,

GT9 SLOPE STABILITY 985

as has been shown. The stability of a slope can be evaluated by either performing
3-D analysis for selected shear surfaces, or by performing 2-D analysis and
correcting the 2-D factor of safety by F,/F,. It does not appear advisable
yet to recommend a preferable approach. The studies reported herein suggest
that every ¢ — ¢ soil may have its own critical (minimum) shear surface and
geometry. These studies also suggest that the F,/F, ratio is quite sensitive
to the soil parameters ¢ and ¢, and to the basic shape of the shear surface
(Figs. 10, 12, and 13), but relatively insensitive to the width (1 or w) of the
shear surface (Figs. 8, 11, and 14). Additional studies are necessary to determine
the type of 3-D shear surface as a function of ¢ and ¢. On such a basis,
F,/F, ratios can be developed which may be appropriate for modifying 2-D
factors of safety.

Preliminary results reported herein suggest that a 3-D factor of safety is usually
much higher than a 2-D factor of safety. End effects alone cannot explain
this increase. In going from a 2-D to a 3-D situation, at least for a cohesive
soil, driving forces are reduced by a distance cubed, while resisting forces
are reduced by a distance squared. The end result is more stability for any
3-D case in a cohesive soil. However, these studies also suggest that there
are situations in cohesionless soils where the 3-D factor of safety may be less
than the 2-D factor of safety; clearly such implications warrant careful scrutiny.

The studies suggest that landslides in cohesive soils may follow a wide shear
surface geometry approaching a 2-D case, while landslides in cohesionless soils
may follow a relatively narrow 3-D wedge (see Fig. 14).

Case histories and past experience include many situations where calculations
could not explain what happened. Accounting for the 3-D nature of the problem
as presented herein may help to explain some situations; i.e., possibly Resendiz
(9), but will undoubtedly leave many situations unexplained. The in-situ charac-
teristics of most landslides are too complex for any simple explanations. A
correction by F,/F, will probably, however, bring total (low ¢, higher c) and
effective (higher ¢, ¢ = 0) stress analysis to closer agreement.

Although the method presented makes it possible to describe and analyze
any 3-D shear surface, experimentation is necessary to find the critical shear
surface, just as it is in 2-D analyses.

Summary AND CoNcLUSIONS

A general three-dimensional stability analysis method has been presented.
While all previous 2-D methods are methods for analysis of cross sections of
landslides, the method presented here is for the analysis of landslides and for
the analysis of slopes for the potential of landslides. The apparent correctness
and generality of the method have been demonstrated by selected limiting
conditions and special cases. The 3-D solution includes within it the 2-D Ordinary
Method of Slices as a special case. The method assumes that there are no
equilibrium side forces between soil columns or that their influence cancels
out. Special cases considered illustrate preliminary implications of 3-D analyses.
On such bases the following preliminary conclusions may be made:

1. Factors of safety computed for 3-D geometry differ considerably from
ordinary 2-D factors of safety.
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2. Three-dimensional factors of safety are generally much higher than 2-D
factors of safety. However, situations appear to exist where the 3-D factor
of safety can be lower than the 2-D factor of safety.

3. The F,/F, ratio appears to be quite sensitive to ¢ and ¢ and to the shape
of the 3-D shear surface.

General expressions are also derived for strike and dip; if the inclination
of a plane is given in two orthogonal directions, strike and dip can be determined.
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SLABJACKING—STATE-OF-THE-ART

By the Committee on Grouting of the
Geotechnical Engineering Division

{NTRODUCTION

This paper is one of a series of current state-of-the-art reports sponsored
by the Committee on Grouting. Its scope is limited to the raising of concrete
pavements, formerly known as ‘‘mudjacking,”” and stabilization of slabs by
filling existing under-slab voids. Pressure grouting techniques for stabilization
or impermeabilization of soils or rock at some depth below the surface of the
ground are not included.

Pressure injection for the purpose of raising or stabilizing faulty concrete
pavement has been practiced for more than 40 years. During this period a
variety of different materials have been utilized including hot asphalt, various
soil and soil-cement slurries, and a wide variety of cement and cement-sand
grouts. Historically, such materials have been mixed into slurries or pourable
fluids, often described as having the appearance of ‘‘cream.’’ Over the years
a great deal of research and a large amount of actual work has been performed.
However, due to limitations in the various systems and equipment, the full
potential of the methods has only come to realization within the past decade
or so. Equipment and techniques for this type of work have now become highly
developed, enabling the knowledgeable engineer to obtain nearly any desired
result, be it the simple filling of under-slab voids or the precise lifting and
leveling of virtually any concrete slab or rigid pavement. The technique as
presently practiced is properly referred to as ‘‘slabjacking’ when lifting or
leveling is involved, or simply ‘‘pressure grouting’ where void filling is the
sole objective. Although the term ‘‘Mudjacking’’ has been used extensively
in the past due to the practice of using the ‘‘Mudjack’’ machine, the term
is now considered inappropriate as modern practice involves many types of
machinery and materials.

The purpose of this paper is to acquaint the reader with the present state-of-the-

Note.—Discussion open until February 1, 1978. To extend the closing date one month,
a written request must be filed with the Editor of Technical Publications, ASCE. This
paper is part of the copyrighted Journal of the Geotechnical Engineering Division,
Proceedings of the American Society of Civil Engineers, Vol. 103, No. GT9, September,
1977. Manuscript was submitted for review for possible publication on January 25, 1977.

987



VOL.104 NO.GTY9. SEPT. 1978

JOURNAL

OF THE
GEOTEGHNIGAL

ENGINEERNG
DIVIGION

PROCEEDINGS OF
THE AMERICAN SOCIETY
OF CIVIL ENGINEERS

AMERICAN
BOCETY OF
ghag
ENGINEERS,

FOURMD
(1§52




[ME——

VOL.104 NO.GT9. SEPT. 1978

JOURNAL
OF THE
GEOTEGHNIGAL

ENGINEERING
DIVIGION

PROCEEDINGS OF
THE AMERICAN SOCIETY
OF CIVIL ENGINEERS

AMERICAN
SOCIETY OF

ENGINEERS,
FOUNDED
1882

©American Society
of Civil Engineers
1978



AMERICAN SOCIETY
OF CIVIL ENGINEERS

BOARD OF DIRECTION

President
William R. Gibbs

Past President
Leland J. Walker

President Elect
Walter E. Blessey

Vice Presidents
Frederick R. Brown
Austin Milhollin

Directors

Richard O. Albright
Donald S. Austin
George D. Barnes
John A. Bonell, Jr.
Edward A. Bryant
Jose L. Capacete
William J. Carroll
Francis J. Connell

William W. Moore
Cranston R. Rogers

R. Gene Ellis
D. Allan Firmage
James W. Gillespie
James N. Glenn
Robert T. Lawson
Eugene R. McMaster
Virgil G. Meedel
Franklin D. Meyers
John J. Cusack David A. Novick
Ronald J. Drnevich Richard G. Vaughan
John H. Wiedeman

EXECUTIVE OFFICERS

Eugene Zwoyer, Executive Director

Louis L. Meier, Washington Counsel / Assistant
Secretary

William N. Carey, Secretary Emeritus

William H. Wisely, Executive Director Emeritus

Michael N. Salgo, Treasurer

Elmer B. Isaak, Assistant Treasurer

STAFF DIRECTORS

Gail Bays, Managing Director for
Administrative Services

Donald A. Buzzell, Managing Director for
Education and Professional Affairs

Robert A. Crist, Jr., Managing Director for
Publications and Technical Affairs

Richard A. Jeffers, Controller

Josegh McCabe, Director, Education Services

Carl E. Nelson, Director, Field Services

Paul A. Parisi, Director, Publication Services

Don P. Reynolds, Director, Policy, Planning
and Public Affairs

James M. Shea, Director, Public
Communications

Albert W. Turchick, Director, Technical
Services

R. Lawrence Whipple, Director, Engineering
Management Services

COMMITTEE ON PUBLICATIONS

John H. Wiedeman, Chairman
James W. Gillespie, Vice Chairman

John J. Cusack James N. Glenn
Ronald J. Drnevich Virgil G. Meedel
David A. Novick

GEOTECHNICAL ENGINEERING DIVISION

Executive Committee
John Lysmer, Chairman
William F. Swiger, Vice Chairman
Richard E. Gray Ernest T. Selig
John A. Focht, Secretary
Woodland G. Shockley, Management Group E

Contact Member

Publications Committee
Raymond J. Krizek, Chairman
0. B. Andersland
Warren J. Baker

Roberto Lastrico
William F. Marcuson

Don C. Banks Francis G. McLean
James M. Bel! Gholamreza Mesri
Joseph E. Bowles Donald J. Murphy
Ralph Brown Iraj Noorany
J. T. Christian Ed Nowatzki
G. W. Clough Ted Park
C. S. Desai Adrian F. Richards
Tuncer B. Edil Ade! Saada
Herbert H. Einstein E. T. Selig
L. R. Gebhart Walter C. Sherman, Jr.

D. H. Gray Marshal! L. Silver
Bobby O. Hardin Glen S. Tarbox
Robert D. Holtz G. R. Thiers
Izzat M. Idriss David E. Thompson
L. H. lrwin Donald Treadwell
H. Y. Ko Kuei-Wu Tsai

William D. Kovacs
Leland M. Kraft
Fred H. Kulhawy
C. C. Ladd

Charles R. Ulirich

(;:/. \PI‘ %__Vallabrgan

. N. Vijayvergiya

J. Lawrence Von Thun

Poul V. Lade S. G. Wright

L. J. Langfelder R. N. Yong
John Lysmer, Exec. Comm. Contact Member

PUBLICATION SERVICES DEPARTMENT
Paul A. Parisi, Director
Technical Publications

Richard R. Torrens, Editor

Geraldine Fahey, Assistant Editor
Timothy O. Bakke, Editorial Assistant
Mary Ann Canino, Editorial Assistant
Antoinette Cimino, Editorial Assistant
John DeGaspari, Editorial Assistant
James T. Halston, Editorial Assistant
Shiela Menaker, Production Editor
Richard C. Scheblein, Draftsman

Information Services
Irving Amron, Editor

CONTENTS

Use of Piles as Isolation Barriers

by Samson Liao and Dwight A. Sangrey . . . ... ... .. ...... 1139
Deformation and Strength Characteristics of Soft Bangkok Clay
by A. S. Balasubramaniam and A. R. Chaudhry . . . . ... ... ... 1153
Foundation Grouting at Moulay Youssef Dam
by Mehdi Benzekri and René J. Marchand . . . .. ... ........ 1169
Load Transfer in Pressure Injected Anchors
by David R. Shields, Harry Schnabel, Jr.,
and David E. Weatherby . . . . . . . . . it 1183
Definition of Terms Related to Liquefaction
by the Committee on Soil Dynamics
of the Geotechnical Engineering Division . . . . . .. .. ... ..... 1197
DISCUSSION
Proc. Paper 13978
New York’s Glacial Lake Formation of Varved Silt and Clay, by
James D. Parsons (June, 1976. Prior Discussions: Apr., May, Aug.,
Dec., 1977).
Closire’ i SR L e T ST TN S o i s e 1203
s

This Journal is published monthly by the American Society of Civil Engineers. Publications
office is at 345 East 47th Street, New York, N.Y. 10017. Address all ASCE correspondence
to the Editorial and General Offices at 345 East 47th Street, NFW: Yorlg, N.Y. 10017.
Allow six weeks for change of address to become effective. Subscription price to members
is $12.00. Nonmember subscriptions available; prices _o!)tainable on request. Second-class
postage paid at New York, N.Y. and at additional mailing offices. GT, HY. .

The Society is not responsible for any statement made or opinion expressed in its

publications.



Stability Coefficients for Sidehill Benches, by Yang H. Huang (May,
1977. Prior Discussion: Jan., 1978).
QI Jaw016 06 606 biood Blanioanic 566 s 566 s ot 6.5 o0

Three-Dimensional Slope Stability Analysis Method," by H. John
Hovland (Sept., 1977).
by Amr S. Azzouz and Mohsen M. Baligh . . ... ...........
bydWalter, Steiner,. . L. . 2. R e

Air Diffusion through Membranes in Triaxial Tests," by Wayne S.
Pollard, Dwight A. Sangrey, and Steve J. Poulos (Oct., 1977).

by Hermann Winter and Michael Goldscheider . . . . ... ... .. ..
Effect of Soil Set Up on Pile Driveability in Chalk," by Vasant N.
Vijayvergiya, Aylmer P. Cheng, and Henricus J. Kolk (Oct., 1977).

by Henry R. Naughton . . . . . . ... . ... ... iuuuiuennen.
Soil Restraint Against Horizontal Motion of Pipes,” by Jean M. E.
Audibert and Kenneth J. Nyman (Oct., 1977).

by Joe O. Akinmusuru . . . . . . . ... 00 e s e e

by Howard P. Thomas . . . . . . . . .. .. ..o
Bearing Capacity by Variational Method," by Michael Garber and
Raphael Baker (Nov., 1977. Prior Discussion: May, 1978).

byiJosé L. JUSIO . .:ivuiiooie oo o o o ARG G, RGN,

A Theory of Creep Failure in Overconsolidated Clay," by John D.
Nelson and Erik G. Thompson (Nov., 1977).

by James A. Cheney and Richard J. Fragaszy . . ............
SPT and Relative Density in Coarse Sands,” by William F. Marcuson
IIT and Wayne A. Bieganousky (Nov., 1977).

by Henry M. Reitz . . . . .. ... . ... e uninnne..
Swell Potential Related to Building Performance," by Michael W. @
O’Neill and Osman I. Ghazzaly (Dec., 1977). .

by William L. Gamble

...........................

*Discussion period closed for this paper. Any other discussion received during this

discussion period will be published in subsequent Journals.

iv

13999 USE OF PILES AS ISOLATION BARRIERS | ea—
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Geotechnical engineering; Isolation; Piles (foundations); Soil dynamics;
Vibration

ABSTRACT: An acoustic model employing sound waves in a fluid medium was used
to evaluate the use of rows of piles as passive isolation barriers to reduce ground
vibrations. The results of experimental measurements indicate that the effectiveness of
the barriers is highly dependent on the mismatch between pile and soil material
properties, with greater mismatch resulting in greater effectiveness. Pile-to-pile aperture
spacing of 0.4 times the wavelength was found to be the upper bound for a barrier to
have some effectiveness, and a minor dependence of effectiveness on the pile diameter
was a:ilso observed. The extrapolation of the model studies to actual field problems is
considered.

REFERENCE: Liao, Samson, and Sangrey, Dwight A., “Use of Piles as Isolation
Barriers,” Journal of the Geotechnical Engineering Division, ASCE, Vol. 104, No.
GT9, Proc. Paper 13999, September, 1978, pp. 1139-1152

14040 DEFORMATION, STRENGTH OF SOFT BANGKOK CLAY ]

KEY WORDS: Clays; Consolidation; Deformation; Shear strength; e

Thailand; Triaxial tests

ABSTRACT: A comprehensive series of stress controlled triaxial compression tests was
carried out on Soft Bangkok Clay. Undisturbed samples of soft clay were taken from
Nong Ngoo Hao, a site situated about 15 km east of the coast in the Chao Phraya
Plain. Altogether, four different types of triaxial tests were carried out and these
include: (1)Undrained tests with constant cell pressure and with 1-hr and 1-day load
increment durations; (2)fully drained tests with constant cell pressure; (3)constant
mean normal stress tests under drained conditions; and (4)anisotropic consolidation
tests. The experimentally observed stress-strain behavior is compared with the
predictions from various stress-strain theories.

REFERENCE: Balasubramaniam, A. S., and Chaudry, A. R., “Deformation and
Strength Characteristics of Soft Bangkok Clay,” Journal of the Geotechnical
Engineering Division, ASCE, Vol. 104, No. GT9, Proc. Paper 14040, September,
1978, pp. 1153-1167

14042 FOUNDATION GROUTING AT MOULAY YOUSSEF DAM —

KEY WORDS: Dam foundations; Dams; Drains; Economic analysis; = -

Foundation grouting; Grout; Grouting; Morocco; Piezometers; Seepage

ABSTRACT: A rational “wait-and-see” approach to the problem of foundation
treatment was developed for Moulay Youssef Dam in Morocco to keep costs down
while not decreasing the safety of the structure in any way. This was to carry out a
minimum of initial grouting, install piezometers and drains in the foundation, and
provide a control tunnel from which problem areas could be identified and given
additional treatment after filling if necessary. When Moulay Youssef Dam was filling
for the first time, discharge from one of the drains on the right bank increased
suddenly giving cause for alarm. Reservoir filling was stopped and further drains were
drilled. ‘A wet zone in the control tunnel enabled the suspect area to be localized and
heavily grouted, which reduced the seepage to an acceptable level. The main work was
done from the control tunnel. Despite the additional works, the final cost was
considerably less than the estimate for the traditioonal foundation treatment.

REFERENCE: Benzekri, Mehdi, and Marchand, Rene J., “Foundation Grouting at
Moulay Youssef Dam,” Journal of the Geotechnical Engineering Division, ASCE, Vol.
104, No. GT9, Proc. Paper 14042, September, 1978, pp. 1169-1181
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shear strength, even though the former limits the maximum particle size to
No. 4 sieve (4.76 mm) while the latter to 3/4 in. (19.1 mm).

AprPENDIX.—REFERENCES
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THREE-DIMENSIONAL SLOPE STABILITY ANALYSIS METHOD*
Discussion by Amr S. Azzouz,” A. M. ASCE and Mohsen M. Baligh,> M. ASCE

The author presented a general three-dimensional, 3-D, method for slope
stability analysis. Results obtained from a similar study performed at the
Massachusetts Institute of Technology (2,12,14) raise two major issues.

Normal Stress on Shear Surface.—Based on the ordinary method of slices
(OMS) (13), and in order to achieve statical determinancy, the author neglected
the forces on all four vertical sides of soil columns. This simplification may
be reasonable for some two-dimensional, 2-D, problems, but is unacceptable
for evaluating the 3-D stability of frictional slopes (¢ # 0). This is shown
in Fig. 15, where the OMS was used to study the 3-D stability of homogeneous
slopes employing the shear surfaces of revolution described in Ref. 2. In Fig.
15, the end effects parameter, F,/F,, is plotted versus the normalized total
failure width, 2L /DR [2L = 2(l + l,) in Fig. 8]. F, is the minimum 3-D
factor of safety for different types of shear surfaces (ellipsoids and cones attached
to cylinders of different widths) and F, is the plane strain factor of safety;
A, and DR are defined in Fig. 15. The details of the analysis are given in
Ref. 12. Fig. 15 shows the following.

1. End effects increase as \_, decreases. This contradicts the results in Fig.
10 where, for a fixed value of c¢/vyh, the ratio F,/ F, increases as ¢ increases.
This discrepancy is believed to be due to either computational errors or to
insufficient search for the minimum value of F; in the author’s analysis. To
illustrate the importance of the search for a minimum value of F,, consider
slopes with ¢ = 0. For cylindrical shear surfaces with vertical end sections,
the OMS gives F;/ F, = 1 because the method neglects the shear resistance
on the two vertical end sections. Thus, the value of F,/F, = 1.47 obtained

*September, 1977, by H. John Hovland (Proc. Paper 13221).
2Research Assoc., Massachusetts Inst. of Tech., Cambridge, Mass.
* Assoc. Prof. of Civ. Engrg., Massachusetts Inst. of Tech., Cambridge, Mass.
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by the author using the OMS for conical shear surfaces can be misleading
and erroneous if used in design.

2. For highly frictional slopes (\., = 100), F,/F, is less than unity and
the critical failure width is very narrow. The OMS thus predicts that the failure
of frictional slopes takes place along very narrow and deep failures contrary
to typical observed failure modes. This discrepancy arises because the OMS
underestimates the frictional resistance on steep shear surfaces (DIP — 90°
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FIG. 15.—Results of Stability Analysis of Homogeneous Slopes According to Ordinary
Method of Slices

Eq. 20). In fact, as c tends to zero (A, — =), the critical failure mode. consists
of very deep and narrow shear surfaces and F, approaches zero. This is clearly
demonstrated by Eq. 35, for wedge-shaped shear surfaces, when w tends to
zero, i.e., the OMS predicts that all sandy slopes, irrespective of their inclinations,
are unstable. This is clearly unrealistic.

Effect of Width of Failure on F,/ F,.—The author states that ‘‘the ratio F;/ F,
is relatively insensitive to the width of the shear surface.”’ Fig. 15, which is
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based on the OMS used by the author, contradicts this conclusion if the width
of the shear surface is defined as 2L = 2(! + l.) (Fig. 8). Moreover, if the
width refers to the length of the cone, I, results obtained by the writers in
1975 (2) and by the closed-form solution for ¢ = 0 (12) also disagree with
the preceding statement.

In conclusion, the OMS is inadequate for the 3-D analysis of frictional slopes
and a method taking into consideration the side forces on vertical planes is
required. Such a method will be presented in a subsequent article in this journal.
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Discussion by Walter Steiner,* A. M. ASCE

The author has presented a stability analysis for symmetrical tetrahedral wedges.
For frictional materials, the author arrives at Eqs. 35 and 39. These results
will be compared to the wedge analysis used in Rock Mechanics (15,16).

For this purpose, the notations used by the author and in rock mechanics
are compared. Fig. 16 shows section A-A along the line of joint intersection
0-C and section B-B perpendicular to it. In rock mechanics, the opening of
the wedge is described by the base angle, p (Fig. 16), which is related to B
in Eq. 33 by

Tty e Tt C T T et o) R S ® Coat ey e (40)
cos p

substituting Eq. 40 into Eq. 35, for the case ¢ = 0, the wedge factor F,/ F,,
as predicted by Hovland’s method, is

it 41

e = (COS PR N i e AR e et B Sl

F, P 41
In rock mechanics analysis (15,16), the wedgefactor is

F, 1

e it i s S WL % Mt St 42)

F, cosp

Comparing Eqgs. 41 and 42, one sees that the author’s result (Eq. 41) predicts
that the three-dimensional factor of safety tends to zero when p approaches
90°, i.e., all cohesionless slopes (¢ = 0) are unstable against deep failure modes.

“Research Asst., Dept. of Civ. Engrg., Massachusetts Inst. of Tech., Cambridge, Mass.
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FIG. 16.—Sections through Symmetrical Wedge

This is clearly unrealistic. On the other hand, Eq. 42 shows that rock mechanics
analysis predicts that F, increases as p increases, i.e., narrow wedges are more
stable than wide ones.

The discrepancy arises from the different determination of the normal forces
N on the joint planes. The author projects the weight vector of the wedge
onto a direction normal to the joint planes. In rock mechanics, the component
of the weight vector perpendicular to the joint intersection is equilibrated by
two forces normal to the joint planes. This procedure implicitly assumes a
horizontal force in the wedge parallel to the slope. The method used by the
author implicitly assumes no horizontal force. The writer has performed a wedge
analysis explicitly considering horizontal forces (14) and concludes that they
are important.
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AR DIFFUSION THROUGH MEMBRANES IN TriaxiaL Tests®
Discussion by Hermann Winter* and Michael Goldscheider®

The authors of the paper dealt with the problem of air diffusion through
membranes. It is well known that the exact measurement of the pore pressure

*October, 1977, by Wayne S. Pollard, Dwight A. Sangrey, and Steve J. Poulos (Proc.
PaFer 13250).
Research Asst., Inst. for Soil and Rock Mechanics, Univ. of Karlisruhe, Karlsruhe,
West Germany.
5Sr. Research Asst., Inst. for Soil and Rock Mechanics, Univ. of Karlsruhe, Karlsruhe,
West Germany.



