MONTANA

STATE UNIVERSITY

Parametric effects on slope stability analysis
by Robert Lorin Sanderson

A thesis submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE in Civil Engineering

Montana State University

© Copyright by Robert Lorin Sanderson (1969)

Abstract:

The purpose of this investigation was to determine the relative effect of soil parameter and failure
surface variance on the factor of safety against sliding in two selected heterogeneous finite slopes. Two
actual finite slope cross-sections taken from Montana Highway Commission files were used in the
study. One section was a typical highway fill placed on a multilayered subbase. The other was a typical
cut section through gently dipping bedded material overlain by a considerable depth of alluvium.

The method of analysis used was a series of digital computer solutions based on the "method of slices."
The method of slices was adapted for use on a combination circular and planar failure surface for
analysis of the cut section stability. For both trial problems, soil parameters, soil boundaries, and failure
surfaces were systematically changed in order that the effect of these variables on slope stability could
be observed.

The results of the investigation revealed that certain patterns of failure arc locations can be expected for
specific soil conditions.

Changes in any one soil property, i.e., unit cohesion, unit weight, or internal friction angle, will result
in a change in the failure arc location and thus a change in the relative stability. It was determined that
the use of a fixed or "best guess" failure arc can be used with a high degree of accuracy if the arc
position is within the characteristic failure pattern of the cross-section. If the fixed arc is not
representative of the typical failure condition, an equally high degree of inaccuracy results.
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ABSTRACT -

The purpose of this investigation was to determine the relative
effect of soil parameter and failure surface variance on the factor of
safety against sliding in two selected heterogeneous finite slopes. Two
actual finite slope cross-sections taken from Montana Highway Commission
files were used in the study. One section was a typical highway fill
placed on a multilayered subbase. The other was a typical cut section
through gently dipping bedded material overlain by a considerable depth
of alluvium.

The method of analysis used was a series of digital computer
solutions based on the "method of slices." The method of slices was
adapted for use on a combination circular and planar failure surface for
analysis of the cut section stability. For both trial problems, soil
parameters, soil boundaries, and failure surfaces were systematically
changed in order that the effect of these variables on slope stability
could be observed.

The results of the investigation revealed that certain patterns of
failure arc Tocations can be expected for specific soil conditions.
Changes in any one soil property, i.e., unit cohesion, unit weight, or
internal friction angie, will result in a change in the failure arc
location and thus a change in the relative stability. It was determined
that the use of a fixed or "best guess" failure arc can be used with a
high degree of accuracy if the arc position is within the characteristic
failure pattern of the cross-section. If the fixed arc is not representa-
tive of the typical failure condition, an equally high degree of inaccu-
racy results. '




CHAPTER I
INTRODUCTION

Approach to Stability Analysis

Men of scientific interest and background have been studying the
problems of the stability of earth slopes for many years. At first, theory
.behind movement of soil and rock was essentially undeveloped and men relied.
on experience and sound judgment in analyzing stability problems. Gradually
as the theory was advanced, more and more of a gap formed between quanti-

' tative and qualitative methods of slope stability analysis. Geologists
continuéd~to rely on actual field conditions and the geologic history of

an area as a basié for final conclusions. Engineers have followed c]osely‘
""the development of quantitative slope stability theory based on the |
~fundamentals of mechanics and the use of various theoretical methods hag
become widespread.

Many different quantitative approaches to the problem of determining
the stability of slopes are presently in use. Definite Timitations to
the application of the quantitative appreach exist and must be recognized
by the engineer. Basically, all quantitative methods assume failure occurs.
on either a circular or planar surface. While these two basic approaches
can be applied with varying degrees of accuracy to manylactual slope
stability problems, it needs to be recognized that a great many situations
exist that do not Tend themselves to straight—forward.quantitativé ana]ysis._
In hany cases, ﬁhe particular geo]oéic'structure in the unstable area is
" such that a definfté failure arc or failure p%ane cénnot rétiona]]y be
predicted. Such problems must then be ana1yzed using ba§ic geq]ogic

considerations.




Quantitative Analysis Limitations

The fact that the numerous quantitative methods have limitations,
as far as general application to slope stability problems is concerned,
is well-known and well-documented in the Titerature. Terzaghi and
Peck (1948) made a brief statement concerning those limitations as follows:

Because of the extfaordinary variety of factors and processes
~ that may lead to slides, the conditions for the stability of slopes
usually defy theoretical analysis. Stability computations based

on test results can be relied on only when conditions specified

(in each method of analysis) are strictly satisfied. Moreover,

it should always be remembered that various undetected discontinuities

of sliding, or thin seams of water-bearing sand, may completely

invalidate the results of computations.

Eckel (1958) covers the subject of mathematical stability analyses
limitations as well as any of the Titerature searched. Eckel states in
part that " . . . the ana]yses-cannbt be made for every type of. landslide: and
for any type a number of assumptions based on idealized conditions and
materials will be required. It is 1mpossib1e.to treat mathematically all
of the variables imposed by nature."

If mathematical approaches to slope stability analysis have limitations,

and these limitations are known, of what use are the results of such
analyses? It is easy to see .how quantitative estimates of the magnitude
of forces involved in a sliding mass would aid in designfng adequate
corrective measures. Also, the knowledge of these forces and their
magnitudes determined from an existing slide, may be applied to the
prediction of sliding in an adjacent area of similar geologic structure.

The economic -feasibility of maintaining or correcting unstable slopes is

usually based on analytical stability ana]yéis.




Factor of Safety Against Siiding

Most quantitative methods of stability.analysis give a factor of
safety against sliding as the end result. Although factors of safety may
be calculated in many diffefent ways, the quotient of resisting and activa-
ting forces along the potential failure surface is most commonly used. The
value of the factor of safety is only as good as the assumptions made in
applying a particular analysis. The factor of safety is a good indicator
of relative stability, however, and is often used in this manner.

Data Reguired for Analysis

Obtaining the precise information required to apply a quantitative
.slope stability ana]ysié is not ordinarily a straight-forward accumula-

tion of data. First, and possibly most important, the general geology

of the existing or potential slide area must be known. The engineer must
know the properties of the materials contained in the slope. These
properties include the strength parameters, un{t cohesion and angle of
internal friction, and the soil unit weight. An adequate drilling, saﬁp}ing,
and 1aborato¥y testing program must be formulated at this stage of the
investigation in order to obtain the above 1nformation.

Before continuing with the above mentioned procedures, however, the
engineér must decide how thorough an investigation is wafranﬁed or necessary.
With unlimited finances, time, and equipment, it is possfb]e to'accurateTy
determine conditions of slope stability where quantitative methods of
analysis are applicable.’ Preciﬁe determination of the soil parameters
mentioned aboVe, for instance, is time consuming and costly. Most often,

however, representative samples are taken from drill holes, soil parameters
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are averaged, and factors of safety against sliding are ca]cuiated along
assumed representative failure arcs. It is known that in any given embank-
ment a certain combination of possible values of soil parameters, slope,
and slope height, along with a particular failure arc location, will give a
minimum factor of safety against sliding. Because of the usual case of
limited time and funds, however, oh1y representative cases based on expe-
rience are evaluated, and the true minimum condition is not necessarily
determined.

Need for Investigation

There is a definite need for information regarding the seriousness of
not knowing the conditions of the most critical s1iding situation. One way
of developing this data is to determine the sensitivity of the factor of
safety against sliding to minor change in each of the soil parameters and
the position of the failure arc. With a knowledge of the effect of each
of these changes on the accuracy of quantitative slope stability analyses,
the engineer should do a better job of determining how extensive a field
-and Taboratory investigation need be in a specific case.

Previous work in isolating tHe effect of individual parameters has’
been varied and incomplete. Taylor (1948) described one method of
‘ i1lustrating the effect by defining what he called a stability number.

" The stability number is:

I

YH .

where: cD = the mobilized cohesion in pounds per squére foot
¥ = soil unit weight in pounds per cubic foot, and
CH = slope height in feet. .
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Taylor's results show the relationship between stability number anq
slope angle for various angles of internal %riction. The relationships
are shown for simple, homogeneous, finite slopes with fixed failure arc
positions. Relative stability of more complex slopes could only be
approximated from the use of these relationships.

In the usual slope stability problem confronting the engineer, the
slope geometry is a function of the soil characteristics. In a highway
design situation, a cut or fill slope angle is proposed or desired, and the
height of‘the existing or proposed slope has been determined from require-
ments of grade. Therefore, the most difficult taék is to determine the soil
parameters and then determine, in turn, the position of the critical
failure surface.

Purpose of Investigation

The primary objective of this study was to investigate the effect
of so1l parameter and failure surface variance on the relative stability
of two selected héterogeneous finite slopes. Two typical slope stabi]éty
problems, a highway cut section and a highway fill section; were used in
- this investigation. Stability analyses were conducted bﬁ these slopes
to determine minimum factors of safety against sliding for selected
combinations of soil parameters and failure arc positions. From the
results of these computations, an analysis was made of the effect of
using average or approximate values of the soil parameters and abproximate

positions of the critical failure surface.




CHAPTER II
DEFINITIONS OF TERMINOLOGY AND REVIEW OF SLOPE FAILURE CONDITIONS

Finite Slope Description

¢

The basic finite slope confjguration is.shown in Figure 1. As

" shown in the fiéure, more than one soil type ﬁay be represented in the
typical cross-section. The slope itself may be at any angle, and the
ground surface .above and below the slope may or may not be horizonta].

For the purposes.of 'discussion.in this study, all cross-sections will be
represented by the basic (x,y) coordinate system-as shown in Figure 1. k

Soil Characteristics

Three Basic properties.describe.each soil included in a slope
stability problem.. They are the soil unit weight, soil unit cohesion,.‘
" and the angle of internal friction. The soil unit weight, v, is defined
‘as the total weiéht of the soil per unit volume. |
The two remaining properties, unit.cohesion and internal friction,
are directly responéib]e for the.shearing strength of a particular soil
and thus are very important in all slope.stability calculations. Shear-~
ing strength has been defined by Spangler (1963) as "the property which
enables soil to maintain equf]ibfium on a s]obihg surface, such as a
natural hillside, the backsTope of a highWay or railway cut, or the sloping

sides of an embankment, levee, or earth dam." -

Mass-Movement'C1assification

In a typical finite s]obe.situation, such as that shown in Figure 1,
severa].different types of failure can take p]éce. Classification-of
various. landslide and mass-movement types is well-covered in the Titerature.

. The most -thorough geological classification is that of Sharpe (1938).
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Figure 1. Basic configuration of heterogeneous finite slope.
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Sharpe classified mass-movement into two distiﬁct categories; that
of slides and flows.. He noted one basic distinction between the two
types of movement. If a slope or shear plane separates the moving mass
from the stable ground, the movement is termed a slide. If no distinct
slip plane exists, the movement is plastic or viscous and has occurred due
to continuous deformation of the material involved. The latter type of
movement is classed as a flow. These distinctions must be qualified,
however, because cases seldom exist where only "slippage" or "flowage"
occurs. Some cases of flowage may actually start as slippage and vice-
versa.

Basically, then, Sharpe (1938) divided all forms of mass-movement
into four groups, and each group into subgroups:

1. Slow flowage

a. Rock-creep

b. Talus-creep

c. Soil-creep

d. Rock-glacier creep
e. Solifluction

2. ‘Rapid flowage

a. Earthflow ‘ - .
b. Mudflow .
¢. ‘Debris-avalanches

3.  STiding
a. Slump
b. Debris-slide
c. Debris-fall
d. Rockslide
‘e.  Rockfall

4, Subsidence

Of . these four categories, only the third.contains types of failures
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in which an actual shear surface could be definéd. of these types of
failure, only that of slump, débris-s]ide, and rockslide occur on a shear
surface. Those of debris-fall and rockfall are of a free-falling nature,
and a sliding surface, as such, cannot be defined.

Quantitative Analysis Application

From the above discussion, it can be seen that the mathematical
principles are Timited in application to but a few cases in the overall
mass-movement c]assifiéation. That the other categories do exist and are
a common threat to man-made structures is well-known. It is thus important
that a complete perspective of the s11ding‘or mass-movement pdssibT]ities
is recognized and the analytical analysis, therefore, has Timitations.

In summary, the types of slope failure most often analyzed analytically
are slump, debris-slide, and rockslide. As defined by Sharﬁe (1938},

the slump is . the downward slipping of a mass of rock or unconsolidated
material of any size, moving as a unit or as several subsidary units,

usually with backward rotation on a more. or less horizontal axis parallel

:to-the cliff or slope from which it descends." The slump type of slide has.

a definite shear surface which is usually partially, and quite often wholly,
arc-shaped. |

The debris-slide is defined by Sharpe as a . rapid downward .
movement of predominantly unconsolidated and-incoherent earth and debris.in
which the mass does not show'backWard rotation but slides or rolls forward,
forming an 1rréguiaf hummocky deposit‘which may resemble moraina]'topography;

Debris-slides are very common and are usually quite small. They occur on.

most talus slopes or any other slope -which.is steep enough that a minor
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disturbance may cause sliding of unconsolidated material. A definite sliding
plane is often difficult to determine as the material moves in .a rolling
or tumbling manner.

The third shear surface type of slide according to Sharpe's system is
a rockslide. He defines a rockslide as " . . . the downward and usually
rapid movement of newly detached segmenfs of the bedrock stiding on bedding,
joint, or fault surfaces or any other plane of separation." RocksTides
are not as common as slumps or debris-slides; however, several of the more
destructive slope failures in history have been rockslides.

Planar block glide is a type of slide which is similar to the rockstlide
except that the planar B]ock acts more as a single unit. The planar block
glide category was introduced in a c]assificafion system developed by
the Commfttee on Landslide investigations of the Highway Research Board
as reported by Eckel (1958). The classification system parallels Sharpe's
rather closely, although several cause and effect relationships introduced
are gngineering oriented. One important’ difference in the methods of
classification is the addition of the planar b]éck glide category.

Eckel indicates that the planar block glide type of slide is actuél1y
quite common, but it has received very little coverage in the literature.
Eckel describes the block glide as a mass progressing ", . out, or
down and out, as a unit a]ong a.more or less planar surface, without the
rbtary‘movement and backward ti]tfng characteristic‘of slump." Eckel
points out that the important difference betwéen sTump and block glide
is revea]éd.in-thé type. of pontro]hthat is necessary to_prevenf sTiding

from occurring or continuing to occur. As a slumping mass rotates along its
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failure arc, energy is gradually dissipated and the slide comes to a rest.
A block glide, in contrast, will continue to slide indefinitely as long as
the sTiding surface remains inclined and a Tow value of shearing resistance
exists. Controf, then, may be a much greater problem with the block glide
- situation.

Quantitative Slope Stability Analysis

Many analytical approaches to stability analysis. have been developed
with regard to both ptanar and curved surfaces. Planar surface analyses
simply involve the basic theory of a soil mass sliding on an inclined
plane. The situation can be likened to Sharpe's rockslide definition, as
a definite sliding surféce is apparent; Also, block glide or block slide as
discussed previous]y fits the planar sliding surface type of analysis.

Probably the most popular and most widely used method of anaiyzing
failures on alcurved'sukface.is the method of sTices. Eckel {1958)
reports that this method was developed by W. Fellenius in 1926. Many
variations of the basic method of slices have been developed and are 1ﬁ
use.‘ Also, many other mathematical solutions for slope failure along
arc-shaped surfaces have been successfully applied. A1l use the same
soil mechanics principles, however, and a brief explanation of the
simplified method of slices will serve to illustrate the nathe~of these
§o1utions. : -

Figure 2 shows the typica}‘geometrjé cross-seqtion of an arc-shaped
-fai]@re surface on a finite slope. '

The method of s]fces can be solved analytically or graphically

-and has been successfu]]y'édapted to digital computér programs. As
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Figure 2. Finite slope with potential circular failure surface.
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indicated previously, a facto? of safety against sliding is the final
result of this method of analysis. The solution is based on a failure
arc which is a section of a ciréle. The total tangential weight
component, which is the activating force; js the suﬁ of all of the
'tangentfa] components of the individual slices. The total resisting
force is the sum of the resistancé along the arc due to cohesion and
friction of the individual slices, and the tangential weight comﬁonent
of ‘those slices which fall to the right of the center of rotation.

Thie :fthal-expression for the factor of safety against sliding is as

follows:
Fg. = cbL + INtan¢ + zSr
) zSa

where: ¢ = unit cohesion in pounds per square foot
b = the slice depth normal to paper in feet
L = the arc length in feet
N = the normal component of slice weight in pounds
tan¢ = tﬁe coefficient of friction | .
Sr = the tangential‘weight component resisting in pounds, and
Sa = the tangehtia] weight component activating in pounds.

Summary of Quantitative Apprdach

In all methods bf quantitative slope stability analysis, one
fundamental prerequisite stands out. That is a shear failure must occur
or. be,expected-to occur in the case of a potential slide situation, and ‘it
must be posgible-to define where that failure surfaﬁe is or is mosf
Tikely ﬁo be. Also, accurate knowledge of the soil proberties, angle of:

internal friction, unit cohesion, and unit weight,'must‘be available.
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In all slope stabi]%ty calculations, the effect of water conditions
is important. Contained water above the wéter table tends to add wéight
to the soil and thus increase normal and tangential weight components. |
Stafic water below the water taE]e has a bouyant effect on the so%]
" and thus reduces the above mentioned components. Moving watér or seepage
condifions on the other hand, adds to the slide activating force. Seismic
or other external forces also add to the slide activating forces. These
and other theoretical factors, such.as the consideration of shear forces.
along the sides of slices in the method of slices, affect all methods of
analysis in a similar and consistent manner. In oﬁher words, a series of
analyses made. without 1hc]uding,the effects of seismic, seepage, or slice
side forces, could be expected to differ systematically from that which
did iné]ude these factors. Also, these relative differences would be
apparent no matter what method of anaTysis was used. -

In this investigation, the simple method of slices was used as a
means of analysis to determine the effect of the arc posifion and the
systematic variation of the individual soil parameters. As indicated above,

- however, the relative results are applicable to all methods of analysis.




CHAPTER III
EXPERIMENTAL PROCEDURES
Slope Sections Studied

Two actual cross-sections taken from Montana Highway Commission fiies
were used as a basis for this investigation. The first is a typical fill
section Tocated at Station 720+00 on Interstate Highway 15 near Emerson
Junction in north-central Montana. The second is a typical cut section
located at Station 1593+00 on Interstate Highway 15 near Hardy Creek.

The selected cross-sections are shown in Figures 3 and 4.

For the purposes of this study, the cut and fill slope configurafions
originally proposed by the Highway Commission were used. In actuality,
both sections have since been altered to control slide activity, but these
chahges were not incorporated in this study. These sections wefe chosen as
realistic finite slope stability problems which'confront an agency such-as -
a highway department. éoi1 property values shown in Figures 3 and 4 were
furnished by the Montana Highway Commission.

Use of Digital Computer

As stated previously, the method of slices was used as a means of
determining stability of the various s]opé conditions in this study. A
digital computer program for the method of slices made possible the
calculation of vast amoﬁnts of needed data.

Initially it was desired to obtain a factor of séfety for the
configurations (see Figurés 3 and 4) with the proposed slopes and the
‘given soil conditions. ‘This approach served two purposes: (1) to verify
that the computer so]ufion wés comparable with the Highwéy Commission cal-

"culations, and (2) to provide a basis with which to compare later solutions
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for different imposed soil conditions.

The computer program required modification to solve the type of
stability problem shown in Figure 4. In this case, failure was known to
have occurred along the planar surface indicated in the sketch. Also,

a tension crack had been located along the upper surface and was deter-
mined to be the upper limit of sliding. The overall failure surface, then,
could be approximated by a portion of a circular arc and a planar surface.

Variation of Parameters

The properties coefficient of friction, unit cohesion, and unit
weight were systematically varied between specified Timits. This was
done by holding two of éhe vafiab1es constant while allowing the third to
vary and continuing this process until all combinations were investigated.
Unit weight was varied from,?O'pcf to 130 pcf and unit cohesion from 0 psf
to 1000 psf. The value of tané was varied between the limits of.0.0 and

1.0 (0° to 45°) in increments of 0.1 or 0.25.




CHAPTER IV
PRESENTATION AND DISCUSSION OF RESULTS

Problem Description

The example problems (shown in Figures 3 and 4) were analyzed in
several different ways to'produce daté that would illustrate the effect
of independently changing soil parameters and failure surface positiohs.
The fill problem, shown in Figure‘35 is a typical homogeneous fill section
placed on a stragified.basew The slope condition, in this case, is most
susceptible to a slump type of failure, and thus the failure arcs calcu-
lated in the analyses were circular.

The cut problem, shown in Figure 4, is a typical highwdy cut section
through stratified material. As a result of the subsurface material bejng
a hard shale, sliding could be expected to occur 6n or above this planar.
surface. In the analyses for this problem, the shale layer was assumed to
be an impervious base, and the resulting failure surface was a combination
of a circular arc and a planar surface.

The minimum factor of safety'for the original soil conditions as
shdwn in the fill section in Figure 3 is 1.074, and the failure arc passes -
through two soils. To determine how the factor of safety would be affected
by a change in the original soil conditions: (1) the fill parameters were
varied while the subsurface parameters were held constant; (2) the soil
parameters directly below the fill were varied while the fill parameters
were held constant;'(S) the base énd fi11 parameters were alternately
varied as.before, but the position of the failure arc was fixed; (4) the
. fi11 parameters were varied witﬁ é 5° change in the. internal aﬁg]e of

friction of the base soil; (5) the value of the fill unit wefght was fixed
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while the other fill parameters and the angle.of internal friction of
the base were a]]owed to vary; (6) all soi1nparameters for the entire
cross-section were reduced ten percent and a new minimum solution was
6bta1ned; (7) the soil boundary between the fil1l and the base was moved and
a solution for the original or "fixed" arc was obtained for the new cross;
section; and (8) "fixed" arc solutions were obtained for alternately
varying the fill and base parameters above and below the new soil boundary.

Minimum Solution--Variation of Fill Parameters

The first series of calculations for the fill section were for
minimum factors of safety while the fill parameters were ranged over
prescribed Timits.. The results are shown in Table I.

Figure 5 shows the failure arc positions represented by the minimum
factors of safety in Table I. The arc position$ shown are representative
of all data accumulated during this study and illustrate several basic
points of slump type s]opé failures. The longest and deepesf fai]ure
arc shown is for fill soil properties of unit cohesion equal to 1000 péf

and internal angle of friction equal to zero. The shortest and shallowest

-arcs are for lower unit cohesion and higher internal friction values..

Recalling the basic geometry of a circle, it is easy to visualize
the reasons for this characteristic failure arc pattern. The circumference

of a circle, a fraction of which is the failure arc in this case, is

~ represented by the expression Zwr where r equals the radius of rotation.

The resisting force due to the cohesive properties.of the soil is depen--
dent upon this arc length.

..The resisting force due to the frictional properties of the soil is




TABLE I

FACTORS OF SAFETY FOR HIGHWAY FILL PROBLEM WITH VARIATION OF FILL
SOIL PROPERTIES
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Y Tangent ¢ C
(pcf) 0.0 0.25 0.50 0.75 1.00 (psf)
70 2.244 2.402 2.502 2.618 2.728
100 1.535 1.712 1.798 1.875 2.034 1000
130 1.197 1.327 1.454 1.555 1.642
70 1.958 2.103 2.263 2.346 2.524
100 1.371 1.528 1.630 1.724 1.775 750
130 1.132 1.214 1.314 1.403 1.506
70 1.693 1.897 2.061 2.141 2.191
100 1.203 1.375 1.460 1.545 1.638 500
130 - 0.947 1.090 1.205 1.267 1.355
70 . +1.122 1.583 1.720 1.844 1.949 ‘
100 0.773 1.179 -1.291° 1.375 1.483 250
130 0.643 0.958 1.099 1.186 1.220
- 70 0.000 0.666 1.333 1.570 1.657
100 0.000 0.665 1.113 1.227 1.334 0
130 0.000 0.666 0.938 1.075 1.148
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dependent upon the soil weight acting perpendicular to the circular
failure surface. The aétivating force is Aependent upon the soil
weight acting tangential to. that surface. The weight of the soil included
within a specific circular failure arc is in direct proportion to the
total volume of that soil. The volume is represented by the'depth of the
slice perpendicular to the cross-section multiplied by the soil area within
the arc. The area is thus some fraction of the area of a circle, which is
expressed by nrz.

Thus it can be seen that for Tow or non-existent values of internal
friction, the search for a minimum failure condition will tend to move
trial failure arcs deepér into the section. The resisting cohesive forces’
increase by the first power of the arc radius, whereas the activating
tangential weight forces increase by the second power of the radius.
This was found to continue deeper and deeper .into the cross-section until
a new soil condition was.reached or until the search for a minimum
condition resulted in a factor of safety of zero. In the case shown 1ﬁ
Figure 5, the search for a minimum was successful because the second_and
“ third subsoils provided édditﬁona] stability with angles of internal
friction of 5° and 10° respectively.

The arc representing a unit cohesion of 250 psf and an angle of
internal friction of zero is a further illustration of the above point.
- The arc is much shallower and shorter because less weight is required
to equalize the smaller value of unit cohesfon. Also, it can be noted
that the add{tionallsfabi]ity'deve1oped.as the arc encountered the

.second s0i1 helped in concluding the search for theé minimum condition.
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Anotner interesting case is shown by the arc for a soil unit
cohesion of zero and a tangent of the internal angle of friction equal to
0.25. This arc is shown following closely along the face of the slope.
When no cohesive properties exist in a 5011; the nature of the soil is
similar to that of a granular material such as sand. From Taylor (1948)
it is known that the angle of internal friction of a non-cohesive soil can
be approximated by the determination of its angle of repose. Thus it
could be expected that a fill material placed at a slope exceeding the
value of its angle of repose, would be most unstable along that slope.
This is the case here, since the friction angle is 14° and the slope angle
is 21°.

As- shown in Figure 5, all other combinations of soil properties
produce failure arc§ beginning along the upper reaches of the top surface
and exiting at ér just beyond.the toe of the slope. In the majority of
cases the arcs encompass both the fill and the second soil. Only in those
cases, as mentioned above, where stable conditions exist in the upper two |
soils, does the search for a minimum arc go below the second soil boundary.

Figure 6 shows the relationship between unit cohesion and the minimum
factor of safety for selected va]ués of the‘tangent of the angle of internal
friction.” Figure 6 serves.to demonstrate that the factor‘of safety is sen-
sitive to a small change in cohesion for 1ow:va1ues of the angle of internal
friction. The region of greétest séns%tivity is for coefficient of friction
values from 0.0 to 0.50 and for unit cohesion values of 0.0 to 500.psf.
Beyond unit cohesion values of approximate]y'500 psf, the rate of.change of

" the factor of safety is relatively uniform for all values of the coefficient
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of friction.

These observations are further demonstrated in Figure 7. The
graph shows specific curves for unit cohesion when the factor of safety
“is plotted against the tangent of the angle of internal friction. Again,
the most sensitive portions of the curves are in that area where tan¢
varies from 0.0 to 0.50 and unit cohesion varies from 0.0 to 500 psf.

As would be expected, the lower fill unit weights result in higher
factors of safety as shown in Figure 8. Figure 8 shows a typical family
of curves for values of unit cohesion and coefficient of friction. The
curve for tan¢ equal to 0.25 when tne unit cohesion equals zero shows that
change 1in unif weight fér this material has virtually no afféct on the
factor of safety. This is again illustrative of the fact that the s]obe
angle in this particular problem exceeds the angle of internal friction, and
the instability 1mpoged.by this situation overrides that due to increased
unit weight. _

Figure é indicates the obvious fact that as the unit weight approaches
zero the curves appear to become asymbtotic to the vertical axis or invother.
"words, the factor of safety égainst sliding would approach infinity at
zero unit weight. At the other extreme, as the unit weight increases it
appeafs that the curves become asyhptotic to individual values of the
factor of safety. This would indicate that change in values of unit weight
above approximately 130 pcf would not sjgnificantly alter values of factor
of safety agqiﬁét s}iding.

Figure 8 111ustrétes that an-increase in stability results froﬁ

increasing values of unit cohesion and internal friction angle. The
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highest factor of safety results from a lower value of unit weight
(in this case 70 pcf), andlthe higher strengfh values for unit cohesion -
(1000 psf}, and for the angle of internal friction (45°). Aéain, it is
noted that combinations of higher values of unit weight and Tower values
of unit cohesion and angle of internal friction produce the only factors
of safety below unity. It is interesting to note the similarity in
factors of safety produced by low values of . unit cohesion and angle of
internal friction for a unit weight of 130 pcf.

Mathematical Reduction of Initial Data

The sensitivity of the factor of safety to change in the soil
parameters can be expreséed mathematically. A tabulation of the slopes
between points figured from the data in Table I is shown in Table Ila,
Table IIb, and Table IIc. The slope values represent the change in
factor of safety per unit change in the variable plotted along the
horizontal axis. The Tlast columns in Table Ila and Table IIb Tist the
average slopes for the parallel straight line portions of the curve
families as was shown to occur in Figure 6 and Figure 7. As indicated
by these values, the slope of the parallel curves, and thus the relative
increase of,fhe factor of safety, decreases with each increase in unit
weight; ft can be further stated that the greatest affect on the slope for
unit weight increase is sﬁown by the curve families with unit cohesion as
the variable. This is also illustrated ih‘Tab]e IIc where slope values from
data such as that plotted in Figure 8 are given. As shown, soils with high
cohesive strength propérties and Tow internal friction properties are more

severely affected by an increase in unit weight than are soils with high
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STRAIGHT LINE SLOPE VALUES FOR DATA POINTS GIVEN IN TABLE I
(Typical Plotted Curves Shown in Figure 6)

Y Tan ¢ ¢ (psf)
(pcf) group
0-250 | 250-500 | 500-750 | 750-1000| average | average
0.00 | 0.00450 | 0.00290 | 0.00106 | 0.00114 | 0.00110%
0.25 | 0.00367 | 0.00126 | 0.00082 | 0.00120 | 0.00101%
70 0.50 | 0.00155 | 0.00136 | 0.00081 | 0.00095 | 0.00117 | 0.00108
0.75 | 0.00109 | 0.00119 | 0.00082 | 0.00109 | 0.60105
1.00 | 0.00117 | 0.00097 | 0.00133 | 0.00082 | 0.00107
0.00 | 0.00310 | 0.00170 | 0.00062 | 0.00066 | 0.00067*
© 1 0.25 | 0.00206 | 0.00078 | 0.00061 | 0.00073 | 0.00067*
100 | 0.50 | 0.00071 { 0.00068 | 0.00068 | 0.00067 | 0.00068 | 0.00067
0.75 | 0.00059 | 0.00068 | 0.00072 | 0.00060 | 0.00065
1.00 | 0.00059 | 0.00062 | 0.00055 | 0.00104 | 0.00070
0.00 | 0.00258 | 0.00122 | 0.00074 | 0.00026 | 0.00050%
0.25 | 0.00117 | 0.00053 | 0.00050 | 0.00045 | 0.00048*
130 | 0.50 | 0.00064 | 0.00042 | 0.00044 | 0.00056 | 0.00052 | 0.00049
0.75 | 0.00044 | 0.00032 | 0.00054 | 0.00061 | 0.00048
1.00 | 0.00029 | 0.00054 | 0.00060 | 0.00054 | 0.00049

* average slope of linear portion of curve only
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STRAIGHT LINE SLOPE VALUES FOR DATA POINTS GIVEN IN TABLE 1
(Typical Plotted Curves Shown in Figure 7)

STRAIGHT LINE SLOPE VALUES FOR DATA POINTS GIVEN IN TABLE
(Typical Plotted Curves Shown in Figure 8)

* average slope

Tan ¢ c v (pcf)
(pst)

70-100 | 100-130
0.00 0 -0.00 -0.00
0.25 250 ~0.0135 | -0.00737
0.50 500 -0.0200 | -0.0085
0.75 750 -0.0208 | -0.0107
1.00 1000 -0.0231 | -0.0131

of Tinear portion of curve only

Y C Tan ¢
|(pef)| (psf) group
0.00-0.25]0.25-0.50|0.50-0.75}0.75-1.00 | average | average

0 2.66 2.66 0.95 0.35 0.650%
250 1.85° 0.55 0.496 0.420 0.458*

70 500 0.815 0.655 0.320 0.200 0.498 0.531
750 0.580 0.640 0.332 0.710 0.565
1000 0.631 .| 0.400 - 0.463 0.440 0.484
0 2.66 1.79 0.456 - 0.427 0.441*
250 1.63 0.448 0.336 0.432 0.384*

100 500 0.688 0.340 0.340 0.372 0.435 0.433
750 0.629 0.407 0.376 0.204 0.404
1000 0.708 0.344 0.308 0.636 0.499
0 2.67 0.688 0.548 0.292 0.420%
250 1.26 0.564 0.348 0.136 0.242%

130 500 0.172 0.460 0.248 0.352 0.308 0.358
750 0.328 0.400 0.356 .0.412 0.374
1000 0.520 0.508 0.403 0.348 0.445

TABLE Ilc




32
frictional properties and Tow cohesive strength.
A method of making the previous results more useable is to simply
combine the variables using the average slope values given in Table II.
To determine the effegt of changing a given variable, an equation of

the foiiowing form was devised:

; - AF.S. AF.S.
New F.S. = 01d F.S. + TRE: C(Ag) + ﬁﬁ?f_EEEEKAtan¢)
AF.S.
+ A2 (ay) | (4.1)

unit vy

where: F.S. = the factor of safety against sliding, and

A the change in variable value.

Equation 4.1 can be used to advantage when determining the change 1in
the factor of safefy due to slight changes in some originally assumed soil
condition. An example of the procedure used in so]viﬁg,the above equation
is as follows: Assume that a "best guess" of soil conditions gave the fill
material in the cross-section a unit weight of 100 pcf, a unit cohesion
of 250 psf, and a coefficient of friction of 0.25. From Table I the
value of the factor of safety is read directly at 1.179. Now suppose
. it is realized that the actual soil conditions.are more nearly approximated
by a wnit weight of 120 pcf, a unitkcohesion of 200 psf, and a coefficient '
of friction of 0.20. The change in factor of safety (AF.S.) for each
variable 'can now be determined by averaging s]ope.va1ues. These are shown
in Tables ITa, IIb, and Ilc and were calculated directly .from the data
shown in Table I.

From Table Ila the slope-is Q.00206 for a unit cohesion from zero

to 250 péf, a-unit weight of 100 pcf, and a coefficient of frictﬁqn equal
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to 0.25. From Table IIb for a coefficient of friction from zero to .
0.25, and a unit cohesion equal to 250 psf, the slope value is 1.63. A
slope -value of -0.00737 is read from Table IIc for a unit weight ranging
from 100 pcf to 130 pcf, a unit cohesion equal to 250 psf, and a coefficient
of friction equal to 0.25. These values can be placed in the equation
as follows:
New F.S. = 01d F.S. + (0.00206)ac + (1.630)(atang)
+ (-0.00737) (ay) _ (4.2)

In the above example problem:

Ac = -50 psft,

Atang = ;0.05, and

Ay = +20 pcf.

Then:
New F.S. = 1.179 + (0.00206)(-50) + (1.630)(-0.05)
+ (-0.00737)(20)
= 1.179 - .0.103 - 0.0815 - 0.1474

New F.S. = 0.85.

A plot of the data shown in Table I indicates an actual value of the
new factor of safety equals 0.95. Thus, an error in exﬁess of 10% results
from assuming straight lines betwéen data pointé, and using the resulting
slope values for approximate 1nterpq]ation. More accurate results
could be obtained by exact 1nterpb]at16n using graphs of all data in
Table I. Cohside}able fime can be éaVed, however, by not having to plot
all of the daté_ Less error cbﬁ]d be expected in the portions of-the_data

represented by nearly Tinear relationships.
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The calculations for the new factor of safety reveal the soil
parameter which has the most influence in any particular situation. In
the example problem, the increase of 20 pcf in unit weight had more effect
on the factor of safety than did the corresponding decrease in both unit
‘cohesion and coefficient of friction. Emphasis should be placed on
accurately determining the value of the unit weight in the field investiga-
tion for this example situation. .

Minimum Solution--Variation of Base Parameters

Figures 3 and 5 show that in the solutions for the soil conditions
shown in Figure 3 and for variation of fill soil properties, the soil
]ayer directly beneath_ﬁhe fi11 has an important influence on the final
results. Nearly all of the critical failure arcs pass through this
"Base“ soil. As a second part of this investigation, a complete solution
similar to that describéd for the fill soil was performed using the
base soil parameters as variables, while the fill soil properties were
assumed to be constant and equal to the respective values shown in Figure 3.
The resulting minimum factors of safety for all soil property combinations -
are tabulated in Table III.

Figure 9 shows the failure arc§ for fhe 70 pbf facfors of safety
tabulated in Table III. As beforé; these arcs are representative of the
data taken for other unit weight conditions.” It is interesting to note‘that
two distinct bands of fai]uré arcs can be distinquished 1in Figufe 9. All
arcs shown passing through or just be]ow the base ;oi] are for conditions
of Tow internaf friction. Even.the arc for a coefficient of friction

. equal to zero and unit cohesion of 1000 psf is included in the upper
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TABLE III

FACTORS OF SAFETY FOR HIGHWAY FILL PROBLEM WITH VARIATION OF BASE
SOIL PROPERTIES

Y A Tangent ¢ ' ¢

(pcf) 0.0 0.25 0.50 | 0.75 1.00 (psf)
70 1.492 1.608 1.687 1.765 1.840
100 1.530 1.787 1.826 1.961 1000
130 1.577 1.818 1.847 1.837 2.064
70 1.206 1.537 1.591 1.621 1.683 :
100 1.253 1.845 1.763 1.883 1.889 750
130 1.267 1.831 1.851 1.852 1.865
70 0.969 1.456 1.502 1.552 1.688
100 0.963 1.730 1.849 1.797 1.837 500
130 0.980 1.777 1.836 1.893 1.877

{70 0.659 1.321 1.444 1.466 1.555
100 0.662 1.442 | 1.631 C1.741 1.843 250
130 0.674 1.511 1.844 1.940 1.852
70 0.370 1.000 1.371 1.435 1.501
100 0.378 1.129 1.558 1.600 1.685 0
130 0.371 1.212 1.677 1.348 1.881
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band of arcs. Correspondingly, all arcs in the lower band are for
coefficients of friction ranging from 0.25 to 1.00. The 10We§t and
_longest arc is for the highest strength parameters used; that is, a
coefficient of friction equal to 1.0 and a unit cohesion equal to 1000 psf.

The reason for the two bands of arcs is easily explained. Both the
fill soil and the soil below the base soil (soil number 3) have angles of
internal friction equal to 10°. When the base soil is given low angles
of internal friction and low values of unit.cohesion, a relatively
~ short arc passing through the unstable base soil will produce a minimum
_'factor of safety. If the entire arc passed through the fill material,
the relatively stable soil would produce a high factor of safety. The same
would be true if a major portion of the arc passed through the similar
soil properties of soil number 3. As soon as the strength parameters
in the base-soil are'aséumed to increase, however, a new "Tow strength
zone" must be found to produce.minimum factors of safety. In the high
strength base problem, the Fil] material, the base soil, and soils number
3 and 4 were avoided due to high strength conditions. The search for
" a minimum condition ended in soils 5 and 6 because at‘this point the arcs
were finally long enough to develop enough resistance due to cohesion and
to enclose an adequate amount of soil to produce significant frictional
resistance. It can be seen that had soils 3 through 6 been given extremely
low or zero values of the'frictibn ang1e; the.search for a minimum
factor of safefy could not have converged. |

Figure 10 shows curves for the coefficient of friction and unit

~ ‘weight of the base soil when the factor of safety is plotted against
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unit cohesion of the base soil. The cufves in this figure show only
basic fesemb]ance to those of Figure 6 which were plotted for ;ariab1e fill
soil properties. Immediately apparent is the linear relationship
for a coefficient of friction of zero. This is because the failure arcs
for these Tow friction soils are in a uniform band.as shown in Figure 9,
and the factor of safety is increasing solely as a function of the
increase in cohesion. When the.base soil is given a slight amount of
internal frictionv(exéept for the case of zero unit cohesion) the arcs
move‘to a new. region and the resulting factors of safety are again
dependent upon combinations of strength parameters. Instead of the
relatively uniform pattern of data characteristic of Figuré'6, howevér,
a rather irregular pattern results when the base soil parameters aré

varied, especially in the case of higher unit weights. The reason for .

'the irregularity stems from the movement of the failure arc from a

common band as shown in Figure 9 fo a random location.. This is due to. the
fact that the increase in unit Weight causes the resistance due to
friction at the base soil level to immediately increase far beyond what it
was'when no internal friction was available. The search for a minimum
factor of safety then changes from arcs far below this new zone of
strength to arcs passing through. the fill material only. An arc entirely

in the fill material is the minimum -condition in Figure 10 for the

“combination of coefficient of friction equal to 1.0, unit cohesion equal

- 'to 1000 psf, and base soil unit weight eduaT %o 13d.O-pcf;

The.immediate increase in strength due to the change from .a zero

- value of internal friction is shown-in all curves of Figure 11. Beyond
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the initial increase in the coefficient of_fnietion (approximately

from 0.0 to 0.50), additional increase does not appreciab1y1a1ter the
relative increase of strength. This is shown in the upper curves of both
Figures 10 and 11. 'For high unit weight and strength parameter values

in the base soil, the minimum failure arc moves up and out of this

zone., The further increase in strength or weight of this soil has no
bearing on the minimum solution for this particular problem.

Figure 12 shows curvee for various combinations of internal friction
and unit cohesion when the factor of safety is plotted against unit
weight. The curves illustrate how the factor of safety is only slightly
affected by increases in the base soil unit weight when the coefficient
of friction equals zero. This is probably because cohesive resistance
along the failure arc Just compensates for the increased tangential
weight component. In the case of zero unit cohesion, positive and
negative tangential weight components must be nearly balanced in the base
soil. .

The curves of Figure 12 show substantial increases in strength
result from increasing unit weight values when a noncohesive base soil is
given some value of internal friction. As the unit weight is increased,
the normal weight component of each individual slice is increased, and
therefore when internal friction is available, the frictional resistance
to sliding along a particular arc is increased.

The uppen two curves shown 1in Figune-lz compare rates of increase for
'm1n1mum factors of safety when combinations of relatively high values of

“internal friction and un1t cohesion in the base so11 are p1otted ‘As
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noted previously, low values of the strength parameters (coefficient of
friction equal to 0.25 and unit cohesion equal to 250 psf) in the base
soil allows the minimum failure arc to pass through it énd thus an
increase in the unit weight causes a uniform increase in the faftor of -
safety against sliding. As shown, high values of the base soil strength
parameters in combination with high unit weight causes the critical
failure arc to not pass through the base soil, and thus the value of the
factor of safety for the upper curves at 130 pcf is independent of the
base soil properties.

Fixed-Arc Solution--Variation of Fill Parameters

To determine the importance of failure arc location in this non-

| homogeneous slope stability analysis, a series of solutions .were per%ormed
for a fixed arc. In other words, an arc was chosen that was thought

to be répresentative of the pattern of locations shownh in Figures 5 and
-9, and minimum factors of safety for the various assumed soil conditions
were calculated for this arc. This would be sfmi]ar to an actual slope
stébi]ity problem where time and facilities Timited calculation to only
those conditions which experience and judgment determined to be crifica1.
The arc chosen was that which produced the minimum factor of safety for
the original soil conditions as shoWn in Figure 3.

Factors of safety calculated are shown in Table IV for various
cbmbinations of unit cohesion, coefficient of friction, and unit weighf of
the fill sdii.. #or comparison with the resuits of the minimum-arc’
solutions shown in Tab]e I, similar relationships Qere plotted for the

: fiked—akc solutions. These curves are shown in Figures 13, 14, and 15,
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TABLE IV

FACTORS OF SAFETY FOR HIGHWAY FILL PROBLEM WITH FIXED ARC AND VARIATION
OF FILL SOIL PROPERTIES

Y Tangent ¢ C
(pcf) 0.0 0.25 0.50 0.75 1.00 (psT)
70 2.222 2.352 2.482 2.612 2.743 ,

100 1.550 1.674 1.799 - 1.924 2.049 1000
130 1.210 1.332 1.454 1.528 1.698

70 1.976 2.106 2.236 2.367 2.497

100 1.384 1.509 1.634 1.759 1.884 750
130 1.086 1.207 1.330 - 1.452 1.574

70 1.730 1.860 1.990 2.121 2.251 ,
100 1.219 1.344 1.469 1.594 1.719 500 .
130 0.961 1.084 1.205 1.328 1.450

70 1.484 1.614 1.744 1.875 2.005

100 1.054 1.179 1.304 1.429 1.554 250 .
130 0.837 0.959 1.081 - 1.203 1.326

70 1.238 1.368 1.499 1.629 1.759
100 0.889 1.014 1.139 1.264 1.388 0

130 40.712 0.835 0.957 1.079 1.201
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and correspond to those shown previously in Figures 10 through 12.

The'fe]ationships shown in Figures 13 and 14 1nd1;ate.£hat for a single-
arc, a‘nearly linear change in the factor of safety 1s.caused by 1ncreésing
the strength parameters. When the curves representing the fixed-arc
solution are shperﬁmposed'on those rebresenting the minimum-arc solution,
a distinct similarity in slopes and values of factor of safety are observed
for the 11near'portions of the minimum arc curves. This is to be expected
because the assumed fixed-arc represents an "average" failure arc in the
band shown 1in Figure 5. It is also obvious that the portion of the curves
representing combinations of -Tow unit cohesion and coefficieﬁt of frictiqn

do not correspond.. This fact is easily.explained by again referring to

, Figure 5. When the i1l soil is assumed to have Tow strength properties,

it becomes the unstable unit of ‘the over-all cross-section and the

minimum factor of safety against sliding occurs along an arc passing

through the fill only. The fixed arc is.not representative of this condition, - -

and will produce a higher factor of safety due to the strength 6f the base
5011‘wh1ch'it passes through. |

A more complete comparison of minimum-arc and fixed-arc values.is
shown in Figure 16. In this figure, ¢he.differences in the calculated
factors of safety are plotted against increasing values of the coefficient
of friction. " The major differences are for soils with a coefficient of

friction between zero and 0.50 and unit cohesion between zero and 250 psf.

- For all other_combinatiohs of ‘strength parameters, the differences range '

- from zero to a maximum of plus or minus approximately 0.1. The differences

are obviously not significant and the practical use of this knowledge is
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obvious.

Figure 15 sﬁows factors of safety versus increasing unit weignt.
The curves are sjm11ar to those given in Figure 8. The comparable
differences between the two figures due to Tow strength combinatioﬁs are
apparent, especially for the fill soil conditions of zero unit cohesion
and zero coefficient of friction.. For a soil with such properties there
is obviously no strength and for any unit weight the factor of safety
against sTiding is zero. For a fixed-arc solution, however, some resistance
is built up along the portion of the arc passing beneath the fill and
a finite value for the factor of safety results. The lower curve shown in
Figure 16 is therefore entirely erroneous. These values produce the
points of greatest difference between the fixed-arc and minimum-arc solution
as plotted in Figure 16.

Fixed-Arc Solution--Variation of Base Parameters

As'a further check on the feasibility of using a fixed-arc analysis,
the properties of the fill material were held constant at the original
values shown in Figure 3 and the base properties were varied. Factors of
" safety for the same arc used before are tabulated in Table V, and plotted

in the same manner as before in Figures 17, 18, and 19. It will be noted
that the same Tinear re]ationshipe hold as when the fii1 properties were
varied. Several basic differences are apparent, however. For a-coefficient
of friction equal te zero, a]]-faetors of safety ca]cu]ated‘for all
combinations of base unit weigh@ and Qnit cohesion are nearly jdentieal

with those for the minimum-arc solutions. This is shown- in the p]ofs

-of the differences of these factors of safety shown in Figure-20. When
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FACTORS OF SAFETY FOR HIGHWAY FILL PROBLEM WITH FIXED FAILURE ARC AND
VARIATION OF BASE SOIL PROPERTIES

Y Tangent ¢ C
(pcf) 0.0 0.25 0.50 0.75 1.00 (psf)
70 1.516 2.255 2.994 3.734 4.473

100 1.546 2.395 3.245 ~4.094 4,943 1000
130 1.575 2.542 3.505 4.469 5.432

70 1.222 1.962 2.70 3.441 4.180

100 1.247 2.096 2.945 3.795 4.644 750
130 1.273 2.236 3.20 4.163 5.127

70 0.929 1.668 2.408 3.147 3.887

100 0.943 1.797 2.646 3.495 4,344 500
130 0.967 1.931 2.894 3.858 4.821

70 0.635 1.375 2.114 2.854 3.593 :
100 0.648 1.497 2.347 3.196 4.045 250
130 0.662 1.625 2.589 3.552. 4.516

70 0.342 1.082 1.821 2.560 3.300

100 0.349 1.198 2.047 2.897 3.746 0
130 . 0.356 1.320 ' 2.283 3.247 4.210
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no internal friction exists in the base soil, an increase in the unit
weight of that soil has no effect on the slide resisting forces and a
balancing effect occurs in the slide activating forces.due to the'poéition-
of the fixed arc. This can be seen in Figure 19 where all factors of
safety plotted for zero coefficient of friction are identical for
each increment of-unit cohesion. As soon as the coefficient of friction
is given a value, the resistance to sliding along the fixed arc is
increased. Unit cohesion along the arc remains @he same regardless of a
change in unit weight, therefore; the rapid strength increases can be
attributed solely to the property of internal friction. A compérison
of upﬁer and Tower curves in Fjgure 19 supports this observation.

A Took at Figure 20 reveais the fallacy of using a fixed-arc solution
when varying the properties of the base soil. As the strength of the
base soil increases, the resistance to sliding along the fixed arc
" through that soil increases proportionately. This increaséd resistance
to sliding would cause a minimum-arc solution to search above or below the
zone of strength for a more critical condition. In the fixed-arc case,
however, the arc cannot move to a more critical positibn and the factors
of safety calculated are exceedingly high. The resulting differences
in the fixed-arc and. minimum-arc factors of safety increase rapidly
beyond the conditions of zero coefficient of friction, as shown in Figure 20.

Minimum Solution--Increased Base St?ength

To further investigate the effect of the internal friction property
in ‘the base soil, a second complete set of solutions wa;,performed for

variable fill properties and fixed base propértiési The base unit cohesion
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and unit weight were as shown in Figure 3, but the angle of internal
friction was increased to 10°. P]otted.data patterns and trends were
similar to tnose shown previously in Figures 5 through 8. Values of

the minimum factors of safety were consistently higher, however, for the
new base soil conditions. The actual differences in factors of safety
obtained in tne two sets of calculations are shown plotted in Figure 21.

" The over-all trend revealed in these plots is towards lower differences
1n'factors of safety for higher fill unit weights. A check of failure
Tocations indicates that in both cases where the fi1l unit weight is
70 pcf the minimum arcs pass through the base soil. The increased
internal friction in the second case causes the large differences in the
results as shown in Figure 21. Only a slight increase in the differences
is caused by increaselin-f1]1 soil strength. As the fill uﬁit weight
increases the failure arcs 1n.both cases pass below the base soil,
with the result that only short portions of the arcs -pass through the
base soil layer. Thus, lesser differences in the factoré of safety
occur for high fill unit weight. -Figure 21 also indicates that combinations
of high unit weight, coefficient of friction, and unit cohesion values
cause a reversa]lof relative differences in factors of safety compared
with combinations of high unit weight and low strength values.

The curves shown in Figure 22 represent a fill unit cohesion value
of 500 psf and a coefficient of friétion vatue of 0.50. Both'curvés
demonstrate the tfénd towards less stability with increased fill unit
weiéht. The consistent differences in over-all stability for the two

values of base internal friction angle 1is graphiéé]1y displayed by the two
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representative curves. - ‘

Minimum Solution--High Fill Unit Weight

The previous results indicate that high fill unit weights produce
the most critical stability conditions regardliess of strength property
conditions. Also, it was shown that fixed-arc analyses become inaccurate.
wnen included base soil properties are a]]owed‘to vary. With these
thoughts in mind, a series of resufts were accumulated for a constant
fill unit weight of 130 pcf while the f111.unit cohesion and the fill
and base internal friction were allowed to vary. The arc starfing
position was fixed, but the center of rotation was allowed to move to a
"position of minimum st&bi]ity. Results were obtained for base angles of
internal friction equal to 0°, 5°, and 10°. A check.of final arc positions
reveals much the same pattern as shown in Figure 9. For a base angle of
1ntérna] friction equa]'to.0°, the failure arcs range from entirely
within the fi11 to just on top of the third soil for low and high fill
strength combinations respectively. Only very Tow strength combinatians
are required in the fill to move the arc down iﬁto the weaker base soil.
As the base friction angle is increased to 5°, more strength is required
in the fill to move the failure arc into the base'soilﬂ The arcs still do
not gd below the base soil, however, because the third soil has a 10°
angle of internal friction. When the base angle of internal friction is
increased to 10°, howevér; high strength is required in the fill soil to.
'cause the failure arc to pass into the base soil. The highest combinations
of strength %n the fill soil cause the failure arc to go. below the base soil

as was shown in Figure 9.
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Figure 23 shows differences in the factors of safety calculated
for base soil friction angles of 0° and 5°, and 5° and 10° respectively.
The differences appear to be consistent for all values of the fill
strength parameters except as expected for low unit cohesion and zero
internal friction. The greatest differences occur between the solutions
for base friction angles of 0° and 5°, and tnhe differences tend to
increase with increasing internal friction of the fill soil. The reason
for the larger differences is the fact that any value of internal
firiction above zero immediately adds frictional resistance along the
failure arc coupled with the previously existing resistance due to
cohesion. Additional sfrength in the fil1l soil, as mentioned above,
causes more of the arc:to pass into the base so0il a;d thus increases the
différence in the factor of safety over the zero friction condition.
As the base soil friction angle is increased from 5° to 10°, the arcs
are forced into positions below the base level, and the resulting

differences in factors of safety against sliding are Tess.

Minimum Solution--Reduction of A1l Parameters

A1l previous means of evaluating the sensitivity of the factor of
safety in this study has involved changing soil parameters in one or two
soils and varying or fixing fa11qre arc positions. It was further desired,
however, to determine the effect of changing all of the soil parameters in
the entire cross—sectioﬁ. A complete search for a minimgm solution was
made for the cross-section shown in Figure 3, but with all properties
'redﬁced ten percent. The resulting minimum arc was identical to that of

the Qrigina1 condition, and the minimum factor of safety was 1.035 as

{
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compared to 1.074 for the original condition. The common arc postion
is probably due to the compensating nature of reducing all soil property
values. From the information related previously in this investigation,
it is reasonable to assume that the réduced factor of safety is mainly
a result of the reduced internal friction angle. The actual reduction
is not of a magnitude thét would be important in a slope stability -
analysis, however. |

Fixed-Arc Solution--Movement of Soil Boundary

The factor of safety against sliding is sensitive to change of soil
property values and change of failure arc location aé shown above.

Another variable within a stratified cross-section is the location of _

- each soil boundary, and thus the relative quantity of each 5911 type.

To determine the effect of moving a soil boundary, the cross-section in
Figure 3 was altered as shown between the fill and base soifs. A

series of fixed-arc solutions was then performed for variation of both
the fill and base 5011'propertﬁest The previous fixed-arc location was
used in these calculations. The results were then compared with those

previously obtained for both the minimum-arc and fixed-arc solutions of"

the original cross-section. For the original soil properties as shown

~in Figure 3, the new calculated factor of safety along the fixed arc

was 1.052. 'This compékes with a value ofz1;074'for.the oriéina]
minimum along this arc.. The s]ight reduction ﬁs probably due to the
e]iminatioﬁ of:a ﬁortion of the fill soil.with a fricfion'ang1e of 10°,
andjits replacement with base soil with a friction angle of 5°.- |

. The. results obtained for varying the base éoi}.properties were
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very similar to those obtained for the fixed-arc solutions of the original
cross-section. As the base soil strength was increased, the factors of
safety against sliding calculated along the fixed arc became exceedingly
high. As the base soil volume is greater in the new cross-section, the .
diffefences in the factors of safety were even greater for high base
soil strength. The plot of the new and original factor of safety
differences were otherwise similar to those shown in Figure 20.

Figure 24 shows the range of differences in factors of sa%ety
between the original minimum solution énd the fixed-arc solution with
the new soil boundary. Comparing these differencés with those shown iﬁ
Figufe 15, it can be seén that the general trend.is similar. The
magnitude of‘the differences are distinctly greater, however, for the
new soil boundary case. This again illustrates the increased influence
of the base soil 65 the fixed-arc éna]ysis. By using the same fixed arc
as was chosen for the original soil conditions and subsequently moving the
soil boundary, the average difference inm the resulting solutions is
increased more than four times. These results emphasize the 1mporténce
of choosing a truly representative "best guess" or "fixed" failure arc,
and also the importance of knowing precisely where soil boundaries are

located.

Cut Section Investigation

To verify the results of the previous investigation involving a
highway fill section, similar ana]yseé were conducted on a naturally
stratified highwdy cut section. The section is shown in Figure 4. The

first step was. to establish the minimum failure condition for the cross-
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section with the soil properties as shown, and with the shallow beﬁtonite
layer omitted. The result was a deep arc which encompassed the entire
cross-section with a factor of safety against sliding equal to 0.316.
From what has been developed in the previous investigation, the deep
arc and Tow faétor of safety is easily explained. It is the result of
the zero angle of internal frictién in the base soil.” The search for a
minimum solution moves the arc down into the frictionless soil, and, in
this case, reaches a minimum wnen the counter rotation weight components
and the conesion begin to adequately resist the dfiving force due to
weight.

It was. determined in the field during the Highway Commission
investigation, however, that the actual failure plane was at the location
shown in Figure 4. With'no more information than this, a so]ution was
determined with this surface entered as an impervious base. The result
was an arc following along the face of the cut section above this base,
with a factor of safety equal to 0.944. * This is a logical result, as
“the angle of internal friction of the soil above the base is 25° and the
cut slope angle exceeds this by approximately 3°.

Further field investigation results shown in Highway Commission
files indicated that sliding a]ong the base occurred iﬁ a shallow zone of
clay material similar to bentonfte. This material was then enteréd into
the cross-section as shown, in Figﬁre 4, and was given a zero angle of
1nt¢rna1 friction. The up;er fa11u}e'zone or tensioﬁ crack shown in

. Figure 4 was also located from field information. With the actual field

failure surface thus determined, a representative arc was assumed and a
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solution obtained. The result was a factor of safety against sliding
along this surface of 0.411 which compared favorably with a Highway
Department hand calculation of 0.427. The actual minimum found by the

search routine was 0.276 along an almost vertical initial failure

surface as shown in Figure 4.

Complete and Truncated Failure Arc--Variation of Top Soil Parameters

The investigation of the-effect of changing soil parameters was
continued using the arc closely resembling the actual field failure
condition. First, a series of calculations were made for alternately
varying the soil parameters above and below the actual failure surface,
and the arc was allowed to pass into and through the base soil. Then, the
arc was truncated at the actual failure surface and ca]cu]atidns were made
for the planar sliding condition. Again, results were obtained for
alternately varying the soil parameters in both the top soil and the shallow
"bentonite" layer just-above the sliding surface. The unit cohésion in
the base soil was sét at 300 psf to provide correlation between the two
sets of results.

In all casés, the factors of safety calculated for the truncated
arcs were greater than those for the complete circular arcs. This 1s
because miuch of the driving force due to the individual slice weight
is eliminated when the arcs are truncated. The planar failure surface
is neér]y hofizonta],'aﬁd the slide activating force due to unit weight
above this surface is much less than that along the nearly vertical
'poftidns of the truncated 61rcu1ar.aré.

This féct is illustrated in the plots of differences in-factors of




68
safety shown in Figure 25. The differences plotted represent results
obtained when the top soil parameters were varied betweén the specified
limits. Figure 25 indicates that fo; low top soil unit weight there is
a relatively rapid and nearly linear increase in the difference in factors
of safety for increasing values of the coefficient of friction. A check
of tabulated factors of safety for the circular arc indicates that because
the majority of the arc passes through the low strength base soil,
there 1is only token décrease in stability due to increase in top soil
weight. A wide spread difference in factors of safety occurs for the
truncated arc with increasing top soil unit weight. ‘This trend in
results, and thus the pattern shown in Figure 25, is because the low unit
weight along the planar sliding surface provides a very small slide |
activating force component compared with that of the higher unit weight
vaiue. Because the shallow "bentonite" layer on top-of the planar surface
has no internal friction the additional weight has no effect on the
frictional resistance. The frictional resistance is increased along the
circular portion of the arc, however. The Tow unit weight condition of
Figure 25 is most affected by the increase in friction along the circular
portion of the truncated arc.. As the unit weight increases, the incréased
driving force along the arc begins to overcome-the frictional and.co-
hesional resisting forces. Cohesional resistance, of course, is not
affected by unit weight, and- because of the fixed failure surface length
it is constant for all comparative sftuations; The combination of high
top.soi1 unit weight and strength causes the truncated-arc solutions to

differ uniformly with those of the complete arc;' Th1s relationship
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is shown in the Tower two curves of Figure 25.

Complete and Truncated Failure Arc--Variation of Base Parameters

Variation of base soil parameters in the cut section produced results
which were similar to those presented previously for fill section solutions.
For increasing strength in the base soil, which affected a major portion
of the fai1&re surfaces in both the complete and truncated-arc solutions,
exceedingly high values of the factor of safety were recorded. Again, only
a slight increase in the internal friction value causes a rapid increase
in stability. This proved to be even more of a trend in the planar surface
type of failure. This is shown in thé plotted differences in the factors
of safety shown in,Figu%e 26. For all values of base soil unit weight, the
truncated-arc solutions show a consistent increase in the differences for
corfesponding increases in the coefficient of friction. This 1is true
because the normal wéight-component along the planar surface is consistent
and not subject to change in slope direction as in the case of the circular
arc situation. The increase in frictiona]_resistance is also consistent
with increasing values of the coefficient of friction, and rapidly ovef—

" comes the much smaller weight—pkoduced,s]ide activating force.

The trend of the results 1§_toward a narrower range of differences
with {ncreasing base soil unit weight.. The base soil strength increases
with_an increase in unit weight, as the frictional resistance begins fo
take effect. Thé results of thé planar éurface solutions, however, are
nearly the sgmé for all conditions of unﬁt weight since only.a very thin-
base soil exists. The net result is that the différences in faqtor§

of safety for the two failure conditions ‘become 1esé with increased values
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of base sdil unit weight.

Trend of Compiete and Truncated Failure Aré Solutions

The over-all trend in the results of this comparison reveal that
for 1ike conditions of material properties, failure is more likely to
occur on a circular failure arc than on a similar but truncated arc
which includes a planar sliding surface. This would indicate that
planar sliding is indeed initiated by peéu]iarities or irregularities
in the soi],‘since the path of least resistance iﬁ a uniform (but not

necessarily homogeneous) soil is along a circular failure arc.




CHAPTER V .
SUMMARY OF RESULTS
Conclusions
The investigation produced a wealth of information that has immediate
Practical application. The computer program used was altered in such a
manner that in addition to its original ease of use, the output can
be chosen to fit immediate needs. Through the use of the computer
solution it was found that variation of soil parameters in both highway
cdt_and fill sections produced results which contained basic patterns
fundamental to the behavior of the individual situétions. In this form,
the results were more easily placed in perspective with the following
observations being foremost:

1. Average soil strength combinations result in.a common band of

failure arcs; extremes cause a wider distribution of arcs. It is

. important to know soil properties most accurately when either unit cohe-

sion or internal friction is low and especially when both are low.
2. The majorify of effect on the factor of safety against sliding
is in the unit cohesion range from zero to 500 psf and the coefficient
of friction range from zero to 0.50. Beyond these values relative
change becomes uniform;
'3, The jnterna1 frictipn property appears to berthe'most influential

soil characteristic. Zero values of internal friction .in base soils

“cause unrealistic minimum solutions. The slightest value of internal

friction (1° to 5°) will provide more consistent and representative

"results.

_4. High strength in a base sbi] will cause minimum failure arcs to
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avoid this zone. High strength can be considered to be a unit weight
of 130 pcf, a unit cohesion of 500 psf and a coefficient of friction
of 0.5. Unless all soils in a cross-section are of uniform strength,
minimum failure arcs will tend to pass above or below zones of high
strength. For this reason, it is poor practice to estimate a trial
failure arc within a high strength soil zone.

5. For average soil conditions, it is possible to choose a trial
failure arc that corresponds well with a complete minimum solution.
Greatest differences in resulting factors of safety occur for Tow
strength soils.

6. Fixed-arc solutions are less accurate for arcs passing tnrough
combinations of Tow and nigh strength soil zones, and highly inaccurate
if fhe high strength zones have unit cohesion values abovg 500 psf and
coefficients of friction above 0.25. In the.latter case more care must be
taken in determining individual soil properties and choosing representative
failure arcs.

7. Minor shift of soil boundaries can greatly influence the
validity of a fixed or trial arc solution. Increase or decrease of soil
strength should be noted and a new trial arc chosen.

8.' Partial circular and planar failure surfaces produce consistently
higher factors of safety against sliding than corresponding complete circular
arcs. Determination of which type of sTiding will occur depends on
accurate knowiedge of the planar surface geometry and base soil propérties.

Application gj_Resu1t§

The results of this investigation can be used directly in the analysis
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of slope stability problems. The ]ﬁmitatipns of quantitative solutions
and the importance of geologic considerations must still be emphasized,
however. In the typical-approach to a stability problem, the geologic
investigation provides the basic information upon which all further work
depends. Understanding of the general geology of the potential stide
area will help insure knowledge of what type of-sliding, or classification '
of mass;movement, is to be expected. It will also reveal a general
picture of the materials involved and their relationships to each other.
Possible failure surfaces may also be detected.

If it appears that a quantitative method of ana]ysis is feasible, the
approach uéed and . the %nformation developed in this thesis ﬁay be helpful.
As shown in the results of this study, the factor of safety against é]iding
is ﬁost sensitive in low strength and Tow unit weight situations. If
rea;onab]y accurate estimates of the soil properties in a cross-section can
‘be made, a preliminary analysis resulting in probable zones of weaknegs can
be made with the digital computer. If the soil boundaries and properties
cannot be estimated with reasonable accuracy, a minimum of drilling and
laboratory testing may be necessary. The search for a minimum solution
Wi]] point out where the characteristic failure zones are, and, if
desiréd, more accurate field and 1aboratory investigations may be made on
these materials.

In further analyses, propérties of specific soils may be varied
- between presckibed‘]imits and the true sensitivity of the factor of
safety to change in soil parameters can be visualized. _This_éou]d be |

especially helpful in determining the propéfties réqujred in a fill
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material to maintain stability in a specific cross—sectibn. When the
analysis has reached a stage of certain refinement, a representative
fixed arc may bé chosen for use in further investigations. Considerabie
computer time can be saved by using a fixed arc, and except for fhose
Precautions discussed previously, accuracy sacrificed is minimal.

As described previously, the stability of a slope, and thus the
factor of safety against sliding along any particular failure surface,
is sensitive to change in soil properties and soil quantities. Thus it
was determined that soil boundaries in the heterogeneous cross-section
‘have an important influence on stability. These boundaries exert their
influence on the other 'stability variable, the failure surface position.
Recogniiing these facts, more meaning may be obtained from drill hole
data. Soil zones which are obviously of low strength should be analyzed
more accurately than those which are of obvious high strength. If as in
Figure 3, the cross;section is made up of many soils, fhe deeper zones may
be expected to have little influence on the over-all stability, especia]]y
if they have angles of internal friction in excess of 10°. Shallow zones
. of high strength soil wj]] have minimum influence on the over-all section;
however, extensive high strength zdnes will cause the failure arc to pass
.aboveL Base soils of extremely iow internal friction will cause deep
failure zones to develop. Soil testing in the high strength zones, then,
need only be mfnima].' Sampling and testing in very low strength zones must-
‘be more thorough, even if the zone occurs at depth.

:For complete solutions, such as those done in this study; simple

~mathematical relationships can be formulated to detérmipe the effe;t
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eqch change in specific soil parameters has on the stabi]ity of the
slope in question. Much data can be produﬁed by the computer solution,
and desired results may be quickly obtained without~pa1nstaking1y
plotting all of the data. This type of thorough solution could be
done with only the basic cross-sectional geometry known. Once mbre.‘
exact soil data was established, a final value of the factor of safety.
against sliding could be taken dﬁrect]y from the previously developed

data,
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