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risk; safety; soil mechanics

ABSTRACT: The meaning of the term scaloulated risk® is first explored and the terms
sypknown risk” and “human risk® are introduced. Several case histories are then re-
yiewed for the purpose of demonstrating the importance of rigks in earthwork and
foundation engineering. The final section deals with the question of how to cope with
risks, with emphasis on the use and abuse of Boards of Consultants for projects in-
volving great hazarde to life and property,

REFERENCE: Casagrande, Arthur, “Role of the ‘Calculated Risk’ in Earthwork and
Foundation Engineering,” Journal of the Soil Mechanics and Foundationg Divigion,
ASCE, Vol. 91, No, SM4, Proc. Paper 4390, July, 1965, pp. 1-40.

KEY WORDS: clay (material); permegbility; pore pressure; seepage; shear strength;
soll compaction; sofl mechkanics; soll structure; testing; thixotropy

ABSTRACT: The effects of molding water content, density, degree of saturation,
method of compaction, and thixotropic hardening on the permeability of compacted
silty clay have been determined. The formation of a dispersed structure in samples
compacted wet of optimum may result in a coefficient of permeablility two or three
orders of magnitude less than for the same soil compected dry of optimum. The actual
decrease in permeability wet of optimum appears to correlate well with the degree of
shear strain applied to the soil during compaction. In line with this, it was found that
for samples compacted wet of optimum kneading compaction gave significantly lower
values of permeability than did static compaction. Thixotropic hardening was accom-
panied by an increase in permeability, a result compatible with the concept that thixo-
trople hardening involves a change to a more flocculent structure. As much ag a
five-fold increase in permeability may accompany an increase in saturation from the
as-compacted state to the fully saturated condition. Because of the great variability in
permesbility with compaction conditione, selection of an appropriate value for use in
problems involving seepage or pore pressure dissipation will be difficult.

REFERENCE: Mitchell, James K., Hooper, Don R,, and Campenella, Richard G.,
«Permeability of Compacted Clay,® Journal of the Soil Mechanics and Foundations
Division, ASCE, Vol. 91, No. SM4, Proc. Paper 4392, July, 1965, pp. 41-65.
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KEY WORDS: bor ; density; evaluation; penetration; samplers; goil mechanics:
solls {types); tes{%gg

ABSTRACT: In foundatien test borings, the recovery of soil samples with a 2-in. oD
spiit sample spoon driven with a 140-1b welight falling 30 in. has been in use for more

. than 30 yr. Recording the number of blows required to drive the spocn 12 in, has been
called the “Standard Penetration Test.” 1t provides an approximation of scil densities
in situ, It adds little to the cost of boring operations but adds considerably to the eval-
Uation of the results when it is properly performed and it’s are limitations recognized.
This paper traces the history of the test, the modifications that have been introduced,
the variables inherent In the test, and sets forth the factors that affect the resuits. Ap-
plications in granular and cohesive soils are examined.

REFERENCE: Fletcher, Gordon F. A., “Standard Penetration Test: Its Uses and
Abuses,” Journal of the Soil Mechanics and Foundations Divislon, ASCE, Vol. 91, No.
SM4, Proc. Paper 4395, July, 1965, pp. 67-75.
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APPENDIX. —~NOTATION

The following symbols have been adopted for use in this paper:

distance from the outside edge of the column footing tothe column center,
in feet;

distance from the outside edge of the wall footing to the column center,
in feet;

width of wall footing, in feet;

?ressure of the wall footing on the column footing, in kips per square
oot;

safe net upward soil pressure due to the loads on the column, wall, and

wall footing, in kips per square foot;

dimension of the column footing parallel to the wall, in feet;

= dimension of the column footing perpendicular to the wall, in feet; and

column load, in kips.
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STABILITY OF SLOPES IN ANISTROPIC SOILS

By Kwan Yee Lo,1 A. M. ASCE

INTRODUCTION

Stability of slopes has been the subject of numerous publications in the
literature of soil mechanics. In most of these papers, the soil is usually
treated as a homogeneous isotropic material with constant strength throughout
the slope under consideration, or in the layers into which the slope is divided
arbitrarily. Even in the simple case of ¢ = 0” analysis, it is only recently
that a rigorous solution for the case of strength increasing linearly with
depth has been obtained.2,3

In nature, most soils are probably somewhat anisotropic because of the
mode of deposition, the stress metamorphosis after deposition, or both.
Consequently, the shear strength of some soils will vary with the direction of
the slip plane with respect to physical vertical, for instance. It is important,
therefore, to examine the effect of anisotropy on the conventional factor of
safety in the design of earth slopes and cuts.

Afew attempts have been made to study the anisotropy of undrained strength
of soils.4,5,6 Casagrande and Carrillo? suggested an expression for the

Note.—Discussion open until December 1, 1965. To extend the closing date one month,
a written request must be filed with the Executive Secretary, ASCE. This paper is part
of the copyrighted Journal of the Soil Mechanics and Foundations Division, Proceedings
of the American Society of Civil Engineers, Vol. 91, No. SM4, July, 1965.

1 Supervising Foundation Engr., Dept. of Highways, Ontario, Canada.

2 Gibson, R. E., and Morgenstern, N., “A Note on the Stability of Cuttings in
Normally-Consolidated Clays,” Geotechnique, Institution of Civ. Engrs., London, Eng-
land, Vol. 12, No. 3, 1962, pp. 212-216.

3 Kenney, T. C., “Stability of Cuts in Soft Soils,” Journal of the Soil Mechanics and
Foundations Division, ASCE, Vol. 89, No. SM5, Proc. Paper 3647, 1963.

4 Casagrande, A., and Carrillo, N., “Shear Failure of Anisotropic Soils, Journal of
the Boston Society of Civil Engineers, Contribution to Soil Mechanics 1941-1953, 1944.

5 Hansen, J. Brinch, and Gibsen, R. E., “Undrained Shear Strength of Anisotropically
Consolidated Clays,” Geotechnique, Institution of Civ. Engrs., London, England, Vol. 1,
1948, pp. 189-204.

6 Jakobson, B., “Influence of Sample Type and Testing Method on Shear Strength of
Clay Samples,” Proceedings of the Royal Swedish Geotechnical Institute, Stockholm,
No. 8, 1954.
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strength in any direction in terms of the strengths inthe principal directions.
Hansen and Gibson5 and Jakobson® considered the anisotropy of the initial
state of stresses but assumed the strength (in terms of effective stresses)
and deformation properties of the soil to be isotropic. Based on similar and
additional assumptions, Schmertmann? comparedthe undrained shear strength
determined from a field vane test and the in-situ strength existing in a slope.
However, the inherent anisotropic property of the soilhas notbeen considered.
Recently, Ladd® furnished some data on the effect of rotation of principal
stresses on the undrained strength of a clay,

Only the undrained case corresponding to the conventional ¢ = 0 analysis
will be considered herein. A general method of analysis that will take into
account any random variation of strength of soil is described. Where the
strengths in different directions can be defined by an expression involving the
angle of deviation from the vertical and the “principal strengths,” explicit
solutions have been obtained for cases in which (1) the vertical principal

l
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FIG. 1.—DEFINITION OF STRENGTH VARIATION WITH DIRECTION

strength, C1, is constant,and (2) the vertical principal strength C1, increases
linearly with depth.

It is shown that the solutions obtained by Taylord and Gibson and
Morgenstern? for isotropic soils represent special forms of the solutions of
foregoing cases, respectively. The stability numbers of these two cases have
been calculated by an electronic computer for a range of soil parameters and
slope angles. The practical significance of the results is considered briefly.

7 Schmertmann, J. H., discussion of “Stability of Cuts in Soft Clays,” by T. C. Ken-
ney, Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 90, No. SM4,
Proc. Paper 1964, pp. 183-189.

8 Ladd, C. C., correspondence in Geotechnique, Institution of Civ. Engrs., London,
England, Vol. 14, 1964, pp. 353-358.

9 Taylor, D. W., “Stability of Earth Slopes,” Journal of the Boston Society of Civil
Engineers Contributions to Soil Mechanics 1925-1940, 1937.
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Notation.~— Letter symbols adopted for use in this paper are defined where
they first appear and listed alphabetically in the Appendix.

ANISOTROPY OF CLAY

Definitions.—The term anisotropy is used exclusively herein to describe
the variation of undrained shear strength with direction; the directional
variation of other soil properties, such as compressibility or permeability, is
not considered.

The definitions of shear strengths with direction are shown in Fig, 1. The
physical vertical and horizontal directions (these usually coincide with lines
perpendicular and parallel to the bedding planes of a soil deposit) are the
principal directions., If a sample is tested with the direction of the major
principal stress coinciding with the principal directions, the strengths thus
determined are termed “principal strengths” andare designatedas Cq and Cg,
respectively. When the major principal stress makes an angle, i, with the
vertical, the strength determined will be denoted by C;.

For isotropic material, C;1 = C; = C2; and the curve traced by C; in a
vertical plane is a circle. For anisotropic material, the locus of C; can
assume any form other than a circle. The ratio of the principal strengths
C9/C1 will betermed the degree of anistropy and may be less or greater than
one, For convenience, theformer case willbe referredto as, “M-anisotropy,”
and the latter case “C -anisotropy.”

Origin and Types of Anisotropy.—The anisotropy of clays isintimately con-
nected with their structure, which depends on the environmental conditions
during which the soil is deposited as well as the stress changes subsequent to
deposition. An excellent review of the concept of structure has been given by
Rosenquist,10 who demonstrated that clays laid down in salt water acquire an
open card house structure with the particles randomly oriented. In a fresh
water deposit, the structure is somewhat dispersed and a certain degree of
parallelism is achieved between the clay particles. It is conceivable, there-
fore, that in the former case the clay is more or less isotropic ina
macroscopic scale, while in the latter case, the clay will possess some
inherent anisotropy. However, it is knownthat consolidation under deviatoric
pressures tend to aline the clay particles. Under heavy overburden pressure,
therefore, a clay that is initially isotropic may become anisotropic. The
following examples illustrate three possible phenomena that may be com-
monly encountered.

15 Isotropy.--Jakobson11 reported results of 34 unconfined compression
tests performed on samples taken at right angles, diagonally, and parallel to
a stratum of a post-glacial clay ata depth 10 ft from a site 75 miles northwest
of Stockholm. The clay has an average liquid limit of 85%, plastic limit of 34%,
and moisture content of 83%. It was found that the shear strengths in each type
of test lie within the limit of the mean error of the other and are practically
identical in all three directions as shown in Table 1. The clay is therefore
isotropic.

10 Rosenquist, I. Th., “Physico-Chemical Properties of Soils: Soil-Water Systems,”
Journal of the Soil Mechanics and Foundations Division, ASCE, Vol. 85, No. SM2, Proc.
Paper 2000, 1959.

11 Jakobson, B., “Isotropy of Clays,” Proceedings, European Conf. on Stability of
Earth Slopes, Stockholm, Sweden, Vol. 1, 1955,
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2. C-Anisotropy Cg > Cj.—A large number of unconfined compression
tests, 170 in all, were performed on block samples of London clay taken at
depths varying from 55 ft to 160 ft from eleven sites in London.12

It was found that the horizontal strengths, C2, are higher than the vertical
strengths, C1, at each site, exceptone site at whichthe clay is highly fissured.
The ratio of C2/C1 was established to be 1.3 ¥ 0.1, Some tests were also
performed with the major principal stress inclined to the vertical, but the
angle of inclination was not clearly defined. Nevertheless, the anisotropic
nature of the clay is well established. The higher strength exhibited in the
horizontal samples may be related to the fact that London clay is heavily
overconsolidated, and the horizontal stresses in the ground are considerably
higher than the vertical stresses.

It is important to note that the angle, f, between the failure plane and the
plane normal to the direction of the major principal stress varies in its mean
value between a relatively narrow limit of 50° to 60° for all tests at all sites,
with an average of 56°, In fact, with few exceptions, the limit of variation is
much smaller if results from each site are considered separately.

3. M-Anisotropy C; > C3.—A comprehensive set of data was obtained in
connection with the soils investigation for the construction of a tunnel in

TABLE 1.—RESULTS OF UNCONFINED COMPRESSION TESTS11

i No. of Cj, in kilograms
tests per square centimeter

0 12 0.224 T 0.033

45 12 0.25¢ 1 0.034

90 10 0.236 * 0.025

Welland, Ontario, A shaft 5 ftin diameter was excavated 77 ft into the ground,
and block samples were obtained at 4-ft intervals. More than 500 unconfined
compression tests were performed on these samples as well as tube samples
taken from the shaft. The complete results of the field and laboratory tests
will be reported elsewhere.

For the purpose of investigatingthe strength variation with direction, tests
were performed with the major principal stress inclined to the physical
vertical at 0°, 15°, 30°, 45°, 60°, 75°, and 90°. End restraints were mini-
mized by lubricating the platens with silicon grease. A typical set of results
for samples D and H taken at depths of 42 ft and 60 ft, respectively, is shown
in Fig. 2. The decrease in strength with the angle of rotation of the major
principal stress is evident. The ratio of the undrained shear strengths C3/Cy

12 Ward, W. H., Samuels, S. G., and Butler, M. E., “Further Studies of the Proper-
ties of London Clay,” Geotechnique, Institution of Civ. Engrs., London, England, Vol. 9,
No. 2, 1959, pp. 33-58.

13 Skempton, A. W., “Horizontal Stresses in an Overconsolidated Eocene Clay,”
Proceedings, 5th Internatl. Conf. on Soil Mechanics and Foundation Engrg., Paris,
France, Vol. 1, 1961.
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vary from 0.80 to 0.64 for all the block samples tested. The clay deposit is
lightly overconsolidated with an overconsolidation ratio of 2.

Angle f, between the failure plane and the plane normal to the direction of
the major principal stress, is plotted against the angle of ratation of the major
principal stress in Fig. 2, It is evident that angle f is independent of angle i,
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FIG. 2.—UNDRAINED SHEAR STRENGTH AND FAILURE ANGLE VS
ANGLE OF ROTATION OF APPLIED MAJOR PRINCIPAL STRESS

as in the case of London clay. A statistical study of all the test results in
which i is varied is shown in the form of a histogram in Fig. 3. The arith-
metic mean of angle f is 56°.

These examples serveto illustrate some of the different types of anisotropy
that may be encountered. Each type of anisotropy is closely connected, both
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with the environment of deposition of the clay and the stress changes to which
it is subjected subsequent to deposition. The mode of variation of strength in
example 3 wouldoccur quite often. The methods of stability analysis examined
in the following sections will deal mainly with this particular type of
anisotropy, but the basic concepts and approach should be applicable to any
phenomena of strength variations with direction.

Another important type of anisotropy may be found in layered materials
such as varved clays whose constituent laminae generally have different

50
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Results of 139 tests
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FIG. 3.—HISTOGRAM FOR FAILURE ANGLE MEASURED IN
UNCONFINED COMPRESSION TESTS

stress-strain characteristics. This type of anisotropy requires separate
treatment and will not be considered herein.

BASIC CONCEPTS

Consider a slope of angle 8 in which AB is a potential surface of rupture
(Fig. 4). If failure of the slope is incipient, then every element of soil along
AB must be in a state of limiting equilibrium. It will be assumed that AB is
an arc ofa circle, This assumption is justified inthe undrained case, because
both static and kinematic conditions are satisfied along the arc. Even when
the particular nature of the soilis considered,14 the absence of dilatancy dur-

14 Rowe, P. W., “The Stress-Dilatancy Relation for Static Equilibrium of an Assem-
bly of Particles in Contact,” Proceedings, Royal Soc. of London, Series A, Vol. 269,
1962.
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ing shear in the undrained case makes a circular surface theoretically
possible.

In the conventional methods of stability analysis, the effect of the rotation
of principal stresses along the failure arc is not considered. However, near
the top of the slope, the direction of the major principal stress, 01, is nearly
vertical, while near the toe, 07 acts in an almost horizontal direction—the
direction of rotation being clockwise. If the angle of inclination of the failure
plane is independent of the orientation of the major principal stress at failure,
as illustrated inthe data presented previously, it becomes possible to specify
the direction of oy at any point along any potential failure surface. This

FIG. 4.—DEFINITION OF GEOMETRIC PARAMETERS OF A TYPICAL
SLIP CIRCLE

important fact facilitates the choice of the appropriate strength atany point of
the rupture surface.

GENERAL METHOD OF STABILITY ANALYSIS

It is obvious from the previous paragraph that a general method for the
stability analysis of anisotropic soils may be adopted. Referring to Fig. 4
for the definition of geometric variables, the angle of inclination, i, of the
major principal stress to the vertical is given by

4
1=f+6 -5 . oiiunui. .. o ad (1)

For random variation of the undrained shear strength, Cj, both with
respect to depth and orientation, the usual method of slices may be used. The
appropriate shear strength applicable to each slice is simply chosen by
averaging i along the failure arc in that slice, and Cj is then assumed to
correspond to the average value of i from experimental data, The procedure
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then follows the usual method, and the analysis may be worked out by hand or
by electronic computer.

RELATIONSHIP BETWEEN C; AND i

While it is necessary to obtain a general, though approximate, method for
stability analysis to account for the variability of natural soils, it is also both
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FIG. 5.—POLAR DIAGRAM OF EXPERIMENTAL STRENGTH
VARIATION WITH ORIENTATION OF APPLIED MAJOR PRIN-
CIPAL STRESS

interesting and important to arrive at rigorous solutions in order to study the
consequences of the introduction of additional variables to the problem. It
should, of course, be realized that the rigorous solutions obtained only apply
when the basic idealized assumptions are satisfied, at least within reasonable
limits,
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To obtain a rigorous, solution, it is necessary to establish a mathematical
relationship betweenthe directional strength, C;, and the angle of deviation, i,
of the major principal stress at failure to the vertical. In order to examine
whether such a relationship exists, the results of unconfined compression
tests on Welland clay are plotted in a polar diagram (Fig. 5), in which the
length of the radius is proportional to the shear strength measured at an
angle, i.

For convenience of presentation, the percentage ratios of C;/C1, instead of
the absolute values of shear strength are plotted. Each point represents the
average of at least two tests. It is seen that the results of the eight block
samples at different depths lie close to a theoretical curve represented by

X 2.
Ci—CZ+(Cl-Cz) COBIMAF 3R s et o rol | e o6l (2)

In computing the theoretical curve, an average ratio of K = 0.75 is taken.
The greatest variation is within 10% of the mean curve.
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FIG. 6.—~COMPARISON OF DIRECTIONAL
STRENGTH VARIATIONS

In order to assure that the relationship between the strength Cy and the
angle i is not significantly influenced by the type of tests or rate of strain,
shear box tests and unconsolidated, undrained triaxial tests were performed.
The shear box used was of the conventional Bishop type, and i is taken as the
angle of rotation of the bedding planes fromthe vertical so that the results can
be compared with those from triaxial compression tests. The time to failure
in the shear box tests was generally less than 3 min, while the triaxial tests
were carried out at a strain rate of 2% per hr—i.e., one-sixtieth the strain
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rate of the unconfined compression tests. The results of these tests are
plotted in Fig. 6. It is evident that Eq. 2 is not significantly affected by the
type of test or rate of strain,

Eq. 2 was proposed by Casagrande and Carrillo? on intuitive rather than
theoretical or experimental grounds. However, in addition to the experimental
evidence cited previously, it is interesting to note that the effective stress in
the ground, ¢'jt, at any time, t, after the soil was deposited is given by an
expression of identical form

- 1]

oy =ity oy,

Because, at a given time, a soil would have a given physical-chemical

composition, the structure of the clay would be dependent on the effective

stress history. Eq. 2 may therefore have some physical significance which at

the present (1965) is not fully explored. The equation, of course, may not be

valid for all soils, but it is conceivable that it may be applied to some soils

commonly encountered. Therefore, Eq. 2 will be used to obtain rigorous so-

lution for two cases; in which (1) the strength, Cj, is constant with depth and
(2) the strength, Cq, increases linearly with depth.

-a'3t) cdaait tasal, 18, % anen6s)

RIGOROUS SOLUTION FOR STABILITY OF SLOPES

After an equation for C; is established, in terms of the angle i, rigorous
solutions for stability problems may readily be developed as both the dis-
turbing and resisting moments may now be expressed mathematically. A
general approach, similar to the classical work of Taylor,9 may be used to
obtain curves of stability numbers interms of the slope angle, with, however,
the additional variable k = Cg2/C1—the ratio of the principal strengths.

EXPRESSION FOR DISTURBING MOMENT

For a slope AEFB, as shown in Fig. 7, in which the circle AB passes
below the toe of the slope, draw AF' parallel to EF. The disturbing moment,
W d, may be expressed as the difference of the disturbing moment caused by
AF'B and AF'FE, Geometrically, it may be shown that

3
Wd=2’—121[(1-2cot23+3cotxcotﬁ

+ 3 cot @ cot A -3 cot a cot B)

6n(n+cotB -cotx+cotal ...........(4)
writing
Y=1-2cot28+3cot)\cotﬁ+3cotacotk
S SOt COtE B e Gl (5)
and Z=6n(n+cotpB -cotx+cota.......... (6)
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H3
Then : Wd=y—12—(Y-Z) ..... AR T S EN(T) f

Eq. 7 is derived purely from geometric considerations and no assumption
has been made. In derivingthe expression for the disturbing moment, Taylor?
imposed the restrictionthat the center of the critical circle be onthe vertical
passing through the midpoint of the slope, This is equivalent to requiring that

n=%(cotk-cota-cotB)............(S)

This condition is relaxed in Eq. 4, although as will be shown subsequently,
poth methods lead to identical results for k = 1, Eq. 4 is valid whether or

FIG. 7.—DISTURBING MOMENTS ACTING ON A SLIDING MASS

not the center, 0, lies to either side of the centroid of AEFF',
For toe circles, n = 0 and Eq. 4 reduces to

3
Wd=x{-;-(l-2cot2;3+3cot)«cot/3

Wt E I8 (o)

Case 1.—The principal strengths C1 and C9 are constant with depth.

The simplest case to be dealt with is that the principal strengths C1 and
Cg are constant with depth, and therefore the ratio of C to Cq is a constant,
From Fig, 4, the resisting moment, MR, is given by

+ 3 cot @ cot X -3 cot acot B).....

a
MR=Rf20(0,Z) REAB 4 e e A (10)

a

1
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From Egs. 1 and 2,
2. J2 2
M, =R fa [C2+(CI-CZ) cos” (a + 6)] dé....(11)
1

in whicha = f - 7/2,
Eq. 11 may readily be integrated, and the explicit expression for Mg is

A2
MR-R [(1+k)Cla

+2 (1 -1 C, sin2acos (2 - 20] ...vnnns (12)
The factor of safety, F, is therefore given by

: 3 Cy [(1+k) a+% (1-k) sin 2@ cos (2f—2)«)]

o=
3 sin2 a sin2 A (Y-2)

For circles passing through the toe of the slope, n = 0, Eq. 10 reduces to

s 5(13)

3 C1 [(1+k) a+%(1-k) sin 2o cos(Zf-ZA):I
F='yH - . ... (14)

sin2 a sin2 AY
For isotropic material k = 1, 1i.e.,Cq = Cj = Cg and Eqs. 13 and 14 be-
come, respectively,

6¢1C1
F = At L S R S (1115)

vH sin2 a sin2 A (Y-2Z)
6a C1

and F =

N s ...(18)
vH sin2 a sin2 AY
Eqs. 15 and 16 are identical with Taylor’s solutions using the friction
circle method for the case ¢ = 0 (Egs. 20 and 18 in Taylor’s paperg) . The
solution, Eq. 13, may be conveniently written as
C1

F=7—HN ........ (17)

in which N is termed the stability number
3 [(1+k) a +% (1-k) sin 2a cos (2f—2h):|

N = 3 3 e e T(18)
sin” a sin” A (Y-Z)

It is obvious that the minimum factor of safety is obtained by minimizing
the stability number, N, with respect to @ and A, so that
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6 N
== =0
oha oS SR Al o)
O N _
Gl

The foregoing operations may be carried out by a computer, and N mini-
mum is solely a function of k, f, and B, so that

N =F ik Ty B) e ST g BNt Y g e (20)
Given values of k and f, N is then a function of the slope angle, 8, alone,
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e —
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FIG. 8.—STABILITY NUMBER VS SLOPE ANGLE FOR
CONSTANT Cy

Computations have been carriedout for f = 55° and different values of k from
0.5 to 1.




98 July, 1965 SM 4

The variation of the stability number, N, with slope angle for values of k
ranging from 0.5 to 1 is shown in Fig, 8. As a direct consequence of the as-
sumption that the shear strength is constant with depth, two distinct cases
emerge. For values of B greater than a certain value, 8., depending onKk,
the critical circles pass through the toe of the slope (n = 0). For B8 < B, >

60 < \
\\ \K=l-0

3 A\ 'CASE |
58
\KSO-Q\ FOR TOE CIRCLES
NN n=o0

54

LN
EREENY
Rog \\\\

\
AN
A\

42 “

STABILITY NUMBER N
>
[

»
»

40

38

|
o 10 20 30 40 50 60 70 80 90
SLOPE ANGLE /3 (degrees)

36

FIG. 9.~STABILITY NUMBER VS SLOPE ANGLE FOR TOE CIRCLES

the critical circles pass below the toe atinfinite depth (A=0,n=,D = )
and N is independent of 8. In the latter case, the existence of a stronger
stratum or limiting conditions, ator beyond the toe, that exercise restrictions
to the slip circles have to be considered. The stability numbers for toe
circles only are plotted in Fig. 9.
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In order to examine the effect of anisotropy on the stability number, the
ratio of Nk for a certain degree of anisotropy k and Nk = 1 for isotropic soils,
(Nk/Nk = 1) is plotted aganist 8 in Fig. 10. It will be seenthat the difference
is significant for moderate degree of anisotropy, especially for 8 < 50°, For
steep slopes, the ratio approaches unity. Further details on the implications
on current methods of design of slopes will be examined subsequently.

Case 2.—The principal strengths, Cq and Cg, increase linearly with depth
simultaneously. In normally-consolidated clay deposits, the undrained shear

/“7
95 K=0-9 / // /

,o A
: 1//
-
i /

R\

80

N
N %

75 /
K=0-5
70
CASE |
65
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SLOPE ANGLE A (degrees)

FIG. 10.—INFLUENCE OF DEGREE OF ANISOTROPY ON STABILITY
NUMBER FOR CONSTANT Cj3

strength increases linearly with depth, except in the zone of desiccation, In
this case, it is assumed that both principal strengths, C; and Cg, increase in
the same manner so that
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= iy s (P
and Cy=kCyorrnnnnnnnn (21b)

in which s is the rate of increase of strength wjth depth and D denotes the

depth factor,
The resisting moment is then given by

= H2 f [ksz (1k)—cos (a+0)] de.... (22

Integration yields

Rss[
MR=W (1 + k) sin a cos A
1-k
-a(1+Kk cos (a+2 +—— = X] LSRN (123)

in which
X = sin a cos (2f - A) - sin 2a cos (a + A) cos (2f - 2))

AT ot AN R R T Y

3
The factor of safety, F, is then given by
R3 -k
D—Hs[(1+k)smacosh-a(l+k)cos(a+)\)+2X]
F = . .. (25)
-1y - 2]
or
F_R3i_2[(1+k)sinacosx-a(1+k)cos(a+x)+2kx:| (26)
-FDH y Y - Z I

but, geometrically, -

3 3
i=(;_)...............(27)
2 sin a sin A
H
and, from Eq. 21,
C
8 1
N =y B 5. o L
b 1 (29
Therefore,
14k a(1+k canall 23k vay ]
3C[Tcot)t+ A e (1 - cotacotk)+4sinasmhx (
o 5 L. .. (29)
Yz ARt e et X (Y gy

Fork =1,
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3C
ot e B ot Gl il L (30

Y smzasmz)«(Y-Z)

which isthe solution obtained by Gibson and Morgenstern2 for isotropic soils,
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FIG. 11.—STABILITY NUMBER VS SLOPE ANGLE FOR C; INCREAS-
ING LINEARLY WITH DEPTH If

The expression for the factor of safety can be written in the form

<
F—Y—ZN...................(31)

in which the stability number, N, is given by
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1+k a (1 + k) 1 -k
_3[Tcotx+T(l-cotxc0t a) e

sinz a sin2 ALy - z)

x]...(sz)

The stability number, N, is therefore a function of k, f, and 8. For given
values of Kk, f, and B, the minimum value of N may be computed as in Case 1,
These operations have been done on a computer for f = 55° and different
values of the slope angle, B, and degree of anisotropy, k. The results are
shown in Fig, 11,
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FIG. 12.—INFLUENCE OF DEGREE OF ANISOTROPY ON STABILITY
NUMBER FOR Cj INCREASING LINEARLY WITH DEPTH

The results of numerical analyses show that the minimum value of N, for
given values of k and B, is given by the case n = 0. The slip surfaces are
therefore an infinite number of circles passing through or above the toe of the
slope, defined by a set of values of A and @. Because the term Cl/-yz isa
constant for normally-consolidated clays, the factor of safety is therefore
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independent of the height of the slope, H—a conclusion arrived at previously
for isotropic soils.2

In Fig, 11, the stability numbers, N, are plotted against the slope angle, 8,
for different values of k. As 8 approaches zero, the stability numbers, N, and
therefore the factors of safety, approach infinity; N decreases rapidly as 8
increases, but the rate of reduction decreases as the slope angle becomes
steeper. The curves for different values of k finally converge at 8 = 90°,
giving a value of N = 2.0.

For vertical slopes, the factor of safety is therefore independent of the
degree of anisotropy of the soil, The value of N = 2 is also consistent with
the well-known result because, when a constant strength, C1, with depth is
substituted, the critical height, H., will be given by

4 C
Hit'= _1
c 'z

In order to examine the influence of anisotropy onthe stability number, the
ratios of N /N - 1 are plottedagainst the slope angle in Fig. 12. It is evident
that the effect of anisotropy decreases as the slope angle increases. For flat
slopes, however, the influence of anisotropy is important.

AR S n e 1Y)

PRACTICAL CONSIDERATIONS

The preceding analyses indicate that for soils whose undrained shear
strength decreases with the clockwise rotation of the major principal stress
at failure in a manner approximated by Eq. 2, the factor of safety obtained by
taking anisotropy into account is significantly less than that obtained by con-
ventional ¢ = 0 analysis except for steep slopes. This appears to be at
variance with the conclusion supported by a considerable number of case
records that indicate that the conventional analysis gives the correct factor
of sa.fety.15 (It is, of course, presumptuous to assume that in these case
records, the soils are allisotropic, althoughin some casesthey may well be.)

It is of interest that, at the time when this paper was completed,
Schertmann,” in a discussion of Kenney’s paper,3 put forward the same con-
tention to the use of the conventional ¢ = 0 analysis. A correction factor was
proposed for application to the field vane strength to obtain the strength
existing in a slope, However, the anisotropy of strength was ascribed solely
to the difference in the initial principal stresses. As a result, the correction
factor is a function of the ratio of initial stresses, K. As K decreases from
unity, the degree of anisotropy and the correction factor increases, the cor-
rection on the factor of safety (for isotropic soils, is therefore qualitatively
in the same direction as in the present investigation.

To resolve the anomaly between the results of the present study and the
apparent success of the conventional total stress analysis for slopes, careful
consideration must be given to the shear strength determined and used in the
analysis. An examination of the analyses of slope failures published in the
literature shows that the undrained shear strengths used in the calculation of
factors of safety in most, if not all, case records are invariably determined

15 Bishop, A. W., and Bjerrum, L., “The Relevance of the Triaxial Test to the So~
lution of Stability Problems,” ASCE Research Conf. on Shear Strength of Cohesive
Soils, Boulder, Colo., 1960.
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from samples obtained from borehole or from in-situ vane tests. The
strengths thus determined can in fact, be considerably less than the actual
strength of the soil—the extent of the discrepancy being dependent on the type
of soil.

The results of measurements of undrained shear strengths at Welland from
(1) block samples, Cypg; (2) in-situ vane tests, Cy, and (8) borehole samples
taken by 3-in. diameter piston sampler, Cig, are shown in Table 2. It is
evident that the strengths measured decrease from (1) to (3). The average
ratio of Cy/CB is 0.80, while that of C15/Cyp is 0.71.

Results of shear strength determinations from conventional 2-in., thin wall
Shelby tubes are less extensive, but the ratio of strengths is on the order of
0.5 to 0,6. A similar result has been reported for the discrepancy between
block and tube samples for London clay.l2 These results illustrate that the
strengths determined by borehole samples as well as in-situ vane tests are
too low. The discrepancy between strengths determined from block and bore-
hole samples may be attributed to disturbance caused by sampling. The

TABLE 2.—COMPARISON OF UNDRAINED SHEAR STRENGTHS

Cip,in | Cy, in | Cyg, in Cap, in
.. | pounds | pounds | pounds fo) pounds
Sample Def;;teht, ) per per per __l Eli per inl;éet
square | square | square | C1B | CiB | square
foot foot foot foot

A 30-31 2150 - - - e 1700 0.79
B 34-35 1400 1250 - 0.893 - 900 0.64
C 38-39 1600 1250 1050 0.781 | 0.656 1180 0.74
D 42-43 1460 1050 1300 0.719 | 0.890 1100 0.75
E 46-47 1500 1200 1150 0.800 ( 0.766 1180 0.79
G 55-56 1650 1200 850 0.728 | 0.515 1200 0.73
H 60-61 1700 1300 1200 0.765 | 0.706 1350 0.80
1 65-66 1400 1300 1000 0.929 | 0.714 1260 0.78

reason for the anomaly between results of block samples and vane tests is
obvious whenthe anisotropic nature of the soilis considered. In the vane test,
the major principal stress at failure is horizontal for the cylindrical failure
zone adjacent to the vane blades. At the ends,the stress conditions are more
complex and obscure. However, for standard dimensions of the vane, it may
be easily shown that the vane measures the strength of the soil along the
cylindrical surface closely. The vane strength should, therefore, correspond
approximately to the strength Cg, from the block samples. This hypothesis
is supported by a comparison of Cy and Cgpg in Table 2. It is clear, there-
fore, that both vane tests and unconfined compression tests on borehole sam-
ples do not necessarily give the rightundrained shear strength and agreement
between these two tests depends not only on sampling disturbance but also on
the anisotropic nature of the clay. However, in the case of soils possessing
M-anisotropy, the errors introduced by using shear strengths from unconfined
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compression tests on borehole samples or vane tests, and assuming the soil
being isotropic, are compensating.

CONC LUSIONS

1. Depending on the environmental conditions of deposition and subsequent
stress changes during geological history, soils may be isotropic or
anisotropic.

2. In macroscopically homogeneous soils, the shear strength may vary
with the direction of the applied major principal stress. A review of some
reliable data obtained from block samples indicates that there are at least
two types of anisotropy. The vertical principal strength may be greater or
less than the horizontal principal strength.

3. An extensive study on one lightly overconsolidated glacial clay shows
that the angle between the failure plane and the plane normal to the direction
of the applied major principal stress is independent of the direction of the
latter. While this conclusion may not necessarily be valid for all clays, it is
supported by the reported comprehensive data on London clay.

4. Based on the foregoing empirical fact, a general method of stability
analysis for anisotropic soils has been developed for the undrained case.

5. In the special case when the directional strength can be described by a
mathematical expression, rigorous solutions have been obtained for the cases
in which (a) The vertical strength is constant with depth, and (b) The vertical
strength increases linearly with depth.

Stability numbers for the foregoing two cases have been computed by an
electronic computer for a range of degree of anisotropy and slope angle.
These numerical results show that for steep slopes, the effect of anisotropy
is small. However, for flatter slopes, the influence of anisotropy on the
stability conditions is significant.
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APPENDIX.—NOTATION

The following symbols have been adopted for use in this paper:

f - n/2
a type of anisotropy in which Cy > Cy;

a
C~Anisotropy
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shear strength whenthe major principal stress at failure is
inclined at angle i to the vertical;

principal strengths in directions of principal stresses;
depth factor;

factor of safety;

angle between failure plane and the plane normal to the di-~
rection of the major principal stress;

height of slope;

angle of rotation of major principal stress from vertical,
measured clockwise;

ratio of initial principal stresses;

degree of anisotropy = C5/Cy;

a type of anisotropy in whichCy > Cg;

resisting moment;

stability number;

stability number for any value of k;

stability number for k=1,

geometric parameter;

radius of slip circle;

rate of increase of strength with depth;

sin @ cos (2f - A) -~ sin 2 a cos (@ + A) cos (2f - 22)
+ 1/3 sin 3 a cos (2f - 3));

1-2cotzﬁ+3cotkcot/3+3cot a cot A - 3 cot a cot B;
6n(n+cotp -cotr+ cota);

ordinate measured from top of slope;

geometric parameter = @y - @3/2;

geometric parameters;

angle of inclination of slope from horizontal;

B at a certain value;

geometric parameter;

geometric parameter; and

stress.
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SHOCK WAVES IN GRANULAR SOIL

By Robert D, Stoll,1 M. ASCE, and Ibrahim A. Ebeido,2 A. M. ASCE

INTRODUCTION

Stress waves of small amplitude whose characteristics may be described
to a good approximation using the linear theory of elasticity have been studied
in detail for many years in considering earthquake disturbances. Although
considerable information is currently (1965) available regarding seismic wave
propagation in a variety of different types of soil, no general theory has been
established to describe propagation of waves with larger stress amplitudes
where the theory of elasticity isno longer applicable. This type of information
is of great importance in considering close and intermediate distance phe-
nomena associated with any large disturbance. It is this region between the
low stress levels usually considered in seismic studies and the high stress
levels where degradation and “locking” type of behavior may occur that is of
principal interest herein.

Several major difficulties arise when studying wave propagation at stress
amplitudes greater than those that permit the use of a linear elastic theory.
First, there are no generally accepted constitutive equations that describe
the behavior of a soil material under a prescribed history of stress and strain.
Some progress has been made by investigators such as R. D. Mindlin,3 H.
Deresiewicz,4 and their co-workers in describing the behavior of aggrega-
tions of like spheres using the linear theory of elasticity; however, most work
has been concentrated on a phenomenological approach to description of the
behavior of a statistically homogeneous granular mass with arbitrary grada-
tion. This type of description is generally based on experimental investiga-

Note.—Discussion open until December 1, 1965. To extend the closing date one month,
a written request must be filed with the Executive Secretary, ASCE. This paper is part
of the copyrighted Journal of the Soil Mechanics and Foundations Division, Proceedings
of the American Society of Civil Engineers, Vol. 91, No. SM4, July, 1965.

1 Assoc. Prof. of Civ. Engrg., Columbia Univ., New York, N. Y.

2 Lecturer, Dept. of Civ. Engrg., Alexandria Univ., Alexandria, U.A.R.

3 Duffy, J., and Mindlin, R. D., “Stress-Strain Relations and Vibrations of Granular
Medium,” Journal of Applied Mechanics, ASME, New York, N. Y., Vol. 24, 1957,

4 Deresiewicz, H., “Mechanics of Granular Matter,” Advances in Applied Mechanics,
Academic Press, New York, N. Y., 1958, Vol. IV, pp. 233-306.
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factor expressing the change of angle on one side of one column only); and (2)
the moment of exterior forces is connected to the radius of curvature of the
deformation by a simple relationship.

The moment is linearly proportional to 1/R. Therefore itis to be expected
that the relationships connecting the strains and crack-width in wall with the
radius of curvature will be simpler that those connecting these values with
the gradient,

The experimental results? confirmed this assumption. In masonry wallg
of different materials, the maximum crack-width variated linearly with 1/R.
Moreover, a critical value was found to exist for R. When R decreased under
1,500 m (5,000 ft) in all types of masonry tested, the rate of crack-widening
increased considerably. This radius could be considered as a “yield point»
for the walls tested.

STABILITY OF SLOPES IN ANISOTROPIC SOILS?

L

Discussion by George G. Meyerhof

GEORGE G. MEYERHOF,16 F, ASCE.—~The author has shown that the
estimated stability of slopes in clays under undrained conditions is consider-
ably affected by anisotropy of the soil for the customary flat slopes. New
stability numbers have therefore been derived for use in practice. It may be
noted that these results can be approximated by using the average principal
strength, (Cy + Cy)/ 2, in the previous solutions for isotropic soils.

However, the greater the degree of anisotropy of the soil, the more the
potential failure surface will depart from the assumed cylindrical form and
become elongatedin the direction of the smaller shear strength. Consequently,
a solution of this problem would be expected to yield even smaller stability
numbers for anisotropic soils than have been derived.

4 July, 1965, by Kwan Yee Lo (Proc. Paper 4405).
16 pean, Nova Scotia Tech. Coll., Halifa, Nova Scotia, Canada.
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energy per blow would require that the two men raise a 350-1b weight—whiQh
they could not do.

6. Boston's original reason for determining and recording the numbey
blows was to better soil classification and perhaps aid in estimating the ¢
of hand excavating belled caissons. Only later were formulas mentioneq
which it was alleged that footings could be proportioned as could the necessah’;
embedment of piles, for support of a given load, by inserting the numbe,.()'!
blows, noting the type of soil, and solving for the answer,

Throughout the body of the paper, Fletcher repeatedly notes the many serj.
ous pitfall involved in the use of the SPT. In his Conclusions, he Stateg
that “SPT has had 30 yr of generally successful application,” and then folloyy
with an Appendix citing thirteen reasons that can affect the aceuracy of tpe
reported number of blows,

There are eight other reasons far more detrimental to accuracy thy,
those mentioned by Fletcher.

1. Boring Contractors.—This is business, the primary purpose of whic
is profit.

2. Boring Foremen and Helpers.—The human element in a rough anpg
hidden operation,

3. Boring Inspectors.—This is the question of whether there should be
one inspector per boring crew, one for a number of crews, or none at all,
Inspectors quick enough to keep abreast of fickle men in many boring
crews are rare indeed.

4. Pumps of Vavious Types and Sizes, Independently Powey-Dviven or
Divectly Connected to a Power-Dviven Bo ring Machine.—The boring foreman
who, of his own volition, regulates the volume of circulating liquid to suit the
type of soil being loosened and removed from the borehole, is rare indeed,
The writer has yet to encounter one such foreman except where a hand pow-
ered pump was used. What would be the reaction of those fully acquainted with
the principles of proper boring procedure as presently understood on learning
from the superintendent of borings for a large concern that he is using single
stage 4-in, centrifugal pumps, on an active operation, when working through
2-1/2 in. casing, because he cannot make the estimated footage per day with
smaller pumps?

5. Power Driven Equipment for Making Borehole.—The success of the
manufacturer depends on greater footage of hole per day than can be produced
by other machines,

6. Specifications.—Some specifications are so contrived that the author
thereof could not comply. Specifications will not improve the reliability or
accuracy of the reported number of blows.

7. Soil Handling.—~The mishandling of soils during construction and the
brutal driving of piles can and do void reasonably accurate predictions,

8. Engineering Eccentricities . —Pet requirements of some engineers con-
fuse the most cooperative of boring crews to the extent of producing wide
variations in the reported number of blows,

Considering the thirteen reasons cited by the author and the additional
eight presented herein that can affect the number of blows, how can the engi”
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gsibly determine, from the information submitted to him, the accuracy
ne ted results? .
the revl;:;er believes it wrong to infer or imply that .the so-cglled SPTtor
4 jlar data are or can be made reliable and consnstgnt. W'1th no better
any Bimung evidence of reliability, then as now, hebelieves it a mistake to u.s;le]
t!;m «Standard.” His experience proves these data should be used wi
e

‘féat restraint.

"

STABILITY OF SLOPES IN ANISOTROPIC SOILS2

Discussions by Peter Lumb and John H. Schmertmann

is paper, the basis of the analysis is the
R LUMB,17T M, ASCE.—In this paper, alys: .
relfx?;‘lghip between the directional strength and the angle ofl inch?latlofx};, tg
i he experimental results o g.
ical, as given by Eq. 2, Althought : tal result:
t::r::r\tvith ’the pi‘edicted values, there is no theoretical justification for the
i i i he author,
ed relationship, as is mentioned by t '

assxm;'ational interprétation of anisotropic strength can, howev.er,‘ be' T{ldﬁ by
using a modification of the maximum shear strain energy failure cri enon};
which has been described by Hill.18 This failure criterion also agrees wi:
the experimental values but leads to a completely different conclusion as to
the stability of anisotropic soils than that reached by‘the author, ——

For brevity, Casagrande and Carrillo’s Eq. 2 will .be c.alled‘ Criteri e
and the modified maximum shear strain energy criterion will be calle
Criterion B. = .

For purely cohesive anisotropic materials, Cntex?lon B assun.)es mit' fzulf
ure occurs by yielding and that the yield criterion is a qugdrat;c func 1::doz
the stress components ox, Oy, 0z, Txy, T yz» and T zx, in Whlf: t i );’eii ini
axes are considered as the principal axes of amsotropy: In the p S mcqi
it will also be assumed that the anisotropy is symmetrical about the ve é
z ms. T S : -

Following Hill, the failure criterion for the cohesive anisotropic soil can

Written as :

2 2 2 2
(Oy-oz)z +(oz-ox)2 +(2 n2- l)(ox-ay) +2m Tyz +2m° T

+ 2(4 n2 - I)Tiy =

& July, 1965, by Kwan Yee Lo (Proc. Paper 4405). _
i Sﬁﬁlor Lectgrer in Civ. Engrg., Univ. of Hong Kong, l-jong Kong. TSRO
18 Hill, R., “The Mathematical Theory of Plasticity, Clarendon Press, 3

England, 1950, Chapter XIL.
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Sn,
ction; pg = compregg,

. 3 0
shear strength in horizontal plane, 52"

in which P1 = compression strength in vertical dire
strength in horizontal directions 81 =

shear strength in vertical plane; and

Py =n.p, = m.s, = <4nz- 1’) . s

The strength is thus characterized by the three independent parameterg P
n, and m, For complete isotropy, n = 1andm = . 3. 1

1

1.1

1
o
©

P

Value of —

o
©

Angle i
FIG. 13

The triaxial or unconfined compre
cut with its axis inclined at an angle
given by

ssinnstrongth,pi_ of a cylindrical sample
i to the vertical can easily be shown to be

( 2.( 2. in2:) 2 4,
[)i = ])1 }'()S 1\COS 1 - 8in 1 + N SIn 1 4

2.2 2 i)
m- sin"i cos“i . (30

According to Criterion A, the corresponding equation is

D, =1 (-(nq2i 1~;i12i
li~[1,. +n.]

Fig. 13 shows the experimental results of Fig. 5 together with additional
results furnished by Lo, From these results, maximum likelyhood estimates
of the parameters and their standard deviations have been calculated as:

DISCUSSION

1.367 t 0,045 for Criterion A

= 1.327 T 0.0185 | . criterion B

= 2,022 t 0,042

is no statistically significant difference between (i:‘litel*?l:)lzl].: (;QI‘BI;
rge Scd r of the experimental results, althoug the mez
e O‘ p y ore closely with Criterion B

ticular angle i agree rather mc y . :
values forca;ii)::ion A. It is of interest to note that for this soil the results
th . :
c‘glsistent with the particular values
are

There
pecause ©

iteri it is easy at the
Vane Test.—On the basis of Criterion B, it is easy lotsiw\zlhzh;hmr
Tllef the shear strength as measured by a vertical vane tes -1'0\'11 qqmp.lo
ratiog:h as measured by an unconfined compressiontest on a vertical sd
stren; )

is given by
D
Cy Sl + 52 . ﬁ m D

. | =—— " 3H
c D -
1 52(1 ' 3H> (-4112-1)

i ' /e and H = the length,
h D = the diameter of the vane an the lenglh., . -
r v';'l;ring n = 4/3 and m = 2, the ratio Cv/C is calculated as
D/H 0 2/3 1 3/2
(& /C1 0.809 0.844 0,857 0.873
v

i = ¥ and con-

The experimental values of Table 2 nge‘C\f"Cl = '0.8'():2 - 10;8?[2‘.1.;:1)(‘9 o8-
Sequently, it is evident that there is no stahstu-ally significan )
tween the,actual ratio and that predicted by Cl'llgl'mﬂ B'.' P

Plane Strain.—The actual results agree with either Criterion O e
imli’licationls of iho two criteria are completely different when the case of ple
strain is considered, il ' i

Assuming the soil to be incompressible, Criterion B for plane strain re
duces to

2!\2 ¢ 1

2
_,4_ 5 ((12 -0.)
n

ang (41b)

{for : ut at an angle i to
The Plane strain compression strength pyfor a sample cut at an ang

the Vertical is given by
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2
B 2(2n 41 2
pi = pl ‘T 2_2 cos 2i + Sil’l2 2i
m n
and this can be re-written as

1
@ - 1% (%
m /1-Xsin22i ‘
in which X, a new measure of the anisotropy, is defined by

Py

2 2
m- n

2n2+

X=1-

Iti i
- veitei!\C/:?lletr;ti thgtlthe average plane strain strength is larger or smaller {}
e axl'a orunconfined compression strength when X is negativ .
, respectively, In the present case, X is negative so the plaf;‘e s\ti 9r
rain

13

strain B

]

o

i ]
pl

Value of

= S
Pl 1 :

\< ane strain and triaxial A

Triaxial B —f N

ey
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ength ijs greater than, or at least equal to, the unconfined compression
ﬁm , This is illustrated in Fig. 14 for n = 4/3and m = 2, Criterion A,

‘coufse’ implies that the plane strain strength is identical with the triaxial
of conﬁned strength,
or /4 s“nable test for determining which failure criterion best characterizes
the strengt‘,‘ of an anisotropic soil would be a comparison of plane strain
strenﬂth» py, and unconfined strength, pg, for samples cut horizontally. The
ratio of pp/pg is predicted as: py/py = 1for Criterion A; ph/py = 2n2(2n2

_1/2 _ .22 for n = 4/3 for Criterion B.
3 The difference between the two predictions is sufficiently great for aclear
decision to be obtained.

Mlication to Stability Problems.—Criterion B agrees with the experi-
mental results and has the advantage of a rational basis. If it is granted that

failure eriterion could be applied to anisotropic soils, then the implica-
tions with regard to plane strain cannot be ignored,

For the present case,theplane strain compression strength is greater than
or at least equal to the vertical triaxial or unconfined compression strength,
and the plane strainshear strength is identical with the triaxial shear strength.
This leads to the rather paradoxical conclusion that the stability of a slope in
such ananisotropic soil must be greater than or at least equal to the stability
of asimilar slope in an isotropic soil for the same value of the vertical com-
pression strength. The fact that the horizontal compression strength is less
than the vertical is irrelevant, for the case of plane strain.

Confirmation of this conclusion is given by an exact solution for the bearing
capacity of a long strip foundation (Hilll8) corresponding roughly to the sta-
bility of aslope of zero angle of inclination. The ratio between the anisotropic
bearing capacity, Q', and the isotropic bearing capacity, Q, for equal strengths
py can be written as

1
a - x)°

Q
Q m

1+2—

in which X = the previously defined measure of anisotropy and E(X) = the
complete elliptic integral of the second kind, with modulus X, Taking n = 4/3
and m = 2, Eq. 45 yields the ratio Q'/Q as 1.17; that is, there is a predicted
increase in bearing capacity resulting from anisotropy of 17%.

JOHN H, SCHMERTMANN,19 M, ASCE.—Lo’s paper 1s a significant attempt
to carry forward slope design capability to include the effect of undrained
strength anisotropy. He presents graphs (Figs. 8 through 12) of potentially
Immediate practical usefulness in the solution of such a problem, The writer
Will discuss herein three points that should be considered when evaluating the
Significance of these graphs.

1, The author merely assumes inherent anisotropy;

B ——
19 Prof. of Civ. Engrg., Univ. of Florida, Gainesville, Fla.
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2. carrying the author’s recommendations through when using in situ v,
test strengths does not result in a reasonable compensation of errors
correction factor is still needed;

3. the possible significance of shear stress direction on a given f
plane,

y a large

uilur(_

Inherent Anisotvopy versus Effective Stress.—Although Lo presents exce|,
lent data further proving the reality of the anisotropic nature of undr
shear strength, he then assumes that this anisotropy reflects “an i"h('rem
anisotropic property of the soil.” Because he makes a special point of dig.
tinguishing this from anisotropy in effective stresses, the writer assumeg
that Lo means the soil would exhibit anisotropic strength characteristics Othey
than those directly attributable to anisotropy of effective stress at failur(,,
This might well betrue, However, this is a key point in the paper and it is p;
proven by any of the author’s tests, These were all undrained without pop,
pressure measurements, For the sake of discussion, it could be argued that
strength in terms of effective stress is isotropic but that the apparent anis.
tropy of undrained strength is caused by different pore pressures at failupe
depending on failure plane direction. As the angle i increases, so does the
total rotation of principle planes during the strength test. Pore pressures in
normally consolidated clays are likely to increase as this rotation increuses,
effective stresses will be reduced, and, therefore, the undrained strength wil]
be reduced.

A paper by Aas20 glgo presents data that further demonstrates the aniso-
tropy of undrained strength., His investigation was done in normally consoli-
dated clays by using vanes with different height to diameter ratios. As noted
by Aas, the strength anisotropy he reports appeared to be directly related to
the in situ principle effective stress ratio, Ko. As detailed by the writer ina
previous discussion,7 it is not necessary to resort to assuming anisotropic
behavior in terms of effective stress to explain these test results. Perhaps it
is also not necessary in an explanation of the author’s tests.

The author is well aware of the possible special importance of effective
stress to the anisotropy of undrained strength, The discussion centered around
Eq. 3, which is the same as the writer’s7 Eq. 31, conjectures on this possi-
bility. It would be most valuable if interested investigators could obtain
anisotropic strength data in terms of effective stress so that the relative im-
portance of considerations other than effective stress can be evaluated,

There is an unfortunate confusion of symbols in the paper that will enter
any consideration of the above discussion. In Fig. 8 through 12, the symbol K
is lettered in upper case. According to the listed Notations this means “ratio
of initial principle stresses.” According to the sense of the paper, these
should all be lower case k, with meaning “degree of anisotropy = Cp /C1.”
However, if prior effective stresses do control anisotropic undrained strength,
thenthe now erroneous K would be a correct alternative symbol to use in these
figures (for normally consolidated clays.)

Correction When Using Vane Test Strengths is Still Large.—At the end of
his paper, the author makes an important point regarding use of in situ van€

ilined

20 Aas, G., “A Study of the Effect of Vane Shape and Rate of Strain on the Measured
Values of In-Situ Strength of Clays,” Proceedings, 6th Internatl. Conf. on Soil Mé~
chanics and Foundation Engrg., Montreal, Canada, 1965, Vol, I, p. 143.
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a1
" tional method of applying vane test
: neths. The presently (1965) conven
ﬁﬂﬂt'str:s Es to use them for the strength he denotes as Cqp and also to neglect

sty gth anisotropy by using the stability numbers for k=1. He notes these are

rors but are compensating. Lest a reader be misleq,it should be noted
wme:uhough compensating, they far from cancel, as detailed below.

thats z i a Case-2 strength distribution with depth, with the
‘Thefollowing, applies to

i t factor of safety for the slope, using
) biting M-anisotropy. The correc ;
& a:,;htihe prgper Nk, is herein denoted F and according to Eq. 31 can be ex

pc,!,ssed as

oll i i i i sraph, and denoting the vane

: the discussion in the preceding paragraph, ing

rme::til?gby Cy, the conventional factor of safety obtained when using the vane
2 1

strengths, herein denoted Fy, is

A4

Fv=)/Z

i ’
then expresses the net correction factor, uccordmg‘to Lo’s
myztsiotopl‘ace/:;‘;,ued to apconventionalslope analysis based onvane stx(i:il;fv
Asno;ed by both Lo and the writer,7 the field vane measures ;{ppl oxi o
the in situ undrained strength denoted by Lo as Cp. For the puxp(;S::
dacﬁ_ss_io_n, the writer suggests that the vane strength be expresse

C =
v

in which X = a factor depending on the height to diameter 1'atio'o[ th? ‘valni.i
The value X=9 is suggested as reasonable for the standarc'l vane in which h/
= 2, Combining Eqs. 46, 47, and 48 then gives the correction factor

F Nk:l

c
Fv (k + l—gk)
The writer has substituted into Eq. 49 using Fig. 12 and tllle k vxalt'xengfyo.ISSO
and 0.75; the results are presented graphically by the solid lmLcs’ in n;ﬁ.gis.

Fig, 15 demonstrates that the net correction facrtor, basgd on Lo’s a ac\;lui
is still significant. The need for such a factor is nol‘ evident ffon‘l pr c@;-
€Xperience, This does not mean that the theory pel?llld the Ia‘ctm ‘xs tne oo
Sarily incorrect, because other errors in determining the pxopexlkslxe);,s-
Value to use in the analysis may satisfactorily compe.nsale. Spme li ({)qu i
Sible errors are neglecting residual shear stresses in the sox{ mass figl‘u\.:.e
of anisotropic consolidation, rate-of-strain effects, and %)r(?g1?551\{e ‘1 v 5
‘ writer used this same argument when he sug’gestc‘*d sum}ar correc 1::1(;
'actors. These factors were based solely on anisotropy in effective s:r{es.s{ a's
4re also shown in Fig. 15 with light, dashed lines. _The twq set.s‘ o‘t'ac mm;
40’s and the writer’s,are similar in magnitude but different in direction w
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increasing slope angle. i ignifi i Ml
2 g P gle. Apossible significance of this difference is Presey
p . sy . ¥ e
_ onslzglizlizg of tUndramec? Strength Anisotvopy with Shear Stress Divect;
& stasipe aﬁglx‘y:?st sractxca(llgss)umption in the ¢ =0 (or total stress) mmt"'\
: S now 65) practiced is th -
. . s that the strength
corgzg:ia(l:?gciist used is the strength at failure in the field. 'Ighe :LZZS?JEG .
fromthe fact thaﬁ)’r::gsta;\elzﬁ;sd (Nl?/tth:il) o (FC/FV) B foflj‘:'
s of testing do not fulfill thi b
greater the success in m e
greswer easuring field strength the smaller any correctj,
It could be argued that, when :
: considering only M-ani
= y g y anisotropy a
y correction factor should decrease withincreasing slope nglzd ";‘izesttws’
. ang.
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FIG. 15.—VANE ANALYSIS COR
RECTION FACT
REMAINING AFTER APPLICATION OF LO’S ?I%Ssgll.‘%lé‘

ardvane wi =
ik n:a;V_I:’l;xl‘chi;lZ elsasentially measures the plane strain, undrained strength
proaches the verti p] ne. The more closely the failure plane in the field ap-
strength, Failurelscaf’ the more correctly would the vane measure field
the #lope Rnga incrl;::ces in the field more closely approach the vertical as
withincreasing g, Thi ;es. Therefore, any correction factor should decrease
is also partly replott s;j s the result previously obtained by the writer,7 which
However, in tgis 2 1{1 Sy ’
Jem that has’ iogimne Prel:nous Awork, the writer missed one aspect of the prob-
produce shearin :)ug t to light as a result of Lo’s paper, In-situ vane tests
pared to shear alg stresses that have a 90° directional difference when com-
oo horiz?)n% ? slope failure surface. Consider a set of x-y-z coordi-
5 s slobe. ol nta apdpe.rpendlcular to the slope, y horizontal and paralle!
pe, and z vertical in the plane of the slope section, Shear ai)ong the

ption; the |
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~_ serimeter acts tangentially in the x-y plane, but shear along the failure
vané e acts in the x-z plane. It can now be argued (below) that correction
"iﬂc could increase with 3, as suggested in Fig, 15.
%re is a given soil structure on a given plane, Inherent directional ani-
qﬁépy on a given plane is probably unimportant, Any undrained strength
8 orences with differences in shear direction will depend primarily on dif-
"'5:;' ces in effective stress at failure and this means pore pressure differ-
L:«’ Although evidence on this point is needed, to reach a conclusion
wdormmg to Lo’s predictions it will be assumed that greater principle plane
ations during shear result in greater pore pressures at undrained failure
Mcongequently lesser undrained strength, (It seems likely that the validity
this assumption will depend on whether the slope results from a cut or a
| and also on the over-consolidation ratio of the clay.) In a vane test, this
on is 90° (horizontal to vertical). Along a failure surface in the field,
the average rotation is less than 90° and decreases as the slope angle in-
es, Differences in pore pressures between vane and failure surfaces,
ace effective stress, hence undrained strength, and hence correction fac-
would then increase with slope angle and agree with Lo in Fig. 15.
~ The possibility that undrained strength is not only anisotropic with failure
e inclination, but also with shear stress direction, is, at present, only a
theoretical one, However, as explained by Lo and briefly re-examined above,
it seems an important and likely possibility, Every effort should be made to
check this point experimentally, If this proves to be true, then it will greatly
affect our design and interpretation of shear tests and the profession will be

indebted to the author for this contribution.
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STABILITY OF SLOPES IN ANISOTROPIC SOILS2

Closure

AN YEE LO,21 A.M. ASCE.—The discussers consider three main points:
(1) ‘The choice of failure criterion for anisotropic soils; (2) the distinction
petween inherent or intrinsic anisotropy and anisotropy caused by a difference
initial effective stresses; and (3) the interpretation of in situ vane test in
gusotropic soilsinrelationto theimportance of the direction of shear stresses.
Lumb made an interesting application of the theory of perfectly plastic
materials to the analysis of the test data, using Hill’s yield criterion for co-
hesive anisotropic soils. For isotropic soils, Eq. 34 reduces to

2+6'r2 +67'2 +672
XZ zX X

J2=

which is the von Mises criterion of failure, However, none of the failure cri-
teria commonly used in the theory of plasticity (e.g., von Mises or Tresca)
has been establishedon a sufficiently firmbasis to be generally valid for soils.
Even for isotropic soils some of the basic postulates of plastic theory are not
satisfied and some of its limitations have already been examined. 2 The
validity of plasticity theory as applied to soils is, therefore, doubtful and
Hill’s criterion cannot be supposed to have a more rational basis than the
simpler criterion used by the writer. A consequence of the basic assumptions
made in the plastic theory may well be the prediction from Hill’s theory that
the stability of a slope must be greater than or equal to the same slope in
isotropic soil having the same value of Cj.
It is gratifying to note from Lumb’s analysis that there isno statistically
significant difference between the two criteria in the cases studied. At the
Sametime it must be reemphasized that the data on the Well and clay presented
in the paper represents only one type of anisotropy. As more information be-
fomes available different types of anisotropy will be discovered and defined.
It is unlikely that either of the criteria discussed will be able to describe all
the different types of anisotropy in nature. It appears necessary, therefore,
O retain a simple approach to account for different conditions, and the basic
oncept expounded in the paper is more important than any rigorous analysis
of any one type of anisotropy.
Intrinsic, Induced, and Stress Anisotropy.—At the beginning of the paper,
€ Writer distinguished between two types of anisotropy which caused the di-

glJUIY. 1965, by Kwan Yee Lo (Proc. Paper 4405). j )
&n Profegseur Auxiliaire, Départment de Génie Civil, Université Laval, Quebec,
ada; formerly, Superv. Foundation Engr., Dept. of Highways, Ontario, Canada.
b Bjerrum, L., and Lo, K. Y., discussion of “Mechanics of Triaxial Test for Soils,”
AS CE. M. Haythornthwaite, Journal of the Soil Mechanics and Foundations Division,
» Vol. 87, No. SM2, Proc. Paper 2804, April, 1961, pp. 173-176.

(ay - oz)2 + o, - <7x)2 + (o, - oy) - 2 p? . .(50)
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one, OF both, types of anisotropy. In practice either effect, or both,
elt ve to be considered, depending on the nature of the analysis used and
mﬂna od of measurement of shear strength.
the me dlrectio“al variation of undrained strength caused by anisotropy of the
he gtress system, or stress anisotropy, has been examined by Hansen
on.? Although their theory is confinedby the limitation of the A theory,
peusedtoassess the significance of the effect of this type of anisotropy.
ch time 2 sample is extracted from the ground, the sample is subjected
Ea egative pore pressure. Therefore, the initial effective stress in the
to & 1: ig isotropic and the stressanisotropy isno longer present. Unconfined
5 ression tests and triaxial tests on samples consolidated isotropically in
°°m1§boratory, therefore, must measure inherent anisotropy.
{1 elt ig now clear that intrinsic anisotropy is a physical fact rather than an
aasmnption; it has been supported by thetest data of the unconfined compres-
ioh tests. In terms of effective stresses either, or more likely, both, the
:ohesion and friction term may be expected to be anisotropic; there appears
to be no reason why the pore pressure should be dependent on the direction of
stresses at a given strain. The following data support this view.

and &
u may

TABLE 3.—RESULTS OI C.I.U. TESTS

VALUES OF i

-STRAIN RELATIONSHIP IN CIU TESTS FOR DIFFERENT

20

—

T = 30 p.s.i.

BLOCK SAMPLE I

DEPTH 65'-66'

SYMBOL |
0
30

45
90 J

30 40

P o+oe

0
1.0 2.0
E%

FIG. 17.—PORE

PRE o
VALUES OF i SSURE-STRAIN RELATIONSHIP IN CIU TESTS FOR DIFFERENT

01 - 93)s Ay
i Wio’ W% in €f
pounds per b in pounds per
In degrees in % in% square inch in % square inch
0 32.6 31.0 36.0 1.3 7.8
30 28.6 28.6 30.8 1.4 8.4
45 30.3 29.6 26.0 2.6 11.5
90 31.8 31.0 19.9 4.0 13.5

A series of isotropically consolidated, undrained tests with pore pressure
measurements were performed with i = 0, 30, 45, and 90, respectively, on a
block sample I of the clay from the same site as the clay used in the paper,
The stress-strain curves and induced pore pressures Au for specimens con-
Solidated at an ambient pressure of 30 psi are plotted in Figs. 16 and 17, re-
Spectively, Further details on the test results are contained in Table 3.

v _The anisotropic nature of the clay is evident in Fig. 16 in which the maxi-
Mum stress difference and modulus of deformation decrease with increase in
:ngle i may be seen. However, the pore pressures plot uniquely on a single
c::Ve in Fig, 17, Therefore, the difference in pore pressure at failure is
4 Oqzed by the difference of strain at failure which increases from 1.3% to

Y0 With i (shown in Table 3).

o tUHfOrtunately, the data is not sufficiently complete to determine the values
he effective cohesion, c', and the effective angle of shearing resistance,

e’-at different values of i; but an estimate of ¢i can be made. From tests on
=-rti°a1 Samples, it is known that c¢' is nearly zero and ¢'= 27°. Assuming c'

Yy the Mohr-Coulomb criterion of failure may be written in terms of princi-
Stresges

v
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9 ( - 5 4 V&
(0, -0,) = M % .pterpretation of the vane test inanisotropic soils,a more detailed anal-
1 3t T-singr rrrrrerenn., s ‘. mthe; the vane test appears necessary.
Assuming ¢' is isotropic and equal to 27°, the values of (01 i 03)f - ) ! ysi;;e following common assumptions regarding the vane test will be made:
e ca)

lated using Eq. 51 and shown in the thi
) . e third ¢
. It is apparent from Table 4 that the diflell‘len;l(:eoifnTable 4, The test is performed at a depth sufficiently below the bottom of the
dlﬁ:erence infailure strain accounts for only part of fI Dorte pressure Cauge b 1-'11016 or housing (for push, in the Swedish or Norwegian vane) so that the
a}?l increase in i. The required ¢i, i EBowE frilic e ;ecsé lrengthdeecrease Witﬁ bo;tieal gtate of stresses inthe ground at the point where the test is performed
this particular sample ¢! is r umn of Table 4 init d
‘ educed by §° . . altered.
effective angle of she:’irilng angle musyt stlliz?oirghizgzs.frct’m 0 to 90e 0; ' is “2°t The soil fails on a vertical cylindrical surface and on horizontal end
apparent that the dependence of . ’ nisotropic., It jg , ’
S ) pore pressure on the straj : .5 algy urfaces. . .
:;sltzt;msw behavior of anisotropic soils and is not a resxfltl:f i!tmé?:llil:;:I l:ta B L of shear stresses is uniform at the ends.
. Tegg
Further data on the anisotro from the first assumption that the vane test, in contrast to the un-
Py of ¢' of ollows 1T )
o remolded clay has been Presenteq by Ei”fﬁned compressiontest, measures the over-all effects of intrinsic andstress
In addition to the two basic t A ’ It will be shown subsequently that, in this particular case, the
” es of an s ' gotropy. q y ’ p s
may arise from another sourc};p Dustii 1iotfropy d}scussed above, anisotyy v | :?xi»ess anisotropy is not important. With these assumptions, it may easily be
: & delormation, the shear straing teny  ghown that the correct expression for the vane test is

to ali i :
aline the particles, This type of anisotropy may be termed “induceq i
is. |
C
2 D
TABLE 4.—A O HRE Sy
NISOTROPY OF EFFECTIVE ANGLE OF SHEARING RESISTANCE ¢, ¢ "3
o N e [y vy w B N E G (52)
: 1 1455
3 H

(01 - o (01 - og)¢ !
ol:iservo.;?c%f calculated ? . . , ;
@'=27° required Eq. 52 is identical with the expression derived by Hansen and Gibson.

The essential difference lies in the interpretation of Cj; and Cg. From Eq.
52, it may also be seen that deviations from assumption 3 is relatively

' unimportant, for H z 2D,
For k = Cg/Cy = 0.75, the ratio Cy/Cy is calculated for different vane

| dimensions.

1
0 3 1 2 4 8

tropy,” which can only be defined at
ed i

measur
0.750 0.785 0.813 0.850 0.895 0.933

0.0 o

tion it may be considered a
s part of the intrinsi i
insic anisotropy and need not be For the standard case of H = 2D, Cy/Cy = 0.785 which compares closely

studied Separately at the
Present stage
Vane Test.—Near the end of the pa » With Cy/Cy = 0.75 and field £ 0.80 (Table 2). Although the slightl
e pa . 1 ; eld average of 0, able 2). ough the slightly
standard dimensions of the vane. it fnffrb’et}; erlter stated that, <. . . for higher value of Cy/Cq of the field average theoretically can be attributed to
sures the strength of the soi] alon,g the cylin dricSlly shown that the vane mea- | stress anisotropy with full justification, such agreement between theory and
Strength should, therefore correspond Fical surface closely, The vane Practice is simply fortuitous. It may, therefore, be concluded that intrinsic
Because the discussers sh,owed coi‘;’j‘deapizl‘o:{}mately B .the Strength Cj . . 7 am“tropy is the dominating factor Io;' this clay.’
rable interest (with good justification) | 4 Schmertmann suggested that the vane strength be expressed as in Eq. 48.
23 Broms, B. B., and C : Ombining Eqs. 48 and 52 yields
’ . «, an asbarian, A. O, “Effect 5 N .
Ax ’ ect of Rotat i
In tg:ﬂ:‘:;’ Oég:f! Ir;tersmediate Principal Stress on the She:raSl:ggantlfh’? 5:;2222151 Sst rtz; X=14%+ LT (53)
r0qs - on Soil Mechanics and Foundations, Montreal, Qde.WJ‘%—o’l. 1, 7 F D
24 Lo, K. Y., discussi , ' or H = : i i i
» B X, on of “E ; . = 2D Schmertmann suggested X = 9, without stating the underlying rea-
ffect of the Rotation of the Principal Stress Axes and Song, But a proper value shoiigd be, as gi’ven by Eq. 53.gH0wever, tﬁ’e Shange

of the Inter mediate Principal Str €SS on the sheal Stren, h by B, B. Broms and A. ’ the Value Of X deCI eases
gt ’ .
’ ng ’ . . p .
CaSbaI ian Pr oceedings 6th Inter natl Conf on Soil Iwechallics and F Oulldatlonsr M Only b few er cent / (
y aie
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. . s

The increasein the ratio of Fc/Fv with slope angle may be explaineq M
i

followi i
Ing manner. As the slope angle g increases, the average rotat-nthQ )

DISCUSSION 83
s been working on an extension to the solution developed by

ter ha
e wri ond.24,25 The initial assumptions are similar to those made

principal stresses decreases. In the limit, the slip ci i Rayr
SRR . e slip circle approa n g and i
so that stability is controlled by C 2 pproaches 5 ' 4 | The fundamental equation was expressed as
as Ply, | DAY juthors.
therefore increases. e giverl hy BYs 94, Th,e factoy F:/I;S’ py " " 1 k o
ten;Il‘hebI‘eSults of vane teSt_S reported by Aas20 may be interpreteq | -t %10 <kn >_ © 10g10 <§> Tty w0
y by using Eq. 52. The importance of stress anisotropy may be g Congg,

by the expressions given by Hansen and Gibson.5 Substituting some §Sesa
e

able values of K, ¢, and the ratio of compressibility, A, i o0y
S;bosfo: :;px:essmns, both the ‘inherent and stress an};,sot;';;yth\seile::nfsoen ang
pe ot age -] Sx;np;):ta.nce, depending on the values of the parameters assun 9
el b:t erefore omeasuere both types of anisotropy, but the varlilme A
et el ween lf= 0_ to 90° cannot be determined from vane test reation
rewa i grees.o anisotropy for the four clays tested by Aas are e
p 0 be approximately 1, 0.65, 0.5, and 0.65 for Aserum, Dr g
ers’;x}'landa,tand Manglerud, respectively.  rammen, 1,
e wr? eragrees with Meyerhof that as the degree of ani i
z};ea;;(;tl;a:lt;gl L;Jlure surface will depart from thegcylindrirzzlslogg}r;y. 12\(:; ?Bes,
Soman slip surfac{e may be analyzed by the approach used in the o
rrata.—The following corrections should be made in the original g:g::

lgages 97 tl}rough 102, Figs. 8 through 12: K should read k
age 90, Fig. 3: The abscissa should read f, instead of i

CONSOLIDATION OF NORMALLY CONSOLIDATED CLAYa

Discussions by Gerald P, Raymond, P. N. Sundaram, and
Gerald A. Leonards and A. G. Altschaeffl '

GE
. ?;:A(‘;I;ﬁe:t' tR.t:YMOND,22 A. M. ASCE.—Barden and Berry have obtained
Y Dot od Re:y nxq'gs;l;ss hil{ Support of their theory and the theory presented
nd. owever

i T ver, there are three aspects of the pape’

Obt;r:lf:;'t:n:tely, the authors do not indicate how the value of b and n can b¢

e 1 x; e,q 1a1fr: x"l?sult, :labortatory interpretation and field predictions stil
erzaghi’s theory or, for large load incr d thin

clay layers, the modification presented by Davis and Raymonc;e.rél:;ants .

a
zzsi[;tse:nger} 19?5, by Laing Barden and Peter L. Berry (Proc. Paper 4481)
a5 Davié E1:'ol:]o ﬂ(;‘.(iivi_{Engrg.(i Q(;een’s Univ., Kingston, Ont., Canada, '

, E. H,, aymond, G, P., “A Non-Li i £

technique, London, England, Vol. 15, 1965, pp. 161—n1e’?; e Bl

o = the void ratio, I = a constant, k = the coefficient of permeability,

q WA
y in'wBi’cg value of k when e = 0, C = a constant, o = the effective stress, op =

| kn = Sy of 0 whene = 0.
! the g"ha;s been show:124:25 how C and I maybe obtained from standard labora-
Ityiests (instantaneous loading and a constant increment ratio). Having
tﬁiﬁed C and I the third required parameter is
0
Bt 20 5 0% ¢ mren g5 8 maw s ... (28)
) n n
|
C
finwhich a=-i I A I R .« ...-.(29)
i obtained from the time factor and the time to reach 50% consolidation. When
¢ = 1 the solutions become identical to the Davis and Raymond solutions.

For deep deposits of soil the effect of depth should not be ignored. Solutions
* may be obtained to the equations previously presented23 which account for the
depth effect. Except for the case of C = I the Terzaghi coefficient of consolida-
| tion varies with the load. Because of the weight of the soil itself this results in
2 variation with depth. Because the case of a constant coefficient of perme-
ability is equivalent to the case of I = o in Eq. 1, itis doubtful whether the
' authors’ Conclusions 5 (last sentence) and 6 are valid, especially for deep beds
of clay. No doubt the authors were only considering the consolidation of thin
\ beds of clay,as their equations are based on the assumption of no variation of
L total load with depth. At present the writer is obtaining a large number of
l solutions accounting for the depth effect and hopefully will publish them in a
, form suitable for use in practical problems.
( In examining the derivation of the authors’ solutions it should be noted that
the compression index is obtained from a plot of void ratio versus the natural
) logarithm of effective pressure. It would appear that the compression index
’ used on Page 33 was obtained from logarithms to the base of ten. If the result
_shown in Eq. 26 is multiplied by 0.434 it would agree with the predictions
of Leonards and Altschaeffl26 and the writer24,25.

_P. N. SUNDARAM.27—The paper presented by Barden and Berry is one
More link in the chain of theories on consolidation. The authors confine their

' m:gnaymond, G. P., “Rate of Settlement and Dissipation of Pore-Water Pressure Dur-
| 4 8 onsolidation of Clays Subjected to Simple Loading and One-Dimensional Drainage,”
a fuuulsnpresented to the University of London, at London, England, in 1965, in partial
‘ 'Rent of the requirements for the degree of Doctor of Philosophy.
" Sojig s:-ymond, G. P., “The Consolidation of Some Normally Consolidated Fine Grained
¢ ofbiected to Large Load Ratios and One-Dimensional Drainage,” Report No. 103,
§ 1, Highways, Ontario, Toronto, Ont., Canada, 1966. -
Sofy M €onards, G. A., and Altschaeffl, A. G., “Compressibility of Clay,” Journal of the
s M%and Toundations Division, ASCE, Vol. 90, No. SM5, Proc. Paper 4049,
52‘7'1 er, 1964, pp. 133-155.
Ndian Inst, of Tech., Bombay, India.




