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ABSTRACT

This thesis contains a summary of the physiography and geology
of Eastern Arkansas. Soil areas of particular interest for the
research are described. Climatic conditions in Eastern Arkansas
are discussed. Preliminary and detailed investigations of four
embankment slope failures are presented. The detailed investigation
contains an account of the boring and sampling program and labora-
tory testing program. Tabulations of test results are presented.
From the accumulated data the four embankments are generalized into
typical sections which are to be used in stability analyses. Two
slope stability computer programs are described. The operation and
use of the programs are illustrated through use of an example prob-
lem. Further considerations for stability analyses of embankment
slopes in Northeast Arkansas are discussed.

KEY WORDS: slope stability, computer analysis, embankments, shear

strength, triaxial test, clay, silty clay, method of slices, circular
failure arcs, Normal Method, Simplified Bishop equation.
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CHAPTER I

INTRODUCTION

Many highway fill slopes constructed in Eastern Arkansas are sus-
ceptible to pocket slope failures. Generally, the failures are rela-
tively small in extent and rarely obstruct traffic. However, they are
expensive to repair and create an additional workload on the maintenance
force, and the highway user is inconvenienced during the repair. 1In
addition, many of the failures occur on the Interstate System where
appearance of right of way is important.

Concern by the Arkansas Highway Department prompted the authoriza-
tion of Highway Research Project 28 (HRP 28) on September 16, 1970, in
cooperation with the Department of Transportation, Federal Highway
Administration. The project is a joint effort of the Arkansas Highway
Department and the University of Arkansas.

The primary objective of this research is the development of guide-
lines for design, construction, and maintenance that will, when incor-
porated, reduce the probability of slope failures on newly constructed
embankments in Eastern Arkansas. Furthermore, it is hoped that the
results of this research will aid maintenance foremen in repairing failed
embankment slopes or in initiating remedial measures on slopes of incip-
ient failure.

Contained in this paper is a detailed review of the progress of
the research. It includes a brief description of the geologic and
environmental conditions; a description and investigation of four
selected embankment failures and laboratory test results of bag samples

and undisturbed samples taken at the failure sites; a description of



two slope stability computer programs that will be used for the stability
analyses and explanation of their use.

Results of the stability analyses and recommendations of design
criteria, construction procedures and maintenance practices will be
presented when the research is completed.

Most slope failures in Eastern Arkansas occur on the embankment
slopes of levees and highway or railway fills. Few instances of cut
slope failures occur for the reason that the terrain of Eastern Arkansas
is relatively flat and therefore, by comparison, few deep cuts exist
except in the area of Crowleys Ridge.

An inspection trip was made in early spring, 1971, for the purpose
of selecting failure sites for detailed investigation. With the help
and cooperation of Arkansas Highway Department engineers and personnel
a successful tour of the problem areas in Crittenden and Mississippi
Counties was completed. Many of the failures inspected occur on fill
slopes that have no previous history of instability. Other slopes that
have failed and have been repaired in the past have failed again or are
in the process of failing. Two aspects common to most of the embankment
failures are worth mentioning: (1) the embankments are constructed of
a fairly homogeneous clay or silty clay; (2) the slope failures are
located at or near the bridge ends.

One of the first steps in this research was to study recent litera-
ture dealing with the problem of slope instability. This literature
was obtained from the various highway departments, government agencies,
and universities. Published and non-published information on case
histories of slope failures and corresponding corrective measures are

plentiful. However, from the information reviewed, very few instances



of documented slope failures resemble the type that occur in Eastern
Arkansas, especially with respect to the two common characteristics
mentioned above. That is, each different physiographic province in

the United States seems to produce slope failures peculiar to that
region, the geology of the region being directly or indirectly respon-
sible as a contributing factor in the slope instability in many cases.
For instance, in the Pierre Hills of South Dakota the Pierre Shale
formation has been a severe problem in the construction of highway

cuts and fills. Failures have occurred frequently during comstruction
where the shale is highly weathered. Furthermore, progressive weather-
ing of the sound shale has brought about slope failures several years
after construction (9)*. Failures of this nature have been a problem
in Eastern Kansas also. The slopes have failed five to ten years after
construction (10).

In Rentucky and West Virginia most embankment failures occur in
side hill fill sections where a fill acts as a barrier to prevent the
free drainage of seepage water from the hill, or where the fill is
constructed over unstable shale formations (12, 13).

The Georgia Highway Department has had problems with cut slopes
in cherty clay and weathered shale formations. During the wet season
water enters the slopes through cracks and fissures, creating condi -
tions of instability. The shale bedding and jointing parallel to the

face of a slope have contributed to failure in many cases (1D).

*Numbers in parentheses refer to corresponding items in the list
of References.



Landslide topography presents serious slope stability problems in
route location, as evidenced by the Pipe Organ Landslide in Beaverhead
County, Montana (14).

In all these instances the geology or physiography of the area
plays a direct role in the slope stability problem. In Eastern Arkansas
the physiography has an indirect influence. The material economically
available for embankment construction is largely limited to the soils
of the Mississippi Alluvial Plain. These alluvial soils are not always
the most desirable for highway fill construction. Consequently, problems
of instability have resulted.

In regions of variable geology slope failures are likely to have
unique or individual causes. However, in Eastern Arkansas it appears
that the causes precipitating most of the failures are similar, if not
identical. Therefore, the results of this research should find wide

application in this area of the state.



CHAPTER II

GENERAL PHYSIOGRAPHIC, GEOLOGIC, SOIL AND CLIMATIC
CONDITIONS IN EASTERN ARKANSAS

A. Physiography, Geology and Soil (3), (5), (6)

Eastern Arkansas physiographically is a part of the Mississippi
embayment of the Gulf Coastal Plain. The Mississippi embayment is
bordered by Paleozoic sedimentary rocks on the east, north and west.
In Arkansas the western border is the Ozark province (Paleozoic high-
lands). The embayment itself represents a downwarped trough of the
Paleozoic rocks; the trough being filled to its present level with
mostly unconsolidated deposits ranging in age from Cretaceous to
Recent. The depth of the trough along its axis is greater than 2,500
feet and probably reaches a maximum depth of 3,000 feet.

Cretacous age deposits occupy the bottom of the trough and prob-
ably have a thickness of 2,000 feet. The Cretaceous outcrops in
small belts along the northwestern limit of the embayment in Arkansas.

Eocene age deposits overlie the Cretaceous to a thickness of
1,000 feet or more. Crowleys Ridge in Northeast and East Central
Arkansas represents the major highlands of the embayment region in
Arkansas. Eocene deposits make up the core of Crowleys Ridge. The
Eocene outcrops in South Central Arkansas and in areas along the
western margin of the embayment and along Crowleys Ridge. The Eocene
deposits of Crowleys Ridge are partly overlain with sands and gravels
of the Lafayette formation which is believed to be Pliocene age.
Partly overlying the Lafayette and capping Crowleys Ridge is loess
of Pleistocene age. Deposits similar to the Lafayette formation and
the loess cap the crests of Paleozoic hills on the western margin of

the embayment.



The Mississippi and Ohio Rivers have partly removed the older
deposits to depths of 100 to 225 feet below the present surface of
the lowlands in Eastern Arkansas. Sediments of Quaternary age have
refilled the previously eroded areas to the present surface level.

East from Crowleys Ridge to the Mississippi River the area is
almost completely covered with Recent age alluvium. Pleistocene
sediments generally underlie the Recent deposits. The area comprises
the Mississippi lowlands. The Recent and Pleistocene sediments con-
sist of alluvial silts, loams, clays, sands and gravels.

Between Crowleys Ridge and the Ozark province lie the Advance
lowlands. Pleistocene deposits lie directly beneath the surface
except in the flood plains of the present streams where the sedi-
ments are Recent age. It is believed that the upper Pleistocene
sediments are deposits laid down by an ancient Mississippi River
which flowed west of Crowleys Ridge and joined the ancient Ohio
River which followed the present Mississippi drainage path along
the eastern border of Arkansas at the southern tip of Crowleys Ridge.
The general sequence of Pleistocene alluvium is a gradation from fine
surface silts or loams through compact clays (hardpan) and fine sands
to coarse sands and gravels at the base.

The specific areas of investigation for HRP 28 are Mississippi,
Crittenden, and Prairie Counties. Embankment slope failures in each
of these counties are being studied.

Mississippi and Crittenden Counties both lie within the physio-
graphic region of the Mississippi lowlands. The terrain is nearly
level to gently rolling alluvial plain. Elevations range from 200

to 260 feet above sea level. Ponds, swamps, abandoned stream channels,



bayous and thick forests were common in the area near the turn of the
century. Today most of the forests have been cleared and the land is
extensively cultivated. Drainage and flood control measures have since
been effected.

The thickness of sedimentary material ranges from 100 to 180 feet.
The surface materials are Recent alluvial sands and clays deposited
from the waters of the Mississippi River. A typical boring may reveal
a gray clay, loam, gumbo, buckshot*, or silty clay underlain with silts,
fine sands and gravels which are underlain with coarse sands and gravels.

The embankments selected for investigation are constructed in soil
areas characteristic of the Sharkey Series of the Bottomlands and Ter-
races Soil Associations in Arkansas. Sharkey soil areas are nearly
level, poorly drained and consist of dark gray clays which are often
called gumbo. The clays often display a blocky structure and have high
shrink-swell potential.

Prairie County lies on the Advance lowlands. The topography in
general is a gently undulating and rolling plain. Elevations range
from 200 to 240 feet above sea level. The interstream areas are imme-
diately underlain with Pleistocene deposits of silty loams and clays.
Large and small tracts of prairie separated by wooded lowlands occupy
much of the interstream lands.

Recent alluvium occupies the stream flood plains. Swamps, bayous,

etc., characterize the bottom lands.

* . . .. . .
Buckshot is a ferruginous clay containing numerous limonite
concretions ranging in size from a pinhead to a marble in diameter.



The Quaternary (Pleistocene and Recent) alluvial deposits immedi-
ately underlie the surface to depths of 125 to 180 feet. A typical
boring may reveal a stratification of loam and red clay underlain with
blue clay and fine sand which are underlain with sand and gravel.

The prevalent soil type near Hazen, where an embankment slope
failure occurs, belongs to the Crowley Series of the Loessial Terraces
Soil Associations. €rowley soils occupy nearly level, broad prairie
lands. The surface soil is a dark grayish brown silt loam. The sub-
soil is light brownish gray clay mottled with red and brownish yellow.
Crowley soils are less clayey and lighter colored than the Sharkey
soils. Drainage of the soil is poor. The more clayey soils have high

shrink-swell potential.

B. Climate (4), (5), (7)

Generally, the climate of Eastern Arkansas is mild. The mean
annual temperature ranges from 60° F in Northeast Arkansas to 64°F
in Southeast Arkansas. Mean annual precipitation varies from 48 to
52 inches, Northeast to Southeast, respectively.

Winters are short and cool except for brief cold periods when
temperatures drop below 0% F. The mean minimum temperature in
January ranges from 28° F to 360 F (NE to SE). The average annual
snowfall is less than five inches total annual accumulation. Snow
accumulations melt quickly and generally last no more than a couple
of days. Snow accounts for about one percent of the total annual
precipitation. The wet season in Eastern Arkansas occurs in winter,
January being the month for greatest amount of rainfall (5 to 6 inches).

The spring and fall seasons are long and mild. Fall is the dry

season. Monthly precipitation varies from 2 to 3 inches. Droughts



occasionally occur in local areas. The last moderately severe drought
was in 1963. The most severe dry period on record lasted 18 months in
1953-54.

gummers are hot and humid. The mean maximum temperature in July

ranges from 92° F to 94° F (NE to SE).



CHAPTER III

PRELIMINARY INVESTIGATION OF SELECTED EMBANKMENT FAILURES

In April of 1971 many failed embankment slopes in Eastern Arkansas
were inspected, and four failure sites were chosen for investigation.
Figure III-1 shows the location of the sites. Site No. 1 is located
at the Club Road and Interstate 55 grade separation in West Memphis;
Site No. 2 at the Highway 70 and Interstate 55 grade separation in
West Memphis; Site No. 3 at the Highway 181 and Interstate 55 overpass,
two miles south of Keiser; and Site No. 4 at the Highway 11 and Inter-
state 40 grade separation, 3 miles north of Hazen.

The £fill approach ramps to the Club Road grade separation were
constructed in 1958 under State Job No. 11605 and F.A.P. No. I-55-
1(12)4. Foundation soils consisted of moist medium firm brown clay
to a depth of 8 feet. The clay was underlain with 10 feet of moist
medium loose brown fine sand. The embankments were constructed
according to the Standard Specifications adopted by the Arkansas
State Highway Commission in 1940. Special provisions were made for
embankment material, source of embankment material, embankment sur-
charge and special compaction of earthwork. The plans called for
side slopes of 4:1, front slopes of 2:1, and crown widths of 36 feet.
Natural ground elevation was approximately 216 feet above sea level.
The maximum height of fill reached an elevation of 234 feet. The
select material immediately underlying the pavement was classified
as A-2-4(0).

The Highway 70 and I-55 grade separation is the oldest fill being

investigated. It was constructed in 1951 as part of State Job No.

10
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11397 and F.A.P. No. U.I.-55-1(5)4. The 1940 Standard Specifications
with special provisions for earthwork and borrow pits were followed.
The embankments were to be constructed with 3:1 side slopes, 2:1 front
slopes, and crown widths of 38 feet. The embankments were raised from
a natural ground elevation of 216 feet to a maximum elevation of 233
feet. Foundation soil in the vicinity had the following properties*:

Gray Brown Clay . . . . . . . . . . depth = 0-7 feet

nat. w. c. = 45%

LL = 75%
PI = 457
c = 800 psf
$ =1 deg
Gray Brown Clay . . . . . . . . . . depth = 7-10 feet
nat. w. c. = 40%
LL = 65%
PI = 40%
c = 600 psf
p = 12 deg

Gray Brown Clay to Clayey Silt... . depth = 10-15 feet

LL = 60%

PI = 35%

¢ = 400 psf
$ = 13 deg

The Highway 181 and I-55 Overpass (Hilton Interchange) was con-
structed in 1960 under State Job No. 10607 and F.A.P. No. I-55-1(40)43.
Plan side slopes were to be 4:1, and the crown widths were to be 44

feet. Natural ground elevation was approximately 229 feet. Maximum

*Properties obtained from the files of the Arkansas Highway Depart-
ment.
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fill elevation was approximately 258 feet. Upgraded embankment material,
classified A-2-4(0), was constructed beneath the pavement and shoulders.
The Highway 11 grade separation near Hazen was constructed in 1964--
State Job No. 6717 and F.A.P. No. I-40-4(9). The 1959 Standard Specifi-
cations with special provisions were used. Borings revealed that the
foundation soil was moist soft brown clay silt (with some fine sand) to
a depth of 15 feet. Underlying the clay silt to a depth of 31 feet were
moist soft reddish brown silt and clay with occasional lenses of fine

sand and silt. Soils in the vicinity had the following properties*:

Borrow Pit No. 2 . . . . . . . . . . . Soil color: Brown
Classification: A-7-6(35)
7% passing no. 200 Sieve = 99%
LL = 77%
PI = 487
Borrow Pit No. 15. . . . . . . . . . . Soil color: Brown-gray
Classification: A-7-6 (39)
7% passing no. 200 Sieve = 100%
LL = 94%
PI = 66%
Sta. 1634 oné I-40. . . . . . . . . . . . Depth = 0-8 feet

Soil Color: Brown-gray

Classification: A-7-6(19)

7 passing no. 200 Sieve = 98%
LL = 48%
PI = 287

The plans called for 3:1 side slopes, 2:1 front slopes and crown

widths of 36 feet.

*Taken from Highway Department files.



CHAPTER 1V

DETAILED INVESTIGATION OF SELECTED EMBANKMENT FAILURES

An important phase of HRP 28 was to gather pertinent data from the
four existing failed embankment slopes in Eastern Arkansas. The plan
involved executing a boring and sampling program and performing a labo-
ratory testing program.

Index properties and soil classification were determined from bag
samples which were obtained during the inspection trip.

The boring and sampling operation was carried out in June, 1971,
with the assistance of Arkansas Highway Department personnel. One
standard auger boring was made through the embankment at each failure
site. Plate 1 shows the drilling and sampling operation at Site No. 1.
Where possible continuous undisturbed samples were obtained with 24
inch long, 2 inch O. D. Shelby tubes. The tubes were cut to the length
of soil sample retained; the ends capped and sealed with paraffin; and
the tubes stored in damp sawdust. The length of soil retained in the
tubes ranged from 3 to 12 inches.

Original construction drawings of the embankments and cross section
notes of the failure areas were obtained. Using the cross section data
and the STAMPEDE® computer program available at the University of Arkan-
sas, contour maps of the failures were drawn on a CALCOMP 563 pen plotter.

Two triaxial tests were considered for use in determining the strength
parameters of the soil samples. . . the unconsolidated undrained test (UU

test) and the consolidated undrained test (CU test). The CU test would

*STAMPEDE is an acronym for Surface Techniques, Annotation and
Mapping Programs for Exploration, Development and Engineering.

14
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subject the soil specimens to conditions closer to the actual field
conditions, i.e., by consolidating a specimen to its in-situ condi-
tions before applying the deviator stress. However, the embankments
carry no heavy static loads other than the weight of the fills them-
selves. The embankments are relatively low. . . three are less than
20 feet high; one is approximately 30 feet high. Therefore, rebound
of the soil samples, due to sampling, was considered to be small, and
the UU test should give results comparable to those of the CU test.
Consequently, the UU test was chosen because it requires less time to
perform.

Pore pressure measurements were not made because a total stress
analysis will be performed in the slope stability calculations. The
state of pore pressures in the field was unknown. For this reasom it
was decided not to use an effective stress analysis. 1In addition,
many of the soil samples appeared to be only partially saturated,
especially at Site No. 2. For an unsaturated soil pore pressure
measurements would be difficult to take and would probably be unreli-
able.

The triaxial test procedure was as follows:

A Shelby tube sample was extruded, and, depending on the length
of the sample, from 1 to 3 test specimens were cut from the sample.
It was desired to have test specimens of 3 3/4 to 4 inches in length.
However, some were as short as 3 inches. After a specimen was care-
fully trimmed and measured for length, diameter and weight, nonporous
plates and top and bottom caps were placed on the ends of the specimen,
and a rubber membrane was stretched around the specimen. The test

specimen was placed inside a triaxial cell and exposed to an air
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confining pressure ((JS). The range of confining pressure was dependent
upon the depth from which the samples were obtained. Soon after the
confining pressure was maintained around the specimen, the deviator

stress (0 _ - 03) was applied at a 1 to 1.5 percent per minute strain

1
rate. The testing operation is shown in Plate 2. No air or water was
allowed to escape the voids. The strain was carried out to well past
the peak stress. In most cases the approximate failure angle («= ) was
recorded. After the test was completed a moisture specimen was obtained.
A computer program was written to facilitate calculations of stress
and strain. The program takes the raw test data. . . length, initial
area, confining pressure, displacement dial readings, proving ring dial
readings, number of test points, sample number, specimen number, loca-
tion, date of test. . . and calculates the stress-strain values and
plots stress vs. strain diagrams on the CALCOMP pen plotter. The pro-
gram listing is contained in Appendix A. Appendix B presents the
resulting stress-strain curves for the test specimens.
The Mohr rupture envelopes which were used to determine the
strength parameters, c and §, are obtained in Appendix C.

Failure site descriptions and laboratory test results are pre-

sented in the following subsectiomns.

A, Site No. 1

The location is the Club Road and I-55 overpass in West Memphis.
Club Road is elevated over the I-55 freeway. The maximum height of
the fill approach ramps to the bridge is approximately 18 feet. Two
slope failures occur in the north £fill near the bridge end, one on the

east flank and one on the west flank of the fill. Plate 3 shows the



PLATE 2
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failure on the west side. A closer view of the failure surface is
shown in Plate 4.

The failures are relatively small. The length of embankment
involved in the movements is approximately 80 feet. The contour map
in Figure IV-1 shows the extent of the failures. A typical centerline
section of the east flank failure is shown in Figure IV-2.

The embankment is constructed of a brown-gray clay, locally termed
gumbo. The dry strength of the clay is very high, i.e., it does not
crumble easily under finger pressure. When wet, the clay readily
adheres to shoes, tires, etc. Classification tests reveal the soil
to be a CH material by the Unified System or an A-7-6 material by the
AASHO system.

Boring A was drilled through the pavement in the northbound lane
approximately 10 feet from the bridge end. Table IV-1 contains the
log of boring.

Laboratory test results of the embankment soils are presented in

Table IV-2.

B. Site No. 2

At this site the Highway 70 exit ramp leads from the I-55 W
bound lanes and overpasses the SE conmection to Highway 70 in a westerly
direction. The failure occurs on the north flank of the approach fill
at the east end of the bridge. Plates 5 and 6 are pictures of the fail-
ure. The slope appears to have slipped along several failure surfaces,
the upper ends of the failure surfaces being almost vertical.

The size of fill, location and extent of slope disturbance are
similar to the failures at Site No. 1. Figure IV-3 is a contour map of

the failure. A typical cross section is shown in Figure IV-4.
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Depth
(ft.)
0-1%
1%-3
6=-7%
8-9%
10-11%
12-13%
14-15%

16=-17%

TABLE IV=-1

Failure Site No. 1 Log of Boring

Hole A

Club Road and I-55 Overpass

Sample No. Remarks
Drilled Pavement and Selected Material
A-1 Embankment Material
A=2 Embankment Material
A=3 Embankment Material
A=4 Embankment Material
A=5 Embankment Material (very wet)
A-6 Embankment Material and
Natural Ground
A-7 Natural Ground

NOTE:

Pavement Thickness =

7 inches

23
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The embankment soil is classified as a CH material. Its water
content is somewhat lower than the soil at Site No. 1.

Undisturbed samples were obtained from Boring B. See Table IV-3.
The boring was drilled on the north shoulder of the roadway, 57 feet
from the NE bridge abutment. The estimated water table is at a depth
of 16 1/2 feet. Below the water table very little soil would remain
in the Shelby tubes.

Many of the triaxial test specimens contained fine sandkand/or
roots and organic matter. Table IV-4 is a tabulation of the labora-

tory test results.

C. Site No. 3

The Highway 181 and I-55 grade separation is the location of the
largest failure being investigated. 1I-55 passes over Highway 181.
Extensive slope disturbances occur in the NW flank of the fill at the
SW end of the bridge in the SW bound lanes. Plates 7 and 8 are two
views of the failure surface. The pictures were taken in April, 1971,
during the inspection trip. By the time a boring was made in June,
1971, slumping at the top of the slope had advanced the failure surface
closer to the highway shoulder. 1Inspection at the time of drilling
revealed further tension crack development at the top of the slope.
Figure IV-5 is a typical section of the failure after the later move-
ment.

The maximum height of the fill is approximately 30 feet. The large
failure occurs near the bridge end. A smaller disturbance occurs 180
feet SW from the edge of the large failure. The length of embankment

involved in the slope distress is approximately 230 feet at the large



10-11%
12-13%
14-15%
16-17%
18-19%

NOTE

TABLE 1IV-3

Failure Site No. 2 Log of Boring

Hole B

Highway 70 and I-55 Overpass

Saggle No.

Drilled
B-1
B-2
B=3
B-4
B=5
B-6
B-7
B-8
B=-9

Remarks

Selected Material

Embankment
Embankment
Embankment
Embankment
Embankment
Embankment
Embankment
Embankment
Embankment

Material
Material
Material
Material
Material
Material
Material
Material
Material

(a) Estimated Water Table at 16%!

57" . from NE
« 3'" North of

(b) Hole Location:
bridge abutment
pavement edge.
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Slope Failure = Site No. 3
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slide and approximately 160 feet at the small slide. See contour maps
in Figures IV-6 and IV-7. The disturbances can be clearly outlined.
steep failure surface at the top of the slope and bulge at the bottom.

Boring C was drilled on the shoulder of the road near mid length
of the large failure. The log of boring is shown in Table IV-5. During
the first attempt to drill the hole, water under a pressure head gushed
from the hole.

The soil samples taken from the boring were very wet and were at
or near 100 percent saturation. See Table IV-6 for tabulation of labor-
atory test results.

The soil is a CH material. It has characteristics very similar to
the soils at Sites 1 and 2. A couple of the Shelby tube samples con-

tained sand seams running the length of the samples.

D. Site No. 4

Highway 11 overpasses the I-40 freeway in a N-S direction. Slope
disturbance occurs on the NW "point" of the south fill near the concrete
riprap under the bridge. See Plates 9 and 10. The toe of the failure
had slipped over the guard rail and onto the shoulder of the road (removed
by the time the photograph was taken). The depth of failure is shallow. . .
to just below the grass roots. Figure IV-8 is a typical cross section,
and Figure IV-9 is a contour map of the disturbance. The maximum height
of the slope is approximately 20 feet.

Boring D was drilled 9 1/2 feet from the south end of the bridge,
3 1/2 feet west of the pavement edge. See Log of Boring, Table IV-7.

The embankment soil is a red clay, classified as a CL material. It

is not as plastic as the soils at the other sites. Many samples contained
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Depth
(ft.)

0-4
5-6%
7-8%
9-10%
11-12%
13-14%
15-16%
17-18%
19-20%
21-22%
23-24%
29-30%
34-35%

TABLE IV=5

Failure Site No. 3 Log of Boring

Hole C

Highway 181 and I=55 Overpass

Saggle No.

Cc-1 (Sack)
C=2

Cc-3

C=4

C=5

C=6

C=7

Cc=8

C-9 (Lost Sample)
c=-10

c-11

C=-12

Cc-13

Wet Sand

Very
Very
Very
Very
Very
Very
Very
Very

Wet
Wet
Wet
Wet
Wet
Wet
Wet
Wet

Remarks

Embankment
Embankment
Embankment
Embankment
Embankment
Embankment
Embankment

Embankment

Material
Material
Material
Material
Material
Material
Material

Material

Wet Embankment Material

Wet Embankment Material

Wet Embankment Material

Wet Embankment Material

36
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0-2
2-3%

4 5%
6-7%
8-9%
10-11%
12-13%
14=15%
16-17%
18-19%
19%-2 9%

TABLE IV=-7

Failure Site No. 4 Log of Boring

Hole D

Highway 11 and I-40 Overpass

Saggle No.

Drilled
D=1

D=2

D=3

D=4

D=5

D=6

D=7

D=8

D=9
D=10 (Drilled)

Remarks

Selected Material

Embankment
Embankment
Embankment
Embankment
Embankment
Embankment
Embankment
Embankment

Embankment

Material
Material
Material
Material
Material
Material
Material
Material
Material

41

Sack Sample taken at 29%' from bit

New hole was located 6 inches to west of Hole D.

1%-3

NOTE:

D-11

Hole Location:

Embankment

9%' from SE bridge abutment.

34" West of pavement edge.

Material
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fine sand or silt. The samples ranged from soft at the top of the
boring to stiff near the bottom. Slickensides were prevalent in the

stiffer clays. Laboratory test results are presented in Table IV-8.

E. Conclusion to Laboratory Testing

Inspection of the tables of laboratory test results in the pre-
ceding subsections reveals somewhat variable results from sample to
sample. This can be expected with rolled fill construction because
the soil constructed in each 1ift may have been excavated from several
different locations, and each lift may have been compacted to nonuni-
form densities. Degrees of saturation in particular are inconsistent
or unreliable. The problem can be attributed to the specific gravity
values used in the calculations. For each site one specific gravity
was determined from a bag sample obtained from the exposed failure
surface. It is obvious that one specific gravity value is not repre-
sentative of all the soil in a fill. However, it is useful in deter-
mining the range of values for degree of soil saturation in the fills.

Theoretically a fully saturated, purely cohesive, normally consoli-
dated soil has a ¢ angle equal to 0° when tested under unconsolidated
undrained conditions. However, many of the test specimens have angles
of internal friction greater than Oo, usually on the order of 10-15
degrees. The reason is that many of the test specimens are not 100
percent saturated. Compression of air in the voids of partially satu-
rated soils results in intergranular contact of soil solids and thus
increases the ¢ angle from Oo. The magnitude of the § angle is greater
than what may be expected for a partially saturated pure clay. The test

specimens are not pure clay. Almost all the specimens contain traces of
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silt or fine sand, some being very silty or sandy. Silty and sandy
clays may be expected to have ¢ angles ranging from 10 to 15 degrees.

The shear strength of samples taken from each boring shows a
definite trend. The strength increases with depth. This can be
expected since the basement soils are consolidated under a greater
overburden pressure. Furthermore, the near surface soils are exposed
to the softening effects of weather.

Figures IV-10, IV-11, IV-12 and IV-13 are generalized cross sec-
tions of the four failure sites. Soil property information is gen-
eralized and assigned to layers. The problem of determining soil
boundaries arose. Soil samples were obtained from a boring made on
top of each fill. The soils within a boring can be divided into
horizontal layers of representative -strength parameters. However,
extrapolating the layers horizontally to the surface of the slope
would not be representative of the soils beneath the slopes, since
those soils are not consolidated to as large an overburden pressure
as the soils at an equivalent elevation beneath the top of the fill.
Furthermore, the soils directly beneath the slope probably have not
been compacted to as great a density during construction. And as
previously mentioned the soils underlying the slope are more closely
exposed to the effects of weather.

Since no tangible evidence of shear strength is available for the
soils that did lie directly beneath the slopes before failure, it is
judged that for a more accurate interpretation of the embankment sec-
tions the soil boundaries should be positioned as shown .in the figures.
The soil boundaries within a fill are horizontal to a line which is

60 degrees from the horizontal from the point where the slope begins.
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This line represents the approximate influence of no soil overburden
pressure acting above the slope.

The layers underlying the embankments are selected to be hori-
zontal, with the exception of Site No. 4. Comprehensive information
for the natural soil strata are not available. However, strength
values of samples obtained from the bottoms of the borings are assigned
to the foundation soils. The accuracy of the strength values for the
basement layers is questionable, especially for the soils underlying
the toes of the slopes. In these areas the assigned strength values
are probably much higher than the actual in-situ values. However,
most of the failures occur within the slopes and do not involve the
foundation soils (Site No. 1 is an exception; some adjustments to the
cross section shown in Figure IV-10 may need to be considered). There-
fore the strengths of the foundation soils will be of no consequence in
the stability analyses.

At Site No. 4 the maximum height of the fill from toe of slope
to top of slope is approximately 20 feet. However, underlying the
toe of the slope is a 4 to 5 feet thick blanket of additional fill
material which overlies natural ground. This blanket of fill is con-
sidered to be a part of the embankment that rises above it. For this
reason the embankment soil boundaries are extended into the fill founda-
tion soils as shown in Figure IV-13.

Layer one in the generalized cross sections is select material.

No test results are available for the material. All that is known is
that the select material is sand at each site. The unit weight and
angle of internal friction are estimated from this information alone.

The accuracy of the estimation is of no consequence since the layer
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is not thick, and in most cases the failure surface does not pass
through it. In any case the select material does not add any signif-
icant shearing resistance in stability calculations because the normal
pressure on the failure surface at the shallow depth contributes very
little to the "o, tang" term of shear strength (cohesion is very
small or equal to zero for the select material).

Estimated critical failure circles are shown in the generalized
cross sections. The failure circles are estimated from the exposed
failure surfaces.

Slope failure at Site No. 4 in East Central Arkansas may be due
to low shearing resistance of the soils underlying the slope. At Site
Nos. 1, 2 and 3 in Northeast Arkansas the soil strength appears to be
adequate for stability. Conditions other than soil shear strength must

be considered. See Chapter V, Section E.



CHAPTER V

SLOPE STABILITY COMPUTER PROGRAMS

Two computer programs are available for use in the stability
analyses of the embankment slope failures. The New York State Pro-
gram, "Computerized Analysis of the Stability of Earth Slopes", is a
development of the Bureau of Soil Mechanics, New York State Department
of Transportation. The program is a revised and expanded version of
two programs currently being used by the Bureau of Soil Mechanics.
The other program, LEASE I (Limiting Equilibrium Analysis in Soil
Engineering), "A Problem-Oriented Language for Slope Stability Anal-
sis", is one which was developed at the M.I.T. Civil Engineering
Systems Laboratory (CESL) and the M.I.T. Soil Mechanics Division.
This program is a result of one of the advances made by the Inte-
grated Civil Engineering Systems (ICES) Project being carried out
at M.I.T.

Both the New York State and LEASE I programs are adaptable to
the IBM System/360 computer. A program listing for the New York
State program is contained in Appendix D. LEASE I is written in
ICETRAN.

Circular failure surfaces are assumed in the methods of analyses
performed by these computer programs. The free bodies above the
circular failure surfaces are divided into vertical slices. 1In
accordance with simplifying assumptions driving and resisting moments
are determined for each slice. Factors of safety are calculated by
determining the ratios of the sums of the resisting moments to the

sums of the driving moments, all about trial circle centers.
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Where failure occurs within a thin lense or a thin weak layer
confined by more competent soils, the computer programs are of little
value. Only circular failure surfaces can be analyzed.

For the problem under investigation, where the soils are fairly
homogeneous, the New York State and LEASE I programs are satisfactory.
Furthermore, these programs can prove to be valuable aids in many prob-
lems of highway cut slope and embamkment design, if the capabilities
and limitations of the programs are understood and if a knowledge of

the field conditions is available.

A. New York State Computer Program

The New York State program computes factors of safety against
sliding by two methods:

1) The New York State Method which is based on the Normal (Fellenius)
Method of Slices where the interslice forces are not taken into considera-
tion.

2) The Simplified Bishop Equation where only the vertical shear
forces acting on the sides of the slices are neglected.

1. The New York State Method (2)

Figure V-1 shows a typical slice with all the assumed forces acting

on it. The factor of safety by the New York State Method is derived

from:

I RESISTING MOMENTS
¥ DRIVING MOMENTS 1

FSNYS =

The effective weight (W) is assumed to act through the centerline
of the slice.
The normal force (P) acting perpendicular to the bottom of the

slice is resolved as:
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P =W cosa 2
where o is the angle that the radius (R) makes with the slice center-
line.

The resisting moment due to friction is determined as:
PHIMOM = P(tang) R 3
where ¢ is the angle of internal friction at the bottom of the slice.
Slice widths (b) are chosen to be sufficiently thin that a straight
line tangent to the bottom of the slice will approximate the failure
surface.

The length (¢ ) of the bottom of the slice is then found to be:

g = e 4
cosa
And the resisting moment due to cohesion (c) is:
CHSMOM = c& R 5
The water table makes an angle (B ) with the horizontal. The
seepage force (S) is assumed to act through the centroid of the sub-
merged part of the slice and parallel to the surface of the water
table:
S = sinBy w VS 6

where sinB is the hydraulic gradient, Yy is the unit weight of water,
Vs is the volume of the submerged portion of the slice.

The seepage force is resolved into horizontal and vertical compo-
nents. The driving moment due to the seepage force is found as:

SEPMOM = S(sinB )x + S(cosB )y 7
where x is the horizontal distance from the circle center to the center-
line of the slice, and y is the vertical distance from the circle center
to the centroid of the submerged portion of the slice.

The small effect of the seepage force on the normal force is neglected.
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The driving moment due to the effective weight of the soil is
determined as:
DRVMOM = Wx 8
The driving moment due to the weight of the soil becomes nega-
tive when the slice is beyond the circle center on the downslope side.

The equation for the New York State factor of safety now becomes:

5 B A
FSNYS = PHIMOM + I CHSMOM 9

L SEPMOM + Z DRVMOM

when equations 3, 5, 7 and 8 are substituted into equation 1.
2. The Simplified Bishop Equation (2)
Figure V-2 is a typical slice used in the derivation of the

Simplified Bishop Equation. The side forces, E. and E2, are assumed

1

to be horizontal, i.e., having no vertical shearing components.

Summing moments about the circle center yields:

z Efﬁ + S sing )x + (S cosp )i] = 7(T2 R) 10
T is the mobilized shearing resistance and is expressed by:
_c , P tand
T=gs+~F 11

where F is the Bishop factor of safety.
Substituting equation 1l into equation 10 and solving for F

results in:

_ R 2[ ¢t + prang]
T T + sinB )x + (S cosB )y]

12

The normal force (P) is found by summing forces on the slice in

a vertical direction and solving for P:

P___T/J-+S sinB -%-&s'inot

cosd + E§§§ sino 13
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From the geometry of the slice:

=R sin g 14
and § = b
[ 15
Substituting equations 13, 14, and 15 into equation 12 yields:
5 cb + (W + S sing) tanﬂ
F cos « + tang sin o
7)) "

[(W + S sing)sina« + (S cos B

F-F

An iterative approach is used to solve the equation since the
factor of safety (F) appears both inside and outside the summation.

The Newton-Raphson iterative technique is used and is expressed

by:
_EE)

F1=F0 f'(F )
o

17

where Fa is the assumed factor of safety, Fl is the computed factor of
safety, £(F,) is a function of F that is equal to zero, and f'(Fo) is
the partial derivative of f(F,) with respect to Fo-

Therefore from equation 16:

cb + (W + S sinB )tang
., cos0 + tang sina

[(W + S sinB )sina + (S cosB )R]

£(F)) = 18

Differentiating equation 18 with respect to F  gives:

Z [cb + (W + S sinB) tanaftamﬁ mnoﬂl

EFO cosa + tang s1no] z J 19

£'(F,) =
z [(W + S sing )sinog + (S cosg ) é]
Substituting equations 18 and 19 into equation 17 yields:

cb + (W + S sinB)tang
[(W + S sing)sina + (S cos B)R-] ] cosa + tangd sina
Fl = Fo

1 -ZE(W + S sinB)sina + (S cose)ﬂ-] -Z\i{c" + (W + S sinB)tand ltanpsina

{Focosa + tamtSsi.nm}2 -

20
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Equation 20 is the form of the Bishop Equation used by the computer
program.

The procedure followed by the computer is to calculate the factor
of safety by the New York State Method first. 0.20 is added to this
factor of safety and set equal to Fo» the assumed factor of safety used
in the Bishop Equation. F1 is calculated by equation 20. TIf F1 is not
approximately equal to F,, the computed F1 is used as Fo in the equation
and a new factor of safety is computed. This procedure is followed
until the new factor of safety is within 0.001 of the previous factor
of safety.

« becomes negative for all slices on the downslope side of the
circle center. For« between 0 and -900, sing is negative and cosq is
positive. 1If Fo is equal to tang and ¢ = -450, the term [Focosa + tanbsin%]
becomes zero and renders equation 20 invalid. To eliminate the problem
in most cases, the program does not continue when a New York State safety
factor of less than 0.6 is encountered (FSNYS + 0.2 = F, in the Bishop

Equation). Therefore the lower limit for Fo is 0.8.

B. LEASE I Computer Program

The LEASE I program computes factors of safety by essentially the
same methods as the New York State program, i.e., by the Normal Method
of Slices and by the Simplified Bishop Equation.

The main differences in the derivations are that seepage forces
are not considered, and total weight (W) rather than effective weight
(W) of a slice is used. Therefore pore pressures at the failure sur-

face are introduced into the derivations.
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1. The Normal Method of Slices (1)
Figure V-3 shows a typical slice from which the factor of safety
for the Normal Method of Slices is derived.

As before the general equation is:

rg. = L RESISTING MOMENTS ”1
""" £ DRIVING MOMENTS

The resisting moment is given by:
RESIST MOM = R(cg + Ptang) 22
where P is the effective normal force on the bottom of the slice and

. b b
L is gggz~ = bseca. 23

The total normal force (P) on the bottom of the slice is:

P=P +U = Wcosa 24
where U is the pore water force normal to the bottom of the slice and
W is the total weight of the slice.

U = ubseco 25
where u is the pore pressure at the bottom of the slice.
Therefore from equations 24 and 25:
P = Wcosa - ubseca 26
The resisting moment now becomes:
RESIST MOM = R[?bseca + (Wcosa - ubseca)tané] 27
The driving moment is:
DRIV MOM = Wx = WRsinao 28
Substituting equations 27 and 28 into equation 21 gives the factor
of safety by the Normal Method of Slices:

ZEcbsecot + (Wcosa- ubsec 0t)tan¢>]
F.5. = § Wsine 29

The radius (R) cancels.
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When water submerges the toe of a slope as shown in Figure V-5,
equation 29 must be altered to take into consideration the resisting
moment contributed by the standing water. For this case the safety
factor becomes:

Xfibseca + (Wcosa - ubseca)tanﬁ]

r(Wsing) - F % 30

F.S. =

The weight of standing water on the slope should be included in
the total weight of the submerged slices.
2. The Simplified Bishop Equation (1)

Figure V-4 shows a typical slice for the Simplified Bishop Method.
The difference in this derivation from the foregoing one is in the
evaluation of the effective normal force (f). P is found from the
vertical equilibrium of the forces on the slice.

Summing forces vertically yields:

Pt
W = Pcosq + ( ch + £ ané) sing 31

F.S. F.S.

Substituting equations 23, 24, and 25 into equation 31 gives:

W = ub + Pcosq + (cbsecq + Ptang)sing 32

1
F.SQ
and solving for P results in:

W - ub - cbtang/F.S.

P =
cosa + tangd sino/F.S. 33

By substituting equation 33 into equation 22 the resisting moment

becomes:
1

tangsina 34
F.S.

RESIST MOM = R[cb + (W - ub)tanbj P

From equations 28 and 34 the Bishop factor of safety results:

~ z[?b + W - ub)tané] cosa + tandsina

F.S. F.S. 35

L Wsing
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C. Some Comments on the New York State and LEASE I Programs (1), (8)

In addition to the assumptions stated in the derivations several
other assumptions are inherent. These are:

1) The shearing resistance is fully mobilized along the circular
failure arc.

2) The factors of safety of the cohesive components of strength
are equal to those of the frictional components of strength.

3) The factor of safety is the same for all slices.

Either total stress or effective stress analysis may be used with
either program by inputting the appropriate strength parameters, i.e.,
T and Z for effective stress analysis and c and $ for total stress anal-
sis.

The methods of analyses used are simplified methods and therefore
the computed factors of safety contain some error. The error is intro-
duced because the statics of the slices is not completely satisfied.

The greatest source of error arises from the method of evaluating the
normal force at the bottom of the slice. In the Simplified Bishop
Method where the vertical shear forces on the slice are ignored, the
error introduced in most cases ranges from less than 2 percent (usually)
to 7 percent of the most accurate solution. However, the error is much
greater in the Normal Method of Slices where all side forces are ignored.
In extreme cases it can be as little as 40 percent of the most correct
solution. The large errors usually occur where the slopes are submerged
and the total weight of a slice is used together with pore pressures on
the failure surface. In this case the error can be minimized by using
buoyant weights. However, a significant amount of error remains due to

the approximate method for computing the normal force.
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D. Operation and Use of the New York State and LEASE T Programs

An example problem is used to illustrate the operation and use
of the New York State and LEASE I programs. See Figure V-6. The
example is analogous to the embankment slopes under investigation.
The embankment is 20 feet high and has a slope of 2.5 horizontal to
1 vertical. The ground water table is one foot below the original
ground surface. After a boring, sampling and testing program, the
embankment soil properties are evaluated. The embankment section is
divided into layers or zones of characteristic soil properties. These
properties are shown in Figure V-6.

1. Example Analysis by the New York State Program (2)

Figure V-7 shows the cross sectional and soil property informa-
tion that must be considered in the New York State Program. The soil
boundary and water table lines are described by a series of numbered
straight lines. The soil boundary lines are denoted by the circled
numbers (e.g., ()) and the water tables lines by the squared numbers
e.g., [])-

The number of soil boundary lines is limited to 50. The number
of water table lines is limited to 10.

The straight line segments must be numbered in specific order,
i.e., no soil line should have a lower number than the soil line
directly above it, and all soil and water table lines should be mum-
bered from left to right.

The straight line segments are defined by a coordinate system
with the highest point on the embankment section designated as the
origin (see Figure V-7). Therefore, the horizontal coordinate
increases in a down-slope direction. The vertical coordinates are

zero or negative.
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Soil materials are described by assigning soil properties to the
soil lines that lie directly above the soil. The soil properties that
must be assigned to each soil line are the effective unit weight (buoy-
ant unit weight when below water table) in pounds per cubic foot, the
unit cohesion in pounds per square foot, and the angle of internal
friction in degrees.

To prevent the program from analyzing trial circles to an infinite
depth a soil of great strength beneath the embankment must be input
(soil underlying soil line (E) in Figure V-7).

Table V-1 defines the variables used to describe the cross sec-
tion and soil properties in the computer program.

An initial circle center of the failure surface must be described
before a search for minimum factor of safety can be made. This initial
circle center should be a reasonable estimate of the critical circle
center. 1Its coordinates are referenced to the same origin as the soil
lines and water lines. The initial circle center is described by
HORZON, the horizontal coordinate of the circle center in feet (25 feet
in example, see Table V-2), VERTCL, the vertical coordinate in feet
(0 feet in example), and RADIUS, the radius of the circle in feet (20
feet in example). No part of the failure surface can be higher than
the circle center. Therefore, in most cases the vertical coordinate
is zero or positive.

The New York State Program searches for the minimum factor of
safety by varying the circle radius and the location of the circle
center. (The program determines slice widths from the geometry of
the cross section and the radius of the trial circle. See Reference

2.) After the factor of safety has been found for the initial radius,



Name

SOILHL(I)

SOILVL(I)

SOILHR(I)

SOILVR(I)

WEIGHT(I)

PHI(I)

COHES (1)

WATRHL(I)

WATRVL(T)

WATRHR(I)

WATRVR(I)
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TABLE V-1

Cross Section and Soil Data

Leftmost
in feet.

Leftmost
in feete.

Exglanation

horizontal coordinate of soil line I,

vertical coordinate of soil line I,

Rightmost horizontal coordinate of soil line I,

in feet.

Rightmost vertical coordinate of soil line I,

in feet.

"Effective unit weight of soil beneath soil line

I, in pounds per cubic foot.

Angle of internal friction of soil beneath soil
line I, in degrees.

Gohesion of soil beneath soil line I, in pounds
per square foot.

Leftmost horizontal coordinate of water table
line I, in feet.

Leftmost vertical coordinate of water table
line I, in feet.

Rightmost horizontal coordinate of water table
line I, in feet.

Rightmost vertical coordinate of water table
line I, in feet.
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the initial radius is increased by RADINC, the radius increment in
feet (2 feet in example), and a new factor of safety is computed.
This process is continued until a safety factor greater than the
previous one is computed (note reason for underlying soil of great
strength). The previous safety factor, which is the minimum, is
stored.

The horizontal coordinate (HORZON) of the initial circle center
is then increased by GRID, the grid system increment in feet (2 feet
in example), and the minimum safety factor at the new circle center
location is computed by increasing the radius as described above.

The horizontal coordinate is again increased by GRID until the com-
puted minimum factor of safety at the new circle center is greater
than the previous minimum factor of safety.

The search now goes back to the original circle center and pro-
ceeds similarly in the opposite direction, i.e., decreasing the hori-
zontal coordinate by GRID and calculating the mimimum safety factors
at the new circle centers.

After a minimum factor of safety is located on the horizontal
line, the vertical coordinate is increased by GRID, and a search for
minimum safety factor is made on the new horizontal line, starting at
a horizontal coordinate equal to that of the critical circle previously
located. The procedure continues until the minimum safety factor on a
horizontal line is greater than the minimum on the horizontal line one
grid increment below. The initial vertical coordinate is not decreased
during the search to prevent the program from analyzing circles which

are inconsistent with actual failure circles. Therefore, the initial
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vertical coordinate should be somewhat less than that of the antici-
pated critical circle center.

The search pattern is complete when a minimum safety factor is
less than all the minimums at the 8 grid points surrounding it. TIf
the critical circle center happens to be at the elevation of the ini-
tial circle center, the program will search only five surrounding loca-
tions since the search never proceeds in a downward direction from the
original circle center.

The area of the search pattern is limited to 20 grid increments
in the horizontal direction and 10 grid increments in the vertical
direction.

It is possible for the critical circle center to lie outside the
search area of the initial circle center. However, more than one ini-
tial circle center may be input. 1In the initialization data NUMCEN
defines the number of starting centers (one in the example).

Other initialization data required are:

NSL the number of soil boundary lines.
(16 in the example)

NWL the number of water lines.
(one in the example)

INPUT option to print out input data,
0 - No input data will be output.
1 - All input data will be output.
(one in the example)

JALLFS option to print out all safety factors,
0 - Only minimum safety factors will be output.
1 - All computed safety factors will be output.
(one in the example)

ITER option to search for minimum safety factor,
0 - Search on New York State safety factor.
1 - Search on Bishop safety factor.
(one in the example)
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Table V-2 summarizes all the input data required for analyzing the
Example Problem with the New York State Program. The table explains
where the data is to be punched on the computer cards. The correct
order of data is as shown in the table, i.e., initialization data--
first, cross section and soil data--second, etc.

If NUMCEN had been two, an additional Initial Circle Data card
would have been required to describe the second initial circle center.
Appendix E contains the output for the Example Problem by the

New York State Program.

The first information listed is a reprint of the input data.
This information could have been omitted by inputting a "0" for
INPUT on the Initialization Data card.

Below the input data all computed factors of safety by both the
New York State and the Bishop methods are printed. The coordinates
and radius of all the trial circles analyzed are noted also. The .
option not to print this information could have been made by inputting
"Q" for TALLFS in the Initialization Data.

Finally, the minimum factor of safety (1.258) and the coordinates
and radius of the critical circle are printed. The search was by the
Bishop Factor of Safety. Had a search by the New York State Factor of
Safety been desired, a "0" could have been punched for ITER on the
Initialization Data card.

Looking closer at the final results of the program, it can be seen
that the minimum factor of safety equal to 1.258 is erroneous. The
critical circle center coordinates (HORZON = 25', VERTCL = 38') and
radius (RADIUS = 58') describes a circular arc which does not inter-

sect the described embankment surface twice, i.e., a portion of the
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circular arc lies to the left of the embankment section that was input.
(The problem cannot occur in the LEASE I Program.) This portion of the
circular arc lies in an area which offers no weight or shearing resist-
ance because no soil was input in this area. The problem could be
remedied by extending the soil lines farther horizontally to the left.
However, the correct minimum safety factor and critical circle can be
found by searching through the printed factors of safety in the output.
(This is one advantage of having all computed factors of safety output.)
The lowest factor of safety for which the critical circle intersects
the described embankment surface twice is 1.377. The critical circle
is shown in Figure V-8.

2. Example Analysis by the LEASE I Program (1)

Figure V-9 illustrates the example embankment section as described
for the LEASE I program. The problem is defined by an X-Y coordinate
plane. The X-direction must be horizontal and positive. The Y-direction
must be positive upward.

The cross section is described by arbitrarily selected points con-
nected by straight line segments representing the embankment surface
and soil boundaries.

Each point is assigned a unique identifying number (Circled number,
see Figure V-9) and must have X and Y coordinates. There are no restric-
tions on the set of identifying point numbers except that none may exceed
17258 in magnitude. Each identifying point and its coordinates must be

input on a separate card. The Point Data may be input as follows:
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POINT DATA (See Table V-3)
a; Xl Y1
a X_ Y

2 2 2
a X3 Y3
2n n n
where a; is the identifying number of the point and Xi’ Yi are the

coordinates of the point.

Each line segment must be assigned an identifying number (squared

number in Figure V-9). Line identifying numbers may duplicate point

identifying numbers.
Line Data may be input as follows:
LINE DATA

a1 b1 cl d1
a2 b2 ¢,y d2
as b3 c3 d3

. . .

d

a c
I "'n n n

where a; is the identifying number of the line, bi is the identifying
number of the point at eithéer end of the line, c; is the identifying
number of the point at the other end of the line, and di is the identi-

fying number of the soil lying directly beneath the line (e.g., soil

No. 2 beneath line 4 in Figure V-9).

One restriction to the Line Data is that no line should be input

that is not immediately underlain by soil. This problem occurs with

overhanging slopes. A remedy is to treat the void beneath the over-

hang as a soil with no weight or strength.
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Vertical lines that are segments of the embankment surface must
be input. The fourth item of information on the Line Data cards (di)’
designating the soil underlying the line, is left blank in this case.
Vertical lines that represent only soil boundaries (not surface bound-
aries) within the embankment should not be input since this informa-
tion is unnecessary for proper analysis.

Another limitation is that the line having the highest Y-coordinate
must be a segment of the embankment surface.

"Soil" is defined as the material underlying the line segments.
This material is normally soil but may be concrete, air, etc.

Soil Data input required are unit weight and the strength param-
eters, ¢ and c. If effective stress analysis is used, pore pressure
information is also required. See Reference 1 for discussion of how
pore pressures are handled.

For total stress analysis the Soil Data input is:

SOIL DATA
il a; b1 c1
1) 8,05 ¢
13 ag b3 c3

i, a, bn <,
where ii is the identifying number for the soil used on the Line Data
cards, a; is the unit weight in force per distance aubed, b; is the
cohesion in force per distance squared, and s is the friction angle

in degrees.
Two options are available for controlling the trial circle centers.

In the first a grid for centers of trial circles is specified. The

grid is described by the following input:
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GRID 1 X1 Y1 2 X2

Yy 3 X3 Yy a b
where 1, 2 and 3 are the defining points of the grid shown on Figure
V-9, Xj, Y; are the coordinates of the labeled points 1,72 and 3, a'
is the number of increments from point 2 to point 1, and "b" is the
number of increments from point 2 to point 3.
The initial center where factors of safety are computed is at

5
point 2. The grid is covered by rows parallel to line 2-1 with the o
first center in each row on line 2-3.

The second option makes use of a search outline. A search is
made for the factor of safety that has a smaller value than at any
adjacent trial center.

The card input is:

BEGINAT X Y a b
where X, Y are the coordinates of the initial center and "a", "b"
are the size of step in the X-direction and the Y-direction, respec-
tively.

The search is identical to that described in the New York State
Program. The step sizes '"a" and '"b" are equivalent to GRID in the
New York State Program. However, in the LEASE I search when a safety
factor is found which is smaller than at the adjacent trial centers,
the step sizes "a'" and 'b" are divided by four and the search repeated
using the smaller step sizes. It should be mentioned that this search
procedure may locate a relative minimum rather than an absolute mini-
mum factor of safety. Therefore, a grid should be used in the initial

analysis to locate the approximate area of the critical circle center.

The search routine should then be used to refine the analysis.
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Individual circles may be analyzed by using the Do Only command:
DOONLY X Y r
where X, Y are the coordinates of the circle center and r is the radius
of the circle. Any number of these commands may be input consecutively.

Stored slice data are used in the computations of factors of safety
for each trial circle. See Reference 1. .

At each trial circle center the first circle analyzed has a maxi-
mum radius. This maximum radius is the largest radius that will inter-
sect the described embankment surface twice. The radius is successively
shortened by:

R = 0.06(Rmax - Rtan) 36
where Rmax is the largest radius, and Rtan is the radius that will
just touch the slope surface.

The smallest circle analyzed is slightly larger than necessary to
just touch the slope because of the magnitude of the decrements to the
radius .

Options are available for restricting the maximum or minimum
radius. See Reference 1.

The total input required to analyze the Example Problem is shown
in Table V-3. Note in Figure V-9 and in Table V-3 that the water table
is treated as soil boundary and the buoyant unit weight of the soil
underlying the water table is used. Also note that a grid is specified
for trial circle centers.

The first card of the data deck must contain the statement, LEASE,
punched in columns one through five. The last card must contain FINISH,

punched in columns one through six.



LEASE
POINT DATA
1 5
2 20
3 5
4 22,
5 5
6 30
7 5
8 37.
9 5
10 45
11 5
12 57.
13 5
14 70
15 90
16 5
17 90
LINE DATA
1 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
9 9
10 10
11 11
12 12
13 13
14 14
15 16

[ e el e el
NU PPN NOOOXOOO R BN

LEASE I Card Input Data for Example Problem

31 .
31 .

30
30
27
27
24
24
21
21
16
16
11
11
11
10
10

TABLE V-3

. One
. One

. No.
1st
2nd
3rd

. No.
1st
2nd
3rd
4th

card.
card.

Statement begins col.
Statement begins col.

cards = No. points

term occupies cols.
term occupies cols.
term occupies cols.

card.

cards

term
term
term
term

Statement begins col.

7-10.
11-15.
16 -20.

= No. soil lines

occupies
occupies
occupies
occupies

(continued on next page)

cols.
cols.
cols.
cols.

7-10.

11-15.
16-20.
21-25.
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SOIL DATA

120
112
106
108
110
112
115
52.5

o~NOTUB P W

0
700
200
200
300
300
800
800

GRID 1 65 57

FINISH .

81

TABLE V-3
(continued)
LEASE I Card Input Data for Example Problem

w

oOCoOuUmoOwWwowo

= =

2 60 37 3 30

. One card. Statement begins col. 7.

. No. cards = No. soils.

lst term occupies cols. 7-10.
2nd term occupies cols. 11-15.
3rd term occupies cols. 16-20.
4th term occupies cols. 21-25.

32 5 5 . . One card. Statement
begins col. 7. Each term spaced
by two blank cols.

. One card. Statement begins col. 1.
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All cross section and soil data input prior to GRID, BEGIN AT,
or DO ONLY may be input in any order.

The LEASE I output for the Example Problem is contained in
Appendix F.

The input data is printed out first. The second information
printed is the ORDERED 1LINE ARRAY and the BNDS ARRAY. This informa-
tion has to do with the organization of cross section data that may b
have been input out of order. The operation is necessary before
factors of safety can be computed. See Reference 1.

Computed factors of safety at each trial center are printed next.
The factors of safety by both the Normal and Bishop Methods are recorded.

The minimum factor of safety by the Bishop Method (1.531) and the
coordinates and radius of the critical .circle are reported at the end
of the print out. The critical circle is shown in Figure V-8.

3. Some Comments on the Example Problem

The minimum factors of safety and critical circles computed by the
two programs appear not to compare favorably. See Figure V-8. However,
the discrepancy arises from the different search methods used by the
programs. The NYS Program used a search routine whereas the LEASE T
Program used an explicitly described grid. The LEASE I search analyzed
circles at trial centers which were more widely spacéd. The trial circle
centers were located at the grid intersections which were spaced four
feet parallel to line 2-3 and six feet parallel to linme 2-1. The NYS
search covered a larger area, and the spacing of trial circle centers
was much closer. . . two feet. It should be noted that the NYS crit-
ical circle center lies outside the LEASE I grid search area. This is

the reason a lower factor of safety was computed by the NYS program.
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A better comparison of the two programs results if a NYS trial
circle is made to almost match the LEASE I critical circle. A compa-
rable circle is contained in the printed output of the NYS Program.
See Appendix E. Figure V-10 shows the comparison. The NYS safety
factor (1.544) compares well with the LEASE I safety factor (1.531).
If the circles were made to exactly match, the computed factors of
safety would be almost identical.

Further explanation of the development and use of the slope
stability computer programs may be consulted in References 1 and 2.

E. Considerations for the Analysis of Embankment Slopes in Northeast
Arkansas

An interesting result of the computer analyses of the Example
Problem is that both programs found the slope to be '"safe'" even though
low strength values were input for the embankment soils. The strength
values for the embankments under investigation are considerably higher
than those in the Example. . . yet these embankment slopes failed.

The evidence suggests that something more entered into the mechanics
of failure, other than low strength soils.

Observations indicate that the soil in Northeast Arkansas is not
volumetrically stable, i.e., the soil undergoes shrinkage and cracking
during the dry season. Crack development at the top of an embankment
slope is the probable first step in the mechanism of failure. During
the wet season the cracks fill with water. The shearing resistance
along the lengths of the cracks is very small or zero. The water in
the cracks exerts a hydraulic pressure against a potential failure
plane. The soil at the base of the cracks becomes saturated and softens.

If the crack development is deep, the hydraulic force great, and the
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soil softened enough, failure ensues. For a reasonable stability
analysis to be made on the embankment slopes of Northeast Arkansas,
this failure mechanism should be kept in mind.

Figure V-11 shows a possible way of considering the problem for
analysis with the computer programs. A crack is input as a soil
boundary in the cross section, the depth of crack being estimated
from cross sections of the failed slope. The soil lying behind the
crack is assigned unit weight but no strength values. Figure V-11
shows the critical circle that may result. The strengthless soil
within the dashed portion of the critical circle would act as a
driving force in the computation of the minimum safety factor. This
would partially compensate for the lack of a hydraulic force. The
actual failure surface would follow the crack down to the solid por=
tion of the critical circle. To prevent circles from being analyzed
which are inconsistent with actual failure surfaces, a zone of
strengthless soil of specified width behind the crack may need to be
input. See Figure V-12. The width of this zone may be the esti-
mated width of crack development at the top of the slope.

The considerations outlined above should result in computed
factors of safety which more closely represent the conditions at
the times of failure. The procedure and results of the stability
analyses on the failures being studied will be presented in a sub-

sequent paper.
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APPENDIX A

Stress-Strain Computer Program Listing



XLO

AQ
SIGMA3
NPTS
SAMP
SPEC
LOC
DATE
DIALST
DIALPR
DELTAL
E

A

P
DEVSTR

SIGMAl

NOTATION

length of test specimen in inches.

initial area of test specimen in inches squared.
confining pressure in pounds per square inch.
number of test points.

sample number.

specimen number.

location of test site.

date of test.

displacement dial readings in 0.001 inches.
proving ring dial readings in 0.0001 inches.
change in specimen length in inches.

vertical strain in inch per-inch.

corrected area in inches squared.

axial load in pounds.

deviator stress in pounds per sduare inch.

major principal stress in pounds per square foot.
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APPENDIX B

Stress~=Strain Curves
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SAMPLE R-6 (14-15.5iT.)
SPECIMEN NO.¢2
1-55 CLUB R@AD CVERPRSS
SIGMA3=5.0CPS!
YNGVEMBER, 1971

T T T T
.02 0.04 0.06 U.cs 0.10 0.1¢e EJI.iQ

STRAIN(E) IN INCH PER INCH

0.

B-14

10



1
*x 10

500.00

URRE FOOT

L

R SQ

10 BPD.OO

550.00

Il

450.00

00.00

=

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN

COHESTVE SOIL
HRP 28.

SGMPLE A-7 (16-17.517.)
SPECIMEN NO. i

I-55 CLUB ROAD GVERPASS
SIGMA3:13.00PS!
{INOVEMBER, 1971

B-15

0.0u4 0.06 0.08 0.10 0.2

STRAIN(E) IN INCH PER INCH

u
G.1i6



720.00

URRE FOOT =10'
480.00 560.00  6Y0.00

S4d
00

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

A
Y ™

SAMPLE R-7 (16-17.50'T.)
SPECIMEN N@.2

1-55 CLUB RORD AVERPASY
SIGMAR3=8.0C0PS!
1INGVEMBER, 1871

.00

0.02 0.04 0.06 0.08 0. 10 e 0. 14

STRRIN(E) IN INCH PER INCH

B-16



STRESS (SIGMA
SIU.UO

B

1

40.00

MAJOR PRINCIPAL STRESS VS.

COHESIVE SOIL
HRP 28

SAMPLE B-1 (2-3.5F1.)
SPECIMEN NO.:

HWY.70 AND 1-55 OVERPASS
S1GMA3-=3 00PSI
190CTE@BER, 1971

VERTICAL STRAIN

20.00

.00

T
0.02

0.0u4 0.06 0. 08 0.10
STRAIN(E) IN INCH PER INCH

o~
U.

T

1

2

L4

[w9]
g

B-17
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MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

A_.«—A—A—A—T—A"A“kka

A/A-—-—m"‘

SAMPLE B-1 (2-3.511.)
SPECIMEN NO.2

HWY.70 AND 1-55 BVERPASS
S1GMA3=10.0CPSI
190CTBBER, 1971

B-18

.00

.02 0.0u 0.06 0.08 0.10 e 0. iy
STRAIN(E) IN INCH PER INCH



520.00

10
0 480.00

X
44go.o0

400.00

1

B-19

MARJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE B-1 (2-3.51'7.)
SPECIMEN NO.3

HRY.70 AND 1-55 OVERPASS
SIGMA3=15.0CPSI
130CTOBER, 1971

.02 0.04 0.06 0.08 0.10 0.12 0.1y 0.i6
STRAIN(E) IN INCH PER INCH



360.00 400.00

20.00

MAJOR PRINCIPAL STRESS VS. VERTICAL STRRIN
COHESIVE SOIL
HRP 28

e H-A"A\
m’A’A N

SAMPLE B-2 (U-5.5FT.)
SPECIMEN NO.1

HWY.70 AND 1-55 OVERPASS
SIGMA3=4.00PSI
21GCTOBEAR, 1971

B-20

—10.00

.00

.02 O’.Oh' D].DS D].OB Dl.i[] .12 0.1

STRAIN(E) IN INCH PER INCH



~ 400.00

360.00

%0
IR

32

UARRE FQOOT
280.00

R S0
40.00

oy

MAJOR PRINCIPAL STRESS vS VERTICAL SIRAIN
COHESIVE SOIL
HRP 28

a

UAMPLE B-3 16-7.51..
SPLCIMEN NO. 1
HWY.70 AND I1-55 OVERPASS
STGMA3-5.00P5 !
210CTE@BER. 1371

B-21

40.00

.00

.01 e 0.03 0.0u 0.05 0.06 0. 07

STRAIN(E) IN INCH PER INCH



400.00

360.00

i

SQURRE FOCI =10
0.00  280.00  320.00

1

NOS PER
0.00 2u

U
?

o

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESTVE SOIL
HRP 28

aA—R— oA A\

A\A\A

SAMPLE B-4 (8-9.51'7.)
S—~ECIMEN NO.1

HWY.70 AND 1-55 CVERPGSY
S1CMA3:=7.00PST
2i0CI0BeR. 1971

.CC

.02

0.0u4 0.06
SIRAIN (E)

IN

0.08 0.10 0. 12 0.

INCH PER INCH

B-22



1

%10
240.

UARE FOOT

SQ

PER

280.00

2G0.00

00

22u.00

200.00

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOTL
HRP 28

A

SAMPLE B-5 10-11.5+T.)
SPcCIMEN NO.1

HYWT.70 GND I-55 OVcAPRSS
5TGMA3-:8.CCPS!
260CTABER, 1971

.00 0.0l .02 0.03 0.0y .05 0. 06 0.

STRAINC(E) IN INCH PER INCH

B-23
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MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

440.00

x10"
400,00

360.00

a
A/\

PER SOQUARE FOOT
B?U 00

280 uJ
r/

1

SAMPLE B-6 (12-13.50'1.)
CCO S*_CIMEN NO.1

= HWY.70 AND 1-55 QVEAPASS
'gé SIGMA3 .1.00PS!

— 14OCTOBER, 1971

0. 00 0.01 0.02 0.03 0.04 0.05
STRAINC(E) IN INCH PER INCH

0.06 0.07

o
@

B-24



ok

%
GPU,UU

STRES
300.00

i

PE%,SOJQHE rgoT

MAJOR PRINCIPAL STRESS vS. VERTICAL STRAIN
COHESTIVE SOIL
HRP 28

G650. 00 700.00

550.00

e

SAMPLE B-6 (1¢-13 =f1.)
SPECIMEN NO.2

4WT. /0 AND 1-55 OVERPASS
SIGMA3::¢0.CUPSI
14BLTABER. 1971

£50.00

STRAIN(E) IN INCH PER INCH

.00 0.02 0.0u 0.06 0. 05 0. 10 0. 12 0.



480.00

%x10"
440. 00

400.00

URRE FOOT
360.060

S@
00

MAJOR PRINCIPAL STRESS VS. VERTICAL SIRAIN
COHESIVE SOIL
HRP 28

SAMPLE B-7 (14-15.5FT.)
SPLCIMEN NO. 1

MNY.70 GND 1-55 UVEAPASS
STGMA3=11.00PS"
260CTOBER, 1971

.00

0.01 .02 0.03 0. o4 G.05 0.06 0.07
STRAIN(E) IN INCH PER INCH

B-26

.08



x10"

520.00

PER SOUARE FOOT

N POJUNDS
U 10u.00

1) 1

STRESS (SIGMA

600.00

560.00

160.00

440,00

3§0~0

220.0U

280.00

MAJOR PRINCIPAL SIRESS vS. VERTICAL STRAIN

COHESIVE SOIL
HRP 28

SAMPLE B-7 (14-15.5F71.)
SPECIMEN NO.2

HWY.70 AND I1-55 OVERPASS
S uMA3:=20.00PSI
2BOCTOBER, 1971

Pu0.00

.oo

.01

.02 0.03 0.0u 0.05 0.06 0.07
STRAIN(Es IN INCH PER INCH

B-27



MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN

COHESIVE SOIL
HRP 28

ﬂfrfrA—A—rA—A—A_A—A—-A—A A Ama—p
At

Pl

A//A

SAMPLE B8-8 (16-17.5F7.)
SPECIMEN NO.1

HWY.70 AND I-SS5 QVERPASS
SIGMAR3-i3.00PS!
260CTOBER, 1971

B-28

.00

T
.02

0.04 0.06 0.08 0.10 e 0. 14
STRAIN(E) IN INCH PER INCH

016



4ug. o0

|

%10
400.00

360.00

URRE FOOT
320.00

R SQ
80.00

1

Ny

MAJOR PRINCIPAL STRESS VS.

COHESIVE SOIL
HRP 28

//A(/A,—A"”'"*‘*-A

SAMPLE C-2 (5-6.5FT.)
SPECIMEN NO@.2

HWY. 18% AND I-55 OVERPASS
SIGMA3=10.00PSI
30NBVEMBER, 1871

VERTICAL STRAIN

.00

T
.02

0.0u 0.06
STRAIN (E)

IN

0.08 0.10
INCH PER INCH

T
n
U

12

1
I



1

560.00

520.00

x10"
480.00

1

4yp. 00

PER SUQUARE FOOT
400.00

MAJOR PHINCIPHL_STHESS VS. VERTICAL STRAIN
: COHESIVE SOIL
. HRP 28

SAMPLE C-2 (5-6.5FT.)
SPECIMEN NO.3

HWY., 181 AND 1-55 QVERPASS
SIGMA3=15.00PSI
30NOVEMBER, 1971

.00 0.08 0.16 0.2u 0.32 0.40

0.
STRAIN(E) IN INCH PER INCH x10°

0.6y



uyg. oo

400.00

10"
360.00

1

320.00

280.00

PER SQUARE FOOT

4

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE C-3 (7-8.5FT.)
SPECIMEN NO.1

HWY. 181 AND 1-55 OVERPASS
SIGMA3=6.00PSI

30NOVEMBER, 1971

B-31

o

—T T T T T T T
.02 0.04 0.06 0.08 0.10 0.12 .14

STRAIN(E) IN INCH PER INCH

0. 16



%x10"

450.00

URRE FQOOT

SQ

550.00

500.00

400.00
i

00

MAJOR PRINCIPAL STRESS VS. VERTICAHAL STRAIN

COHESIVE SOIL
HRP 28

SAMPLE C-Y (9-10.5FT.)
SPECIMEN NO.1
HWY. 181 AND 1-55 QVEAPASS
SIGMA3=5.COPSI
20ECEMBER, 1971

B-32

U
.05

0. 10
STRAIN (E)

0

.15 Q.20 0.25 0
IN INCH PER INCH x10°

0. 40



upo. oo

1

360.00

%x10"
20.00

32

2?0.00

UARRE FOOT

S
00

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE C-4 (9-10.5FT.)
SPECIMEN NO.2

HWY. 181 AND I-S5 OVERPASS
SIGMH3=3.DUP§I

20ECEMBER, 1871

01 0. 02 0.03 0.0y 0.05
STRAIN(E) IN INCH PER INCH

0.06 0.

B-33



400.00

360.00

x10"
20.00

32

URRE FOOT
280.00

R S@
40.00

e

B-34

MAJOR PRINCIFPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE C-5 {11-12.5FT.)
SPECIMEN NO.1
HWY. 181 AND 1-55 GVERPASS
SIGHA3=4.00PS!
20ECEMBER. 1371

.00

.02 0.0u4 0.06 0.08 0.10 0.12 0.4 0.15
STRAIN(E) IN INCH PER INCH



SQUARE FOOT =10
400.00

R
2

L

ugo. oo

4yupo. 0o

1

360.00

1

0.00

™

MAJOR PRINCIPAL STRESS VS.

VERTICAL STRAIN

COHESIVE SOIL

HRP 28

SAMPLE C-5 (11-12.5F1.)
SPECIMEN NO.2

HWY. 181 AND I-55 OVERPASS
SIGHR3=3.L‘UFS'I

20ECEMBER, 1971

.00

T T T T
.01 0.02 0.03 .04

0.05 0.06 0.

STRAIN(E) IN INCH PER INCH

07

el

B-35

.08



MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE C-6 (13-14.577.)
SPECIMEN NO.1

HMWY. 181 AND 1-55 OVERPASS
SIGNRS:G.UUP&]

2DECEMBER, 1971

.00

a.

T T

05 Q.20 0.25 0. 30 0.35

0.10 0.15
STRAIN(E) IN INCH PER INCH x107"
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650.00

600.00

1

%10
550.00

MAJOR PRINCIPAL STRESS VS. VERTICAL STRARIN
COHESIVE SOIL
HRFP 28

SAMPLE (-6 (13-14.5M1.)
SPECIMEN NO.3

HWY. 191 AND I-55 OVERPASS
SICGMA3:16.UOPSI

2DECEMBER, 1971

0.0u 0.05 0.06 0.
IN INCH PER INCH

an]
~J

0.02 0.03
STRAIN (E)

)
C.03



480.00

4u4g0. 00

x10"
400. 00

1

UARRE FOOT
360.00

g
0

ne

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

—

SAMPLE C-6 (13-14.5F7.)
SPECIMEN NO.2

HNY. 181 AND I-55 OVERPASS
SICGMA3=11,00PSI

2DECEMBER, 1371

.00

T
.04 0.08 0

12 0.16 Q.20 0
STRAIN(E) IN INCH PER INCH x10-

B-38



x10"
4p0.00

1

URRE FOOT

g
0

w

500.00

450.00

1

350.00

o

B-39

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

A/—A’—\ \\

SAMPLE C-~7 (15-16.5FT.)
SPECIMEN NO.1

HWY. 181 AND I-55 QVERPASS
SIGMA3=5.007S]

BOECEMBER, 1971

.oy 0.08 0.i2 0.16- i 0.
STRAIN(E) IN INCH PER INCH x10°



600.00

x10"
550.00

500.00

1

H?U.UU

URRE FOOT

S@
0.00

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE T-7 (15-16.51T.)
SPECIMEN NO.2

HWY. 181 AND [-55 OVERPASS
STGMA3=11.00PSI

GDECEMBER, 1971

T T

.01, 0.02 0. 03 0. 04 0.0% 0.06 0. 07
STRAIN(E) IN INCH PER INCH

=8
o



480.00

440.00

x10"

400.00

URRE FOCT
360.00

S@
00

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

//"H“’“ —kh\\

SAMPLE C-8 (17-18.5F1.)
SPECIMEN NO.1

HHWY. 181 AND I-55 OVERPASS
SIGMA3=3.00PSI

BDECEMBER, 1971

.00

Loe 0.0u 0.06 0.08 0.10 0.i2 .1y

STRAIN (E) IN INCH PER INCH

B-41



560.00

520.00

MAJBR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

At )
/‘/(r‘ m\\d\

SAMPLE (-8 (17-18.5F1.)
SPECIMEN NO.2

HWY. 181 AND I-55 OVERPASS
SIGMA3-14.00PSI

BDECEMBER, 1971

.00

T T T T T T
.02 0.04 0.06 0.08 0.10 0.12 0.14

STRAIN(E) IN INCH PER INCH
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MAJBR PRINCIPAL STRESS VS.

.02

T 1 L T
0.0u 0.06 0.C8 0.1ic

COHESIVE 50IL
HRP 28

SAMPLE C-10 (21-22.%11.)
SPECIMEN NO.;

HWY. 191 AND I-55 3VL&PASS
SIGMA3:12.00PS!

SCECEMBER, 1971

VERTICAL STRAIN

STRAIN(E) IN INCH PER INCH

a.

T

12

0

id

B-43



URRE FOOT x=10°
590.00

SQ
.00

MAJBR PRINCIPAL STRESS VS. VERTICAL STRRIN

COHESIVE SOIL
HRP 28

690.00

A/A__H_A__H_A\A

640.00

540.00

SAMPLE C-10 (21-22.5i1.)
° SPECIMEN NO.2

= HWY. 181 AND 1-55 OVEAPASS
o SIGMA317.00PSI

& SOECEMBER, 1971

B-44

.00 0.02 0.04 0.06 0.08 0.10
STRAIN(E) IN INCH PER INCH

T
0.

1



B-45

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

60C. 00

55C.CC

1

x10"
00.00

5

UARE FOOT
i50.00

S
00

L‘UE SAMPLE C(-11 (23-24.511.)
o SPECIMEN NO. i

—o

~e HWY. 181 AND 1-55 OVERCASS
= SIGMA3=13.00PSI

o 7DECEMBER, 1371

.00 0.05 0.

10 a. 0.30 .35 0.yo
STRAI

15 0.25
N(E) IN INCH PER INCH x107"



700.00

650.00

x10"
600.00

550.00

SQUARE FOOT

.00

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE C(-11 1(23-24.5f7.)
SPECIMEN NO.2

HWY. 181 AND I-55 BVERPASS
SIGMA3=18.0CPSI

7TDECEMBER, 1971

.02 0. 04 0.06 0.08 .10 0.12 0.4 C.i6
STRAIN(E) IN INCH PER INCH



750.00

700.00

x10"
50.00

6

URRE FOOT
600.00

SQ
0.00

350.00

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN

COHESIVE SOIL
HRP 28

SAMPLE (~11 (23-24.5F1.)
SPECIMEN N@.3

HWY. 181 AND I-55 OVERPASS
SIGMAR3.=23. (1CPST

7DECEMBER, 1971

B-47

5300. 00

.00

-
0.

08

0

.16 0.24 0.32 0.4
STRAI

1 G.
AIN(E) IN INCH PER INCH %107



6800.00

560.00

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE C-12 123-30.5{1.)
SPECIMEN NO.1

HWY. 181 AND I-55 QVERPASS
SIGMR3:18.00PS!

7DECEMBER, 1871

B-48

.02 0. o4 0.06 0.08 0.10 Q.12 0.

STRAIN(EJ) IN INCH PER INCH

id

<
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680.00

x10"
6UYG. 00

600.00

560.00

PER SQUARE FOOT
520.00

N POUNDS
0 u80.00

1

[
440.0

400.00

STRESS (SIGMA1)

360.00

B

B-49

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE (-12 (29-30.5FT.)
SPECIMEN NO.2

HWY. 181 AND I-55 @VEAPASS
SIGMA3=23.00PS1

7OECEMBER, 1971

320.00

0.08 Q.10 0.12 0.1y 0.is
INCH PER INCH

T T
0.0u 0.06

STRAIN (E) IN



140.00

130.00

1

* ]
120.00

1

1

110.00

URRE FOOT

R s@
00.00

=

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE D-2 4-5.5rT.)
SPELIMEN NO.1

I-U0 AND HNY.11 OVERPASS
SIGMAR3=4.00PSI
12NBVEMBER, 1971

B-50

.00

.01 0.02 0.

03 0.0 0.05 0.06 U. 07
STRAIN(E) IN INCH PER TNLH



209.00 219.00

199.00

B-51

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLe 0-2 1-5.5FT.)
SPECIMEN NO.2

T-40 ANU HWY.11 GVERPASS
SIGMA3-9,u0PS]
12NOVEMBLA, 1871

.00 0.02

0.08 0 0.12 0.1y 0.6

0.0u .06 10
STRAIN(Es TN INCH PER INCH



250.00

i

10!
230. 00

*
210.00
4

190.00

PER SQUARE FOOT
170.40

MAJOR PRINCIPAL STRESS VS.

VERTICAL STRAIN

COHESIVE SOIL

HRP 28

/‘./“”i‘““‘“mw

el

SAMPL. D-3 (6-7.57T.)
SPECIMEMN NO.1

1-YU AND HWY.ii UVERPASS
SIGMA3=5.UCPSI
12NOVEYBER, 19/1

B-52

.00 0.04 0.u8s 0.1 0.16 u.2u
STRAINIE) IN INCH PER INCH

0.eu
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300.00 320.
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URRE FOOT
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B-53

MARJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE sOIL
HRP 28

SAMPLE 0-3 (6-7.57.)
SPECIMEN N7.2

1-40 AND HWY.11 OVERPASS
SIGMAS=10.20PS!
12NAVEMBER, 1973

> 0. i6 0.20 9.2y 0. on 0. sz
E) IN INCH PER INCH
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L1|UO

oo

360.
1

%10
l20.UO

3

1

SQUARE FOOT
0.00  280.00

PER
2y

UNDS
00.00

[on]e®]

MAJOR PRINCIPAL STRESS VS.

VERTICAL STRAIN

COHESIVE S0IL
HRP 28

SGMPLE [-U (9-9.517.)
SPECIMEN NO.!

I-U0 AND HWY. 11 QVERPAGS
SIGMR3 . /. (CPS!
15N2VEMBER. 1971

.00

e

o.nd olos
STRAIN (F)

IN

0. 08 o0.ic  o.12  cau
INCH PER [NCH
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MAJOR PRINCIPAL STRESS VS.

COHESIVE SOIL

- —
0.08 0.12

STRAIN (E)

HRP 28

SAMPLE D-4 (8-9.571.)
SPECIMEN N@.2

I-U0 AND HWY.11 BVTRPHSS
SIGMAJ=i2.00PS!
1SN@VEMBER, 1971

VERTICAL STRAIN

e
0.20

0.16
IN INCH PER INCH

0

U

T

2l

-
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44g. oo

%x10"
UpU.UO

360.00

3?0.00

URRE FOOT

Sy
0o

120.00

B

0.00

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE 0-5 {10-11.5F7.)
SPECIMEN NO.1

I1-40 AND HWY.11 OVERPASS
S1GMA3.:5. 00PS!
1SNOVEMBER, 1571

T

e 0.0y 0. 06 0. 08 0.10 0.12

STRARIN(E) IN INCH PER INCH
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1

00 360.00

%10
320.

2§0.0U

URRE FOOT

S@
00

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

///A(//*ﬂ—*t—-ﬂk‘\A\\'&\‘W*\\w\\\A
/-
/

SAMPLE 0-5 (10-11.5FT.)
SPECIMEN NO.2

I1-40 AND HWY,11 OVERPASS
SIGMA3=3.00PSI
1SNBVEMBER, 1971

.01 OV.GE OI.D3 D].D'«i OI.DS DI“UB (,'J]‘,U'7
STRAIN(E) IN INCH PER INCH

C.

B-57
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B-58

MARJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE 0-6 (12-13.5F7T.)
SPECIMEN NO.1

1-40 AND HWY.11 BGVERPASS
SIGMA3=10.0CPS!
22NOVEMBER, 1971

U - T . T
.00 0.08 0.18 0.2
1

0.32 0. 40 238 0.56 0. 54

U 0
STRAINC(E) IN INCH PER INCH x10°



500.¢C0

FOOT =10"
UP0.0U upo.oo

350.00

| MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN

COHESIVE SOIL
HRP 28

_—————A—————ﬁb-____a
-~.._~\~‘&~~~---~..A

SAMPLE [-6 (12-13.517.)
SPECIMEN N@.2

I-U0 AND HWY.11 OVERPASS
SIGMA3=5.C0PSI
22NOVEMBER, 1871

B-59

il T T T
.08 0.16 0.24 0.32 0.40

0.
STRAIN(E) IN INCH PER INCH =10

9. 64



B-60

MARJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE D-7 (14-15.5FT.)
5 SPECIMEN NO.1
o 1-40 AND HWY.11 OVEAPASS
= SIGMA3=5. COPSI
= 22NOVEMBER, 1971

.00 0.08 0.

16 0.2u 0.32 0.40 0.u8 0.56 0. 64
STRAI

N(E) IN INCH PER INCH x107



£150.00

MAJOR PRINCIPAL STRESS VS.

el

a

COHESIVE SOIL
HRP 28

A,

g

~a

SAMPLE [-7 (14-15.5FT.)
SPECIMEN NB.2

I-Y0 AND HWY.11 B@VERPASS
SIGMA3-+11.00PSI
22NBVEMBER, 1871

VERTICAL STRAIN

T T T
"0.02 0.04 0.06

STRAIN (E)

IN

0.08 0.10
INCH PER INCH

T
0.

12

.Y

B-61



650.00

600.00

%10
550.00

1

1

URRE FOOT
500.00

S
0o

0.

IN POUNDS PER
00 400.00  uS

B-62

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE D-83 (16-17.5FT.)
SPECIMEN NO.1

1-40 AND HWY.11 BVERPASS
SIGMR3:15.CCPSI
23NOVEMBER, 1971

T T 1

.01 0.02 0.03 0. 04 0.05 0. 06 0.07 0.08

STRAIN(E) IN INCH PER INCH



MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE D-8 {16-17.571.)
SPECIMEN NO.?2

I-40 AND HWY.11 @VERPASS
SIGMA3-10.00PSI
23NQVEMBER, 1871

[ —"

B-63

.00

" o8 Q.16 0.

' "oy 0.32 0.40 0
STRAIN(E) IN INCH PER INCH x10"

1
0.64



MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COGHESIVE SOIL
HRP 28

720.00

640.00

x10"
560.00

5-°"“““~‘-L_‘k\\

A\A

UARE FOOT
480.00

R S@
00.00

1

w=

SAMPLE D-8 {16-17.51'1.)
[a SPECIMEN NO.3

o I-U0 AND HWY.11 OVERPASS
SIGMA3=5.85PS!

4 23NBVEMBER, 1871

T T

.00 0.02 0.0u4 0.06 0.08 0.10 0.12 0.1y
STRAIN(E) IN INCH PER INCH

B-64



B-65

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
CBHESIVE SOIL
HRP 28

550.00

SPU 00
K\\

x10"
450.00

400.00

PER SQUARE FOOT
350.00

S
0

SAMPLE D-9 (18-19.5F1.)
SPECIMEN NO.1

I-U40 AND HWY.11 BVERPASS
SIGMA3=10.00PSI
2SNAVEMBER, 1971

.00 0.08 0.16 0.24 0. 32 0,40 [38 0.56 5y

4]
STRAIN(E) IN INCH PER INCH =10°



8?0.

800.00

x10"
726. 60

1

1

640.C0

SQUARE FBOT
00

MAJBR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

Sttt
K& A
L

/A/

-

“~a

SAMPLE B-9 (18-19.5F1.)
SPECIMEN NO.2

I1-40 AND HWY.11 OVEARPASS
SIGMA3=15.03PS!
29NAVEMBER, 1971

.00

0.0y .06 0.08 010 0.12 0.1y
STRAIN(E) IN INCH PER INCH

o
ny

B-66



160.00

1

150.00

1

x10
140.00

SQUARE FOOT
0.00  130.00

PER
ip

MAJOR PRINCIPAL STRESS VS. VERTICAL STRAIN
COHESIVE SOIL
HRP 28

SAMPLE D-11 (1.5-3FT.)
SPECIMEN NO.1

I-40 AND HWY.11 BVERPASS
SIGMA3=5.00PSI
2SNOVEMBER, 1971

B-67

.00

o2 0.0u 0.06 0.08 0.1

.10 Q.12 0. iy
STRAIN(E) IN INCH PER INCH

1 ~
0.158



APPENDIX C

Mohr Rupture Envelopes
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APPENDIX D

New York State Computer Program Listing
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APPENDIX E

New York State Example OQutput



Ntw YGRK STATE DEPARTMENT OF TRANSPURTATION
SLOPE STABILITY ANALYSIS

PROGRAM NO. $517300/S0ILSL DEVELUPED FEBRUARY, 1970

INPUT DATA

SOIL LINES
LINE SOILHL SOILvVL SOILHR SOILVR WEIGHT PHI COHES

FT FT FT FT PCF DEG PSF

1 -15.00 0.0 0.0 0.0 120.00 36.0 0.0
2 0.0 0.0 2.50 -1.00 120.00 36.0 0.0
3 -15.00 -1.00 2.50 -1.00 112.00 3.0 700.00
4 2.50 -1.00 10.00 -4.00 112.00 3.0 700.00
5 -15.00 -4.,00 10.00 -4.00 106.00 0.0 200.00
6 10.00 -4.00 17.50 -7.00 106.00 0.0 200.00
7 -15.00 -7.00 17.50 -7.00 108.00 3.0 200.00
8 17.50 -7.00 25.00 -10.00 108.00 3.0 200.00
9 -15.00 -10.00 25.06 -10.00 110.00 0.0 300.00
10 25.00 -10.00 37.50 -15.00 110.00 0.0 300.00
11 -15.00 -15.00 37.50 -15.00 112.00 5.0 300.00
12 37.50 -15.00 50.00 -20.00 112.00 5.0 300.00
13 -15.00 -20.00 50.00 -20.00 115.00 10.0 800.00
14 50.00 -20.00 70.00 -20.00 115.00 10.0 800.00
15 -15.00 -21.00 7C.00 -21.00 52.50 10.0 800.00
16 -15.00 -35.00 70.00 -35.00 90.00 40.0 5000.00

WATER TABLE LINES
LINE WATRHL WATRVL WATRHR WATRVR

FT FT FT FT
1 -15.00 =-21.00 7C.00 -21.00
RADIUS INCREMENT IS 2.0 GRID INCREMENT IS 2.0

SEPMOM DRVMUM PHIMOM CHSMOM HORZON VERTCL RADIUS

FT-KIP FT-KIP FT-KIP FT-KIP FT FT FT FSNYS FSBIS
O. 150, 4l. 258. 25.0 0.0 20.0 1.994 2.015
0. 21l4. 105. 542. 25.0 0.0 22.0 3.026 3.080
0. 90. 21. 180. 27.0 0.0 18.0 2.236 2.261
Oe 139. 37. 246. 27.0 0.0 20.0 2.031 2.059
0. 202, 97. 528, 27.0 0.0 22.0 3.087 3.14l
O 107. 26. 210. 23.0 0.0 18.0 2.206 2.215
Oe 159. 44, 275. 23.0 0.0 20.0 2.009 2.029
0. 224, 112. 550. 23.0 0.0 22.0 2.950 3.008
O. 123. 28. 236. 25.0 2.0 20.0 2.140 2.151
O. 185. 48. 302. 25.0 2.0 22.0 1.890 1.906
O. 259. 121. 620. 25.0 2.0 24.0 2.856 2.906
Oe 112. 25. 218. 27.0 2.0 20.0 2.172 2.188
O. 171. 43, 292. 27.0 2.0 22.0 1.959 1.980
O 245, 112. 609. 27.0 2.0 24.0 2.947 2.995
O. 134. 31. 252. 23.0 2.0 20.0 2.114 2.121
0. 196. 52. 319. 23.0 2.0 22.0 1.891 1.912
O. 273. 130. 626. 23.0 2.0 24.0 2.768 2.824
Oe 150. 33. 280, 25.0 4.0 22.0 2.076 2.083



223.
308.
136.
205.
290,
l64.
237.
322.
180,
264,
358.
163.
242.
340.
197.
278,
372.
213.
308,
409,
193.
283,
391.
232.
320.
421.
248.
351.
459,
224,
326.
442,
266,
362.
471
283.
335,
510.
259.
369.
493.
300.
404,
521.
317.
438,
561.
294.
412.

544,

335,
"46.
571
352.
481.
6ll.
329.
454,
595,
370.
488.
622.
387.
525.
662,
364.

55.
137.
29.
500
127.
36.
60.
148.
38.
63.
155.
33.
57.
143.
42'
69.
166.
43.
71.
173.
38.
65.
161.
48.
78.
186.
49.
79.
192.
"3.
73.
178.
54.
87.
206.
55.
88.
212.
49.

197.
61.
97.

227.
61.
97.

232.
S54.
90.

216.
67.

106.

249,
67.

106.

253.
60.
99.

235.

4.

117.

272.
14.

116,

275.
66.

342,
695.
260.
340.
688.
293.
361.
701.
324,
379.
772.
304.
389.
T64.
330.
402.
779.
361.
417.
851.
352.
430.
843,
368.
445,
859.
400.
456.
932.
391.
473.
924,
408.
489,
941.
439.
496.
1016.
430.
516.
1007.
449,
535,
1026.
480.
537.
1102.
471.
561.
1092.
490.
581.
1112.
523.
579.
1191.
512.
607.
1180.
533.
629.
1201.
566
622.
1281.
554,

25.0
25.0
27.0
27.0
27.0
23.0
23.0
23.0
25.0
25.0
25.0
27.0
27.0
27.0
23.0
23.0
23.0
25.0
25.0
25.0
27.0
2T7.0
27.0
23.0
23.0
23.0
25.0
25.0
25.0
27.0
27.0
27.0
23.0
23.0
23.0
25.0
25.0
25.0
27.0
27.0
27.0
23.0
23.0
23.0
25.0
25.0
25.0
27.0
27.0
27.0
23.0
23.0
23.0
25.0
25.0
25.0
27.0
27.0
27.0
23-

23.0
23.0
25.0
25.0
25.0
27.0

[ S R Al TR T N R o
* 9

® & & 8 0 & o ¢ e

[=lejoloNoNoNeoNoNoNoNoNe)

COODODPODRXPOOOCCTOOC OO
® o & 8 ¢ o 0 0 s 6 0 ¢ o o &

COO0OO0O0O0CDODOOOOCOODOOOOO

-

L]

[T -
[eloNeoNa]
.

10.0
10.0
10.0
10.0
12.0
12.0
12.0
12.0
12.0
12.

12.0
12.0
1200
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
16.0
16.0
16.0
16.0
16.0
16.0
l6.0
16.0
16.0
18.

18.0
18.0
18.0

24.0
26.0
22.0
24.0
26.0
22.0
24.0
26.0
24.0
26.0
28.0
24.0
26.0
28.0
24.0
26.0
28.0
26.0
28.0
30.0
26.0
28.0
30.0
26.0
28.0
30.0
28.0
30.0
32.0
28.0
30.0
32.0
28.0
30.0
32.0
30.0
32.0
34.0
30.0
32.0
34.0
30.0
32.0
34.0
32.0
34.0
36.0
32.0
34.0
36.0
32.0
34.0
36.0
34.0
36.0
38.0
34.0
36.0
38.0
34,

36.0
38.0
36.0
38.0
40.0
36.0

1.779
2.703
2.117
1.901
2.808
2.005
1.779
2.635
2.007
1.669
2.585
2.069
1.839
2.672
1.886
1.693
2.543
1.898
1.584
2.5006
2.026
1.747
2.569
1.796
1.633
2.479
l1.813
1.524
2.450
1.938
l.674
2.495
1.736
1.591
2.435
1.749
1.479
2.409
1.849
1.620
2.441
1.695
1.563
2.405
1.705
1.448
2.380
1.784
1.581
2.404
l.664
1.543
2.383
l.674
l.424
2.363
1.735
1.554
2.377
1.643
1.528
2.370
1.653
1.406
2.349
1.702

1.793
2.750
2.128
1.917
2.851
2.013
1.800
2.687
2.013
1.684
2.630
2.075
1.852
2.714
1.898
1.714
2.590
1.907
1.598
2547
2.030
l1.761
2.608
1.808
1.653
2.523
1.822
1.537
2.489
1.943
1.688
2.531
1.748
l1.610
2.476
1.758
1.491
24445
1.857
l.634
2.475
1.706
1.581
2.443
1.714
1.458
2.414
1.791
1.594
2.436
l.674
1.560
2.419
1.682
1.434
2.395
1.742
l.566
2.407
1.653
1.544
2.405
1.661
l.415
2.380
1.708



498.
647.
404.
530.
672.
422.
568
714.
400.
540,
698.
439,
573.
723.
457.
612.
765.
435,
583.
750.
474,
615.
773.
492.
656.
816.
470.
627.
802.
509.
658.
819.
527.
700.
867
505.
670.
853.
544,
700.
857.
563.
T44.
912.
541.
713.
QOSQ
579.
740.

890.

598.
787.
951.
576.
757.
Ib6.
614.
174.
920.
633,
828.
985
612.
800.
1002.
648,

108.
256.

8l.
128.
295.

8l.
126.
298.

T2.
118.
277.

89.
139.
319.

88.
136.
321.

79.
127.
298.

96.
150.
343,

95.
147.
344,

85.
137.
320.
104.
162.
368.
102.
157.
368.

92.
148.
343,
112.
174.
393‘
110.
168.
392.

99.
159.
366.
120.
185.
418,
117.
180.
417.
106.
169.
389.
129.
197.
445,
125.
190.
442.
114.
181.
413.
137.

655.
1269.
577.
678.
1293.
610.
667.
1373.
597.
703.
1361.
622.
728.
1386.
655,
712.
1468.
641.
752.
1454,
668.
779.
1481.
701.
757.
1564,
687.
802.
1550.
715.
831.
1542.
748.
804.
1662.
733.
854,
1647.
763.
883.
1580.
796.
852.
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