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Regional Concept of Landslide Occurrence

ROBERT F. BAKER, Associate Professor of Civil Engineering; and
ROBERT CHIERUZZI, Research Associate, Ohio State University, Columbus

The report covers the initial phases of a basic study of land-
slides. The long-range objective is the development or re-
finement of quantitative methods for analyzing the degree of
stability of natural slopes. The underlying principle of the
research is that the types of landslides that occur in a given
geographic region are relatively limited, and the number of
variables present in a given region will be reduced or the
range of values limited. Under such an approach a greater
possibility exists for the establishment of a comprehensive
generalized approach.

The phase of the research reported in the current report
covers the basic concepts and the efforts to use physiographic
provinces of the United States as the basis for regional con-
siderations. Case histories from the literature, from the
files of the authors, and from the questionnaire received by
the HRB Committee on Landslide Investigations were the
source of data. The landslides were classified in accordance
with the new system proposed by the HRB committee, and a
summary is included of the types of landslides that occur with-
in the several regions.

Possibilities of immediate use of the results are recog-
nized. If the types of landslides that occur within a region
are limited, the highway engineers in a specific area can
learn more rapidly and accurately how to analyze and treat
the landslides encountered.

@ THE DEGREE of importance of the landslide problem is a variable quantity. In some
parts of the world, major mass movements represent the ultimate in catastrophe and
occur with great frequency. On the other hand, some geographic areas rarely encoun-
ter the phenomenon, and are only conscious of the tragic implications through newspa-
per and periodical accounts. For highway engineers, the economic factors are a glar-
ing reality, but vary also with locale.

From the viewpoint of the soils engineer, "landslides' can and do occur in all areas,
regardless of the terrain or material because landslides represent a special type of
stability problem (1), that is, a failure of the soil in shear. It is true that in the com-
mon conception of landslides, natural slopes are envisioned, and such failures as tun-
nel cave-ins, trench displacements, and foundation failures are not included. Since
the latter types of difficulties occur as a result of man's activity, the locale is a func-
tion only to the extent that good soil engineering is a function of the geographic area.

By restricting one's consideration of landslides to failures which involve natural
slopes, the indications of an "area-problem' become immediately apparent. Many
references and implications in technical literature suggest such an approach. However,
past studies of landslides have concentrated upon complete classification, historical
aspects, individual case histories, or generalized, over-simplified solutions.

No effort is made in the following discussion to supply a rigorous background on
landslides. The reader is referred to a recent publication of the Highway Research
Board for a comprehensive treatment (2). The classical theories of soil mechanics
applicable to the problem are also omitted, but they are available in the several texts
on the subject.



REVIEW OF THE LANDSLIDE PROBLEM

Landslides have been the target for study for many years, and quite recently an al-
most forgotten manuscript by Collin (3) shows that good, quantitative efforts were under-
way in France in the early 1840's. The bibliography published by the Highway Research
Board (4) includes 267 articles or texts on the subject prior to 1950.

The analysis of a landslide can be subdivided into (1) classification, (2) recognition,
(3) analysis, and (4) treatment. Since classification has no real significance to the en-
gineer except as it aids in the analysis, one could think of the approach as a three-step
operation. However, classification is the common tool for grouping similar landslides
and will be considered independently.

The geological sciences have been historically, and by definition, interested in ma-
jor mass movements, Particularly, the field of geomorphology (science of landforms)
has been vitally concerned. With reference to the formation of topographic forms, Ladd
(5) has said "erosion, alone, should be given less credit for playing the major role. "
Geologic studies have been of infinite value in establishing classification and historical
implications. While many authorities have produced their own system of classifying,
the basic form of the system suggested by Sharpe (6) has prevailed. From a historical
viewpoint, hypothesizing as to transportation, sedimentation, and loading will continue
as a basis for complete understanding, and perhaps, formulation of new theories. As
to analysis and treatment, the field of geology has relied upon experience and judgment
to provide the solution. Many case histories attest to the contribution of the geologist
and the engineer in such endeavors.

With the advent of the theory of soil mechanics (7) efforts were increased to obtain
analyses and treatments based upon quantitative techniques. Unfortunately, the classi-
cal mechanics theories were developed for idealized materials, and could rarely be
directly applied. The resultant status includes a "missing link, " or a break, in the or-
derly progression from the physical and historical description through a rigorous, ra-
tional analysis to the treatment.

As applications of theoretical soil mechanics became more common, abasicweak-
ness in the existing landslide classification schemes became evident, and systems sim-
ilar to the new HRB classification (2) were developed. The major revision consisted
of grouping together those landslides with similar behavior relative to stress-strain
conditions.

From a quantitative viewpoint, perhaps the most significant weakness in analysis and
treatment is the inability to measure accurately the shearing resistance of the material.
Of almost equal concern is the problem of predicting and estimating the stress condi-
tions within an earth mass. A theory which will adequately explain landslide phenomena
must relate all types and all conditions, regardless of the variables present. Further-
more, an understanding of the existing geologic and mechanics literature, properly
interpreted and incorporated, should provide a tremendous impetus to the development
of such a theory. It is within this latter comprehensive framework that the current
research at Ohio State University is centered.

PURPOSE AND SCOPE

The current phase of the problem is directed toward a description of the landslide
problem in the United States, and the immediate objective is the delineation of the se-
verity of the landslide problem within the several physiographic sections of the country.
In addition to focusing attention methodically upon areas established through sound
considerations of geography, geology, and climate, landslides will be examined accord-
ing to the mechanics of failure as represented by the new type of classification system.
The advantages of such an approach lie in the ability to (1) obtain maximum utilization
of the existing literature, (2) isolate certain variables, and (3) provide immediate edu-
cational aid by reducing the problem scope in a given area.

The existing study is preliminary in nature and was intended to serve as an initial
or feasibility stage. The data are limited to those available from the questionnaire
circulated by the HRB committee (2), case histories from the literature, and files of
the authors. Only the continental United States has been considered, and only landslides
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related to natural slopes. Failures which develop because of man's activities on and
around natural slopes are meant to be included.

CLASSIFICATION OF LANDSLIDES

Landslides will be considered as "downward and outward movements of slope-form-
ing materials—natural rocks, soil, artificial fills, or combinations of these materials."
(2) Since the basic intent of the current investigation is related to the development of
a quantitative theory for the treatment of landslides, a classification system was de-
sired which would reflect stress-strain considerations. The principles of the method
described by the Highway Research Board Committee were therefore adopted for the
beginning studies. The method consists of dividing mass movements into one of the
three following categories (Fig. 1): (1) falls, (2) slides, and (3) flows. A fourth group,
complex, consists of landslides which have the characteristics of more than one of the
preceding three. The three factors which reflect engineering properties are the bases
for subgroupings: (1) type of material before movement (bedrock or soil), (2) amount
of moisture, and (3) relative particle displacement within the moving mass.

Falls can be typified by the rock weathering of exposed bedrock slopes, with the
talus at the toe representing the accumulation of many "landslides. " In actuality, the
size of the moving mass can range from small particles to tremendous blocks. Falls
are defined as those landslides which develop because of tension failures in bedrock
or soil, followed by free-fall, leaping, bounding, or rolling down the slope until equili-
brium is established. The tension failures caused by over-stressing are a result of
(1) too steep slopes or undermining, (2) weakening of the mass by the formation of
cracks or fissures, or (3) pressure within figsures or cracks. The first is common
in sedimentary bedrock deposits in which weak shales underlay more resistant sand-
stones or limestones. The second effect is prevalent in fissured clays (because of
processes such as dessication) or in exfoliated bedrock. Landslides under such condi-
tions are also aggravated by steep slopes. Pressure within cracks or fissures can come
from either hydrostatic forces or through ice formation. Although such phenomena may
appear to be a compressive-type action with the resultant displacement producing in-
stability due to unbalanced moment, inability to withstand tension will always be a fac-
tor although at times insignificant. For the purposes of the current discussion only
rockfall and soilfall will be considered. The former consists of bedrock (prior to
movement) and the latter is concerned with soil or unconsolidated material.

Slides are landslides caused by a shear failure along warped or plane surfaces.
Where the shear-surface is reasonably
circular in shape (in two dimensions), the
movement is called a slump, while a move-
ment with an essentially planar slip-sur-
face is termed a block glide. "Rock" or
"earth" is used as a prefix to differenti-
ate between bedrock and unconsolidated
material. Following the initial shear, if
the moving mass disintegrates or acts as s".f,?:fm.g, »

a group of individual particles rather than by T e, ,f:;',;é:;dm
as a unit block, the slide is further sub-

divided into rockslide or debris slide.

The former is for bedrock, while the lat- Sang g

ter is for soil. The latter grouping, as B
to the behavior after shear, is less sig-
nificant for preventive purposes than for
corrective, historic, or geomorphic con-
siderations.

Flows are landslides in unconsolidated

Nofe Planar slides {blockglides)
aiso occur in soils

material, resulting from plastic deforma-
tion of an earth mass or from viscous-
type flow and caused by insignificant

Figure 1, After "Landslides and Engineer-
ing Practice." HRB Committee on Landslide
Investigations.



TABLE 1

PHYSICAL DIVISIONS OF THE UNITED STATES
(After N. M. Fenneman)

II.

II1.

Iv.

Laurentian Upland
1. Superior Upland
Atlantic Plain
2. Continental Shelf
3. Coastal Plain
Embayed section
Sea Island section
Floridian section
East Gulf Coastal Plain
Mississippi Alluvial Plain
West Gulf Coastal Plain
Appalachxan Highlands
4. Piedmont province
a. Piedmont Upland
b. Piedmont Lowlands
5. Blue Ridge province
a. Northern section
b. Southern section
6. Valley and Ridge province
a. Tennessee section
b. Middle section
c. Hudson Valley
7. St. Lawrence Valley
a. Champlain section
b. Northern section
8. Appalach1an Plateaus
Mohawk section
Catskill section
Southern New York section
Allegheny Mountain section
Kanawha section
Cumberland Plateau section
Cumberland Mountain section
9. New England province
a. Seaboard Lowland province
b. New England Upland section
¢. White Mountain section
d. Green Mountain section
e. Taconic section
10. Adirondack province

mepooTp

®ropo o

Interior Plains
11. Interior Low Plateaus
a. Highland Rim section
b. Lexington Plain
c¢. Nashville Basin
d. Possible western section
12. Central Lowland
a. Eastern lake section
b. Western lake section
¢. Wisconsin Driftless section
d. Till Plains
e. Dissected Till Plains
f. Osage Plains
13. Great Plains province

a. Missouri Plateau, glaciated

V.

Missouri Plateau, unglaciated
Black Hills
High Plains
Plains Border
Colorado Piedmont
Raton section
Pecos Valley
Edwards Plateau
Central Texas section
Intenor Highlands
14. Ozark Plateaus
a. Springfield-Salem plateaus
b. Boston '""Mountains'"
15. OQuachita province
a. Arkansas Valley
b. Ouachita Mountains
Rocky Mountain System
16. Southern Rocky Mountains
17. Wyoming Basin
18. Middle Rocky Mountains
19. Northern Rocky Mountains
Intermontane Plateaus
20. Columbia Plateaus

R PRS0 ROT

a. Walla Walla Plateau
b. Blue Mountain section
c. Payette section
d. Snake River Plain
e. Harney section

21. Colorado Plateaus
a. High Plateaus of Utah
b. Uinta Basin
¢. Canyon Lands
d. Navajo section
e. Grand Canyon section
f. Datil section

22, Basin and Range province

Great Basin

Sonoran Desert

Salton Trough

Mexican Highland
e. Sacramento section

Pacific Mountain System

23. Cascade-Sierra Mountains
a. Northern Cascade Mountains
b. Middle Cascade Mountains
c. Southern Cascade Mountains
d. Sierra Nevada

24, Pacific Border province

Puget Trough

Olympic Mountains

c. Oregon Coast Range

d. Klamath Mountains

e. California Trough

f.

g.

acoe

o

California Coast Ranges
Los Angeles Ranges

25, Lower California province
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shearing resistance along a surface of rupture. Generally, flows will develop in very
weak materials only, although if the masses are extensive, slow plastic deformations
can occur in relatively strong materials that are stressed beyond their elastic range.
While flows are most commonly associated with very wet conditions, dry non-cohesive
soils can produce rock fragment flows, sand runs, or loess flows, with the nomencla-
ture expressing the particle size. The fine-grained materials produce earthflows or
mudflows, where the principal difference is in the amount of water present. A quanti-
tative delineation has not been established for the preceding two types, but the latter
term is intended to designate the most fluid movements. Where a mixture of rock
fragments and fine-grained soil is involved, the term "debris'" describes the material
while the terms "debris avalanche' and ""debris flow" are used in a parallel sense to
earthflow and mudflow. Since little or no cohesion is available in such materials,
once failures have developed movement is relatively rapid.

The phenomenon commonly referred to as creep, would fall into the category of a
slow earthflow. Under the current status of knowledge, a separate delineation on the
basis of speed of movement is not particularly practical for treatment considerations.
The differentiation between flows and slides is more critical and, on occasion, very
difficult. Earthflows that produce tension cracks at the top of the slide, but distort
under plastic deformation without the development of a continuous surface of shear,
may be mistaken for a slump or block glide. Also troublesome are the landslides
that develop as a slide, but, after a minimum of displacement, take on the appearances
of a flow. For preventive measures, the latter type of failure would be analyzed as a
slide, but for corrective purposes, as a flow.

From an engineering viewpoint, the size of the landslide has a special significance,
and could logically form a basis for classification. However, for the current study,
the volume of the moving mass is considered as a landslide variable, but not as a
factor in classification.

BASIS FOR PHYSIOGRAPHIC CLASSIFICATION

The division of the United States into physiographic areas is a systematic attempt
to divide the topography into homogeneous units with respect to certain fundamental
concepts established in the field of geomorphology. Briefly, these principles state
that three major factors control the evolution of landforms; namely, the initial struc-
ture, the erosive processes continually modifying it, and the stage of its destruction.
In general, a change in any of these three factors will produce a uniquely different
landform. The converse is also true; that is, differences between landforms can be
traced to some differences in any of the three factors (8).

The geologic structure is a dominant influence in the landform modification. In-
cluded are characteristics such as the nature of the material; physical hardness of the
constituent materials and their susceptibility to chemical weathering; the mode of de-
position and subsequent stress history; shearing strength; and structural discontinuities
and weaknesses such as joints, bedding planes, faults, folds, and others.

Geomorphic processes and corresponding forces consist of the many physical and
chemical actions by which the original structure is modified. Most important of these
can be associated with stream, wind, wave, glacial, and weathering actions. The ef-
fects of these stresses imposed upon the landforms are reflected in the significantly
different erosional, residual, and depositional features produced by each of the geo-
logic agents. For instance, the erosional features produced by streams are gullies,
valleys, gorges, and canyons; residual features include peaks and monadnocks; and
depositional features consist of alluvial fans, flood plains, and deltas.

Modification, and eventual destruction, of the landforms is considered to occur in
stages which are generally designated by the geomorphologists as youth, maturity,
and old age. Qualifying adjectives, such as early and late, are often used to designate
substages. Chronological age is not inferred, but, rather, the degree of destruction
as expressed by topographic characteristics is involved. In youth, topography is rela-
tively undissected with only a few streams. Valleys have V-shaped cross-sections and
their depths will depend upor the altitude of the region. Mature topography consists



TABLE 2

LIST OF HRB QUESTIONNAIRES AND RELATED
CORRESPONDENCE USED IN THE STUDY

1 State Highway Departments (30)

Alabama Maryland Ohio
Arkansas Massachusetts Oregon
Califorma Michigan Pennsylvania
Colorado Minnesota Rhode Island
Delaware Miss1881pp1 South Carolina
Georgia Missour Texas
Idaho Montana Utah
Ilhinois New Hampshire Vermont
Kentucky New Mexico Washington
Maine North Carolina West Virgima
II. State Geological Survey (6)

Florida

Maryland

New Jersey

Oklahoma

Pennsylvanma

Vermont

III. Railroad Companies (12)
IV U S Bureau of Reclamation (6)

Region III
Region V
Region V1
Region VII
Califorma
New Mexico

V  United States Geological Survey (3)

Califorma
Colorado
Washington

VI. Miscellaneous (9)

mostly of slopes of hillsides and valley-
sides. Drainage divides are sharp and
maximum possible relief exists. Vertical
cutting ceases and lateral destruction be-
comes important. In reacing old age,
valleys become extremely broad with gentle
slopes. Considerable development of flood
plain and stream meandering prevails. For
a more complete treatment of the subject
of landform evolution see Sharpe (6) or
Lobeck (9).

In accordance with the preceding prin-
ciples, the United States was divided into
eight major divisions representing rather
extensive areas of strongly characterized
constructional forms such as plains, pla-
teaus, highlands, and mountains. These
were subdivided into provinces and sec-
tions which represent uniquely different
landform areas and destructional history.
Delineation of the boundaries of most units
corresponds closely to strongly charac-
terized geologic features so that the line
of demarcation may be exact to within a
few feet. In some areas, however, boun-
daries are vague and may vary up to sev-
eral miles (Table 1).

The following quotation from Krynine

and Judd (12) are of interest with reference to landslides and physiographic areas:

"Serious consideration should be given to the regional concept of land-
slide classification. According to this concept the slides within a geo-
morphic (or physiographic) province may be defined as an area within
which the method of deposition of rocks and soils is approximately the
same, landforms are similar, and the climate is approximately identi-
cal. This regional concept is accepted by some of the workers inter-
ested in landslides, but evidence is still needed. "

"The study of slides leads to the conclusion that the slide character-
istics within a given region should depend on the geology, topography,
and climate of that region. In fact, often certain slide characteristics
are reported either from within a large typical area or from two areas
that are similar in some respects. For example, the tremendous
Colorado landslides often consist primarily of large boulders. In older
glaciated zones both rock and soils are often remarkably stable as in
some New England regions, and vice versa, in the regions of the so-
called "young geology, ' e. g., in some parts of the San Francisco Bay
area, slide scars on natural slopes are so abundant that they really
should be considered as characteristic landforms of the region.”

From the foregoing discussion on the destructional stages it appears logical to ex-
pect some correlations to exist between the various stages of a specific landform and
the severity and type of landslides. According to Sharpe (6) and others, landslides
are most likely to occur when the valley walls are the steepest during the transitional
period from youth to maturity. Primary road construction in such areas will neces-
sitate considerable cut and fill operations, Any disturbance introduced in the form of
a cut or fill invites a situation more favorable for landslide occurrence.



TABLE 3

LIST OF MOST TROUBLESOME LANDSLIDE TYPES
(From Questionnaires of the HRB Committee on Landslide Investigations)

State Highway Rank

Department 1 2 3
Arkansas Slides -- --
California Earth Slump Earth slump-flow Debris slide
Colorado Earth flows -- --
Delaware Earth slump -- --
Idaho Earth slump-flow Earth slump Debris avalanche
Illinois Earth slump Earth flow Debris slide
Kentucky Debris slide Earth slump Rock slump
Maine Earth slump Earth flow --
Maryland Not major problem

Massachusetts Earth slump-flow -- --
Michigan Soil fall Lateral spreading -
Mississippi Earth slump - --
Missouri Earth slump Earth flow --
Montana Slides Rock fall Solifluction

New Hampshire
New Mexico

Debris slide only

Rock and earth block glides

North Carolina Rock slump Rock fall Earth slump-flow
Ohio Earth slump Earth flow Rock fall

Oregon Earth slump-flow Earth slump Debris avalanche
Pennsylvania Slides Falls Flows

Vermont Flows -- --
Washington Earth and rock slumps Earth slump-flow Mudflow

West Virginia Earth slump Earth flows Rock fall

PROCESSING DATA

As a preliminary step, the data obtained from the case histories in the question-
naires submitted to the HRB Landslide Investigations Committee (2) were tabulated
and analyzed. Information of interest included the total dollars expended by the re-
porting agency, types of landslides, sizes of the moving masses, and geologic forma-
tions associated with slope failures. Additional comments and data on the shape of the
slip-surface, type of correction, plan view sketch of the area, causes, etc., were also
recorded and used to check landslide classification and areal considerations, The
physiographic sections corresponding to specific mass movements were identified from
a physiographic map (13). Questionnaires used in the study are listed in Table 2. A
total of 24 highway department questionnaires was available, as well as negative state-
ments from six others. The added data from state and federal agencies, railroad
companies, and others were also of value.

Table 3 contains a summary of the types of landslides encountered most frequently
by the various highway departments. Such information was helpful in determining the
landslide types prevalent in the physiographic sections within a state. Furthermore,
the preponderance of earth slumps and earth flows throughout the country suggests
a degree of similarity as to type of problem encountered.

Tabulations were also made of the type and size of individual landslides reported
and the physiographic sections in which they occurred. Tables 4 and 5 are summaries
of these data. A total of 527 landslides was studied, with a significantly large group
of earth slumps, rock falls, and debris slides. Of the landslides for which sizes were
available, more than half were relatively small (less than 50,000 cu yds). The tables
also indicate that more case histories were available from the physiographic sections
in the eastern part of the country. Whether such a situation developed because of more
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8. 14a 19 11. 3d, 4b 1 23b, 24a, 12e, 13e,
9. 12e 14 8¢, 12a, 24p 14a, 19
10. 16 13 12, 13a, 14. 1, 3¢, 1 21c, 24b
11. 20c 12 13b, 19, 3d, 3e, 24c
12, 24g 10 2%, 24c 8c, 8d,
13. 9b 8 24 9b, 9c,
14. 4a, 131 6 11a, 12b,
16. 9d, 12a 5 12c, 13a,
18, 12f, 13a, 4 13b, 13f,
23b, 20a, 21b,
21. 3d, 6c, 10, 3 24d
11b, 13b, 24a,
24b
28. 9c, 13d, 2
21b, 23a, 24c,
24h
34. 1, 3c, 3e, 1
9b, Ta, 11a, 12b,
12¢c, 13e, 20a, 21c
Total 587 82 98 33 19

landslides or more thorough coverage is not known.

If one assumes that the amount of money expended is a measure of severity, the
results of the questionnaires are of interest. Of the 24 state highway departments
reporting, only four indicated that landslide costs exceeded $500,000 per year.

Five additional states estimated that between $100,000 and $500,000 were expended
annually, while 10 showed an annual cost of less than $100,000. Of the ten railroad
companies reporting, only two indicated annual costs in excess of $100,000. Assum-
ing that the 24 states not submitting questionnaires expended less than $25,000 per
year, an estimate of the annual expenditure for landslides on highways in the continen-
tal United States would approach $10,000,000.

In order to rate the physiographic sections as to the degree of severity, a base was
needed for the judgment. Frequency of occurrence as a highway or engineering prob-
lem would be differentfrom frequency as a problem in a specific area; that is, land-
slides may occur in a locale where few highways or other engineering structures are
located and could go unreported in an engineering study. Other bases for severity
could be size of the moving mass, dollars expended by a company or agency, Oor num-
ber of landslides per unit of area or per mile of highway. For the first attempt, the
frequency of occurrence, size of the moving mass, and dollars expended per year were
combined in an arbitrary, qualitative manner to arrive at a rating using only the ques-
tionnaire data. Another factor in the evaluation was the negative effect of the authors'
not having a report from a given state. In effect, it assumes that the problem could
not be severe or a questionnaire would have been submitted. Obviously, other reasons
could have accounted for the absence of the questionnaire.

Several discrepancies were immediately apparent, and attempts to amplify and to
further delineate the areas were made. Such adjustments were partially based upon
published records and case histories. The work of Ladd (5), the Highway Research
Bibliography (4), and Ta Liang (10) were of significant value in this respect. In many
cases, the preliminary classification as to severity was verified. However, the fol-



lowing changes were considered justified, TABLE 5
although direct verifications with geolo- SUMMARY OF NUMBERS OF LANDSLIDES OF VARIOUS
gists and engineers were not completed: TYPES REPORTED

1. Sections 16, 19, 20a, and 23a were
changed to major severity.

2. Sections 12d, 18, and 20d were
changed to intermediate severity.

3. Sections 3a, 13c, 21a, 21d, 21e,

ysiographic
ection No.

ck Slump
hysiographic
hysiographic
ection No.

ck Fall
hysiographic
ection No.

1l Fall
hysiographic
ection No.
ection No.
lock Glide

11 Slump

f

22a, 22e, and 24e were changed to minor gg §§ 1:: : f;g ; f;g f 1:2 ig
severity. 6b 16 4a 2 8d 30
19 7 9 with 1 8e 25
The final results are shown in Table 8c 4 19 12
6 with the preceding list of modifications ™t ! =
and are shown graphically in Figure 2. 9b 5
While the degree of severity as shown R4 :
in Figure 2 is felt by the authors to be 3with 3
both reasonable and sound, several cau- ... . . g Ovh 3
tionary statements are in order. First,
the delineation between the groups is E 2 v 2 =
open to question, although it is probable s 3 &s a2 FS 8 8¢ E
that even after more study the major se- g g g g 2 S5 @ g8 E
verity group will remain as classed. £ 3 &3 2 Eg E 55 g
Three groups could be reasonably antici-
pated for the intermediate and minor & I X n 3 & 8
groups. It is also probable that the "few 13 2 ad 12 ed 1 19 3
to none" class will remain as such. VR B 8 20 2
Secondly, the results tend to indicate b 3 8 with 1
the problem severity from an engineering 3. 9, 2
viewpoint of the past and present. As the 7 wath
Total 14 76 10 28

more remote areas are attacked, some
of the areas may become more trouble-
some. A study and severity analysis from a pure landslide basis is highly desirable.

Thirdly, the failure of the physiographic sections to relate perfectly to the severity
of the landslide problem was noted in a number of cases. For example, section 12e
which covers most of the glaciated areas of Ohio, Indiana, and Illinois was interpreted
as a major problem in western Illinois, but is certainly not so reported for the same
physiographic section in Ohio and Indiana. The eastern portion of West Virginia (sec-
tion 8e), the western edge of section 3d, northern part of section 12f, and the western
edge of section 13f all typify areas that appear to differ from the major portion of the
physiographic section.

Finally, the results thus far are quite general, and major differences, particularly
in highly localized areas, are to be anticipated. The values of the work thus far com-
pleted are highly restrictive, and are of more interest as a guide to further endeavors
than for immediate utility.

FUTURE RESEARCH

The immediate goal for the future will be the bolstering of data for the areas where
the information available was most sparse. By continuation of the literature study,
correspondence with engineers and geologists, and field evaluation, the results shown
in Figure 2 can be stated more accurately. Subsequent steps will also include, (1) a
closer scrutiny of the magnitude of the mass and the types of landslides which occur
in the various areas, (2) development of more data as to the geological formations
associated with mass movement, (3) a search for a better basis than pure physiography
for regional classification purposes, and (4) evolving a guide for landslide considera-
tions within specific regions.

The conditions in West Virginia can be used to illustrate the degree of detail which
will be needed for the various areal groupings, because of the authors' familiarity with



— oy = it
W, 20e | 73/
IJ;#[F[FW‘\K'%@ -
<4
= e
_'2‘ ‘ 220|] || .-
- I \,I!!.I!|:I. 'I I-II
NNy —
= NG rreper LT
Uit 'z'ﬂs';im”gﬂ 1
= W L
Sz= N M| ’m?,,‘z“, /
22c\\{‘ 22b N |:i’ {'r d
_L“.\ !‘ llklﬁdlhll
\'\ﬂﬂ! ‘; LL

g
v'

|

\I““
|

MAJOR SEVERITY
MINOR SEVERITY
MEDIUM SEVERITY

BLANK -
AREAS LANDSLIDE PROBLEM NON—EXISTENT

S

NOTE —SEVERITY MEASURED BY SIZE AND

FREQUENCY OF OGGURRENGE
RELATIVE TO ENGINEERING WORKS

Figure 2. Landslide severity of the United States. Based upon "Physical Divisions of
the United States." N, M. Fenneman.
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TABLE 6

11

RATING OF LANDSLIDE SEVERITY
(Based upon HRB Questionnaires and partial literature search)

I. Major Severity

1.

8d.
8e.
14a.
16.
19.
20a.
23a.
24a.
24b.
24c.
24d.
241,
24g.

Allegheny Mountain section
Kanawha section
Springfield-Salem Plateaus
Southern Rocky Mountains
Northern Rocky Mountains
Walla Walla Plateau
Northern Cascade Mountains
Puget Trough

Olympic Mountains

Oregon Coast Range
Klamath Mountains
California Coast Ranges
Los Angeles Ranges

Medium Severity

5b.
6b.
8c.
11b.
12d.
12e.
18.

20c.
20d.

Southern section of Blue Ridge
province
Middle section of Valley and

Ridge province IV.

Southern New York section
Lexington Plain

Till Plains of the Central Low-
land province

Dissected Till Plains of the Cen-
tral Lowland province

Middle Rocky Mountains

Payette section

Snake River Plain

Minor Severity

Superior Upland

Embayed section

Floridian section

East Gulf Coastal Plain
Mississippi Alluvial Plain
Piedmont Upland

Piedmont Lowlands

Hudson Valley

Champlain section

New England Upland section
White Mountain section
Green Mountain section
Taconic section

Highland Rim section
Eastern Lake section
Western Lake section
Wisconsin Driftless section
Osage Plains

Glaciated Missouri Plateau

13b.
13c.
13d.
13e.
13f.
14b.
21a.
21b.
21c.

21d.

21e.

22a.
22d.
22e.

23D.
23c.

23d.
24e.

Unglaciated Missouri Plateau
Black Hills

High Plains

Plains Border

Colorado Piedmont

Boston "Mountains"

High Plateaus of Utah

Uinta Basin

Canyon Lands

Navajo section

Grand Canyon section

Great Basin

Mexican Highland
Sacramento section

Middle Cascade Mountains
Southern Cascade Mountains
Sierra Nevada

California Trough

Non-Existent Problem

2.

3b.
3f.
5a.

6a.
Tb.

Continental Shelf

Sea Island section

West Gulf Coastal Plain
Northern section of Blue
Ridge province

Tennessee section
Northern section of the St.
Lawrence Valley province
Mohawk section

Catskill section
Cumberland Plateau
Cumberland Mountains
Seaboard Lowland section
Adirondack province
Nashville Basin

Western section of the Inter-
ior Low Plateaus

Raton section

Pecos Valley

Edwards Plateau

Central Texas section
Arkansas Valley

Ouachita Mountains
Wyoming Basin

Blue Mountain

Harney section

Datil section

Sonoran Desert

Salton Trough

Lower California province
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TABLE 17

SUMMARY OF TYPE AND SIZE FOR GROUP OF
CENTRAL WEST VIRGINIA LANDSLIDES

Landslide Less than 5000- 25,000- Greaterthan

Type 5000 25,000 50, 000 50,000 Total
Earthflow 1 4 1 1 7
Slump 4 4 3 4 15
Earth Block

Glide 0 0 3 0 3
Total 5 8 7 5 24

TABLE 8

SUMMARY OF 742 VIRGINIA LANDSLIDES'

Percent of Approximate
Geologic Total Land- Qutcrop Area
Formation slides Studied (sq m1)
Alluvium 7
Dunkard 21 2500
Monongahela 20 1500
Conemaugh 33 1500
Allegheny 2 1500
Pottsville 9 4000
Miscellaneous 8 13000°
Total 100 24000

! Conducted by John L. Wray, former geologist, West Vir-
ginia State Road Commission.
* Includes Alluvium.

the region. The state of West Virginia
contains approximately one-third of the
Kanawha Section (8e), one of the areas of
major severity. Much has been written
specifically about the landslide problem
studies not previously reported in the lit-
erature have also been conducted. A sur
vey completed in November, 1952, indi-
cated more than 750 known landslides in
the state. Unfortunately, complete infor-
mation on all of these landslides is not
available. A partial analysis from the
viewpoint of geologic formations was con-
ducted in 1953 by John L., Wray, a geolo-
gist formerly with the Department of Soil
Mechanics of the West Virginia State Road
Commission, The results are shown in
Table 7.

All but a small area of eastern West
Virginia lies in the Kanawha Section. A
map of the location of the many landslides
was submitted to the HRB Landslide Com-
mittee along with the questionnaire. Prac-
tically no landslides were reported north-
west of the line that extends southwesterly

from the southwest tip of Maryland to Williamson, in southwest West Virginia. The

line is considerably west of the eastern boundary of the Allegheny Section.

Thus,

physiographic sections in themselves are not sufficient to describe landslide suscepti-
bility. In a map which accompanies a Civil Aeronautics Administration report (11),
soil boundaries are drawn which come much closer to properly delineating the landslide

area of the Kanawha Section.

Also available to the authors were the data from a special study of certain landslides
in Braxton and Gilmer counties in central West Virginia. These landslides (Table 8)
illustrate the range of sizes and types of mass movement which are most common in

West Virginia.

50,000 cu yds) and more than half involve less than 25,000 cu yds.

It will be noted that the vast majority are relatively small (less than

It is also evident

that slumps (soil) and earthflows are most frequently encountered.

Reports by Ladd (5), Baker (19), and others have indicated the presence of numerous
rock falls in West Virginia., While very little general data as to size and frequency are
available, the problem can be described as general throughout the landslide-susceptible
area. With notable exceptions, the masses involved are not great since the falls con-
sist principally of fine-grained weathering products, but they do include individual

boulders as large as 25 cu yds.

The failures usually develop as the result of differential

weathering; that is, a weak, less resistant layer underlies a blocky, exfoliated or

jointed strata.

The additional data from West Virginia indicates that the Conemaugh, Dunkard, and
Monongahela formations of the Pennsylvanian System are related to 74 percent of the
landslides studied. Furthermore, earth slumps, earth block glides, earthflows, and

rockfall represent the greatest problem in terms of frequency of occurrence.
the landslides involve mass movements of quantities less than 50,000 cu yds.

Most of
It is

also known that the present physiographic boundary is not exact in defining landslide

susceptibility.

Much more is known and much more is needed concerning West Virginia

and the remainder of the Kanawha Section, but the restrictive nature of the problem

in the area is evident.

With reference to developing data as to the geologic formations associated with
landslides, Table 9 lists the principal offenders as shown by the questionnaire. As in
the preceding example for the Kanawha Section, it appears certain that relatively few
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geologic formations are associated with the landslides in a specific region. The avail-
ability of such information should aid in the development of a comprehensive theory.
Landslide types within a state or physiographic section are listed in Table 2, and
the range of sizes of the moving masses is given in Table 3. Systematic evaluation of
these data will simplify the landslide problem in a specific area and will permit a bet-
ter understanding by highway engineers. The absence of a clear concept of the limited
nature of landslide occurrence in a locale currently requires a complete understanding
of all types of mass movements. The result is a hopeless jumble of terminology and

TABLE 9
LANDSLIDE SUSCEPTIBLE FORMATIONS

Formation or Stratigraphic Sequence Location Reference’

Pierre, Carhle, Graneros Shales, Dakota Colorado 1

Sandstone, Denver and Araphoe

Plerre Shale and Fort Union overlain by till North Dakota 1

Gaconade and Cherokee Missouri 1

Morrison and Sundance Clays and Shales Gros Ventre River Valley-Middle 2
Rocky Mountains Section-Wyoming

Chinle Shales Vermillion and Echo Cliffs-Grand 2
Canyon Section-Arizona

Cox Shales Diablo Plateau-Mexican Highland 2
Section-Texas

Kaibab overlying weak shales and gypsum beds Unikaret Plateau-Arizona 2

Fruitland Shale LaPlata County-Navajo Section-Colorado 2

Columbia Lava overlying soft lacustrine beds Northern Cascade Mountains-Washington 2

Navajo Sandstone overlying extensive fractured Zion Canyon-High Plateau of Utah Sec- 2

and jointed formation tion-Utah

Eagle Ck. volcanic breccia underlying Columbia Columbia River Gorge-Oregon 1

lava

Eden shales and limestones Harrison County, Kentucky 3

Quaternary alluvium(37%), Franciscan sand- San Francisco North Quadrangle, Cali- 1

stone (34%), serpentine (7%) and Franciscan fornia Coast Ranges Section-California

greenstone (6 %)

Nespelem silts, Astoria siltstone and Eocene ‘Washington 1

shales

Hawthorne clays Florida 1

Massive basalt underlain by weaker layers Columbia Plateaus Province 3

Bearpaw shale and bentonite seams Fort Peck Dam-Montana 3

Payette Payette section-Idaho 1

Merchantville and Woodbury clays, Woodbridge New Jersey 1

Tablot-Wicomica, Wissahickon Delaware 1

Rincon Shale, Serpentine Cabfornia Coast Ranges-California 1

Jackson Clays Natchez Trace Parkway-Jackon-East 3
Gulf Coastal Plain Mississippi

Mancos Shales overlying:

a. competent Mesaverde sandstone Montezuma County-Canyon Lands 3
Section-Colorado
b. glatial tall Telluride area-Southern Rocky 3

Mountain Section-Colorado

Pottsville, Allegheny, Conemaugh, Mononga- Pennsylvama 1

hela, Dunkard

Eden shales and limestones, Conemaugh and Ohio 1

Dunkard shales
Conemaugh and Dunkard shales

Kanawha section-West Virginia

1

€O D =

Cornell University (1952).

. Highway Research Board Questionnaire submitted to Committee on Landslide Investigations,
. Tompkin, J.M., and Britt, S.B., "Landslides—A Selected Bibliography, '* Bibliography No.10, HRB (1951).
. Liang, Ta, "Landslides—An Aerial Photographic Study.” Unpublished Tesis for Degree of Doctor of Philosophy,
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empirical relationships for the engineer with insufficient time to develop a compre-
hensive background.

Perhaps the most significant indication from the preliminary studies reported here
is the fact that physiographic section boundaries are not sufficient in themselves for
delineating landslide severity. The most striking example is the Dissected Till Plains
Section of the Central Lowland (12e) where landslides appear to be heavily concentrated
along the Mississippi River, within a relatively small percentage of the total section
area. Part of this discrepancy may be because of improper location of boundaries, or
of the difficulties inherent in attempting to group the highly variable components of the
earth's surface. The fact that unexplained differences exist means that either the
physiographic regional bases are not sound for relating landslide susceptibility or the
areas are too large and a further subdivision is needed.

An interesting observation relative to apparent physiographic discrepancies is the
presence of landslides near major water courses. The Pacific Coast, the Great Lakes,
the Mississippi River, and the Ohio River and its tributaries are all prime examples.
Ta Liang (10) and others have also noted the relationship between rivers and landslides.
The basic tenent of areal erosion and the attendant landslide influence suggests such a
relation. However, the difference in severity is not completely explained by the pres-
ence or absence of a major water course. Perhaps some combination of physiography,
surface drainage system, pedology (11), or other dominant factors will provide the
ultimate basis for classification.

CONCLUSIONS

Based upon the Highway Research Board questionnaires submitted by various state
and federal agencies, companies, and consultants, and upon a limited literature search
the following conclusions are offered:

1. Efforts to relate degree of severity of landslides to standard physiographic
sections produced encouraging results, although several deviations were noted. The
degree of severity was defined as a function of the effect on engineering works as op-
posed to general landslide susceptibility. Both magnitude of moving mass and frequency
of occurence were considered in assigning the measure of severity.

2. Unquestionably, the most severe landslide problems exist in the following physio-
graphic sections: Allegheny Mountain section (8d), Kanawha section (8e), Springfield-
Salem Plateaus (14a), Southern Rocky Mountains (16), Northern Rocky Mountains (19),
Walla Walla Plateau (20a), Northern Cascade Mountains (23a), Puget Trough (24a),
Olympic Mountains (24b), Oregon Coast Range (24c), Klamath Mountains (24d), Cali-
fornia Coast Ranges (24f) and Los Angeles Ranges (24g).

3. Equally evident is the fact that landslide problems in the following sections are
practically non-existent: Continental Shelf (2), Sea Island section (3b), West Gulf
Coastal Plain (3f), Northern section of the Blue Ridge Province (5a), Tennessee sec-
tion (6a), Northern section of the St. Lawrence Valley province (7b), Mohawk section
(8a), Catskill section (8b), Cumberland Plateau (8f), Cumberland Mountains (8g), Sea-
board Lowland section (9a), Adirondack province (10), Nashville basin (11c), Western
section of the Interior Low Plateaus (11d), Raton section (13g), Pecos Valley (13h),
Edwards Plateau (13i), Central Texas section (13k), Arkansas Valley (15a), Ouachita
Mountains (15b), Wyoming Basin (17), Blue Mountains (20b), Harney section (20e),
Datil section (21f), Sonoran Desert (22b), Salton Trough (22c), and Lower California
province (25).

4. The remaining physiographic sections showed a range between the preceding two,
and a precise delineation is somewhat open to question.

5. Continued research in the establishment of landslide-susceptible areas is recom-
mended, with the following major objectives:

a. Continued literature search in order to incoporate all existing knowledge
into the framework, and to lend impetus to the study;

b. A detailed examination of the several physiographic sections in order to
better establish the degree of severity, the types of landslides that occur, the
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range in magnitude of the landslides, and the geologic formations which are
associated with mass movements;

c. Examination of possible modifications and subgroupings which will bet-
ter define a region's susceptibility to landslide problems;

d. Development of a comprehensive description of the landslide problem
on a regional basis in order to provide breadth of knowledge and to simplify
landslide treatment within a specific area;

e. With the better understanding that will result from such a systematic
delineation it will be possible to study the development of a rational theory
for landslide treatment. The existing practice of applying an adjusted theory
to the problem is leading to its own form of empiricism because of the absence
of a clear concept of the basic components.
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An Appraisal of Measures for Improvement
of Slope Stability’

R. G. HENNES, Professor of Civil Engineering, University of Washington;
S.E. HAWKI'NS’, Southern Railway System, Asheville, N.C.; and
E.L. McCOY?, U.S. Corps of Engineers, Portland, Oregon

Generally, attempts to increase the factor of safety of an earth slope
involve either drainage or excavation. The object of drainage is a
lowering of the water table, withanaccompanying reductioninthe mag-
nitude of unfavorable forces. Inthe present paper several graphs are
presented which enable the engineer to estimate the amount of drainage
necessary to achieve a desired factor of safety. These graphs yield
safety factors corresponding to various levels of water table in an earth
mass where the failure plane would approximate a Swedish arc locatedin
aclay bank underlain by a permeable stratum.

An alternative procedure improves stability by unloading the slope.
It is shown that flattening the slope is much less effective than benching
perunitof excavation. Graphs are presented which plot factor of safety
against quantity of excavation for both benching and slope reduction.
Both ¢= 0 and ¢ >0 Cases are considered.

@ WHEN THE STABILITY of an earth mass is deemed to be unsatisfactory, the engi-
neer entrusted with the task of improving the stability of the slope will elect, generally,
either to flatten the slope or to drain the unstable bank. Existing methods of analysis
are adequate for the determination of the factor of safety of the bank both before and
after the execution of the measures taken for the betterment of stability. The objective
of the present paper is to extend the application of existing analytical procedures to the
point where an engineer may design his
landslide control measures to achieve a
preselected factor of safety, rather than
by trial and error determine the factor of '8 /]
safety of a tentative design. /

20

A5

Y,

REMEDIAL EXCAVATION s 4
The increase in stability can be achieved ?/

by flattening a clay bank is illustrated in
Figure 1. It is assumed that seepage
forces are negligible in a mass of medium
clay 40 ft high. The pertinent soil prop-
erties are:

FACTOR OF SAFETY, Fg
He 40
\
\
N\
\\

unit weigth, y = 120 lb per cu ft
cohesion, ¢ = 1000 1b per sq ft, and / —
friction, ¢ = 6deg Qorg';flgbmﬁgﬂtce

It is evident that flattening this slope (in- 08 s
creasing the value of b) serves to increase COTANGENT OF SLOPE ANGLE, b

the factor of safety. If a rise of 11t is Figure 1.

! This paper is based on two MSCE theses: ""The Effect of Drainage in Landslide Con-
trol, " by Eugene L. McCoy (1955); and "'Slope Deformation and Safety as Related to
Railway Landslide Problems, " by Sidney E. Hawkins (1955). The research was
supervised by R. G. Hennes.

3 Formerly Research Assistants, Engineering Experiment Station, University of Wash-
ington.

7
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More information on the relationship —= T~ BasE
between slope angle and stability is pre- " L
sented in Figure 2, which shows the criti- Figure L.

cal heights corresponding to various slope
angles in specific soils. Conventionally,
critical height is the maximum height at
which a bank will stand (factor of safety
of unity) at a given slope angle. However,

BENCHED SLOPE

Figure 2 is based upon a factor of safety w
equal to 1. 5 rather than unity, as a more @
useful value. The assumed properties of 5
the selected clays are: 8
0

Stiff Medium Soft &
Y = 130 120 110 pcf VOLUME OF MATERIAL REMOVED PER FOOT OF SLOPE
¢ = 1500 1000 400 psf Figure 5.
$= 8 deg 6 deg 4 deg

It is noteworthy that slope angle is not a dominant factor in the stability of the more
plastic clay banks.
Both Figures 1 and 2 were derived from curves showing the stability factor, Ns’

for different slope angles and different soil properties by N. Janbu (1). Ns is a pure

number showing how stable a slope is for a particular homogeneous earth material.
The factor of safety, Fs’ as used on these plates is found by

F_=N
s s

C
YH
in which

¢ = cohesion of soil in 1b/ft?
¥ = unit wt of soil in lb/ft3
H= height of slope

Janbu's curves give information similar to the stability curves presented by D. W.
Taylor (2). However, factors of safety derived from Taylor's curves will generally be
somewhat higher.

Reduction of Slope Angle. A procedure for removing material is to reduce the slope
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4
angle as in Figure 3. Referring back to neets ( / /
Figures 1 and 2, it is evident that this pro- /

cedure would increase the slope safety. 2
Already one objection to decreasing the =03
slope angle has been mentioned. In addi- y /

tion, for large reduction of the slope angle, /
new right-of-way would be required to ac- /
commodate the flatter slope. Later dis- as

cussion will also reveal that this method / / M2 Vounis
is not the most economical with respect to a2, / / //
the amount of material moved. 7

Benching. A second method for unload-
ing a slope is benching. Here the material

near the crest of the slope is removed,
leaving a bench part way down the slope.
This type of removal takes material from

STABILITY FACTOR, Ng
Ed
N
N
N {\
AN
AN

the part of the slope where it will do the / "z _ Anar20
most good. Figure 4 is a cross-section of // R

a benched slope. .

The benching method is more effective L ~/ Taneor 1~ be=2
because material is removed from the up- -~ =0

per part of the slope. All of the material —
in this location provides a large driving BENCHED SLOPE
force to produce slope failure. REDUCED SLOPE — —— —

Figure 5 shows the increase in factor 55 I 57 s o5 s
of safety due to benching and slope reduc- AREA FACTOR, Ny
tion. Both curves start from the same Figure 8.
point which is the factor of safety for the
original slope prior to unloading by either
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method. The increase in Fs due to bench-

ing is achieved by lowering and widening
the bench. still increase until the bench

is halfway down the slope. Any further
lowering will not increase Fs. The proper

relationship between depth and width of the
bench can be obtained from curves to fol-
low.

As shown in Figure 5, the safety of a
slope can be increased any set amount for
less excavation by benching than by slope
reduction. The results of this study also
show that the greater the soil strength the
less is the excavation required to produce
a given increase in F_ by benching or slope
reduction. s

To aid in the determination of the proper
bench dimensions and to compare the bench-
ing and slope reduction methods, the
curves in Figure 6 through 9 have been
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Figure 11.

prepared. They pertain only to slopes of homogeneous earth material with negligible

seepage forces.

These curves are in general the same as found in Figure 5 except

Fs has been replaced by Ns’ the dimensionless stability factor already mentioned.

This group of curves includesoriginal slopes of 1to 1 and 2 to 1.

Figures 6 and 8 are
for purely cohesive soils such as clays in which the angle of internal friction is zero.
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¢ . |5° ¢ = 15°
h = O8H h = 08H

Figure 12, Figure 13.

Curves are presented for three values of
ng the depth factor. The reader is referred

LT to Figure 3 for the definition of n 3 Fig-

o4

— T | ures 7 and 9 show soils exhibiting internal
friction. Curves for three values of xc "
aiz are included on each.

A .= YH tan Q
cd c
in which ¢ = angle of internal friction,
—1 ] On all curves the volume of excavation
< is found by:

\

(7]
TH

\
\

V=nAHa

The dimensionless quantity n A’ the area

1 factor, comes from the curves.
The depth of the bench for a particular
value of Ns is found by interpolating be-

o
2
-

STABILITY NUMBER N, =

o
g

o002 tween the lines marked n, the benchdepth

factor, also a dimensionless number.

er
o
]

oan o6H o8n H Depth of bench = nhH

HEIGHT OF WATER TABLE
b =15° The bench width can now be found by
Figure 1h. n,
Width of bench = _n; H

For the slope reduction curves, the reduced slope may be found by the use of n A or

b=2nA+b0
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Example Problem 1. A problem is presented in the determination of proper bench
dimensions to increase the safety factor of a slope to 1. 5.

Given: Initial slope, b0 =1
c = 600 Ib/ft?

¢ = 22 deg
Y = 120 Ib/ft®
H= 60 ft

For these given conditions the evaluation of )\c is

)‘c¢ c

The stability number desired is

N -F YH
S s C

and )‘c¢= 6.
n, = 0.38
n,= 0.16

- 1.5 {1200(60) _ 4

600
By use of Figure 7, n, and n A Can be determined by interpolation between )Lc ¢= 4

8

_YHtan¢ _ (120)(6(2()?"1 22deg _ 4 g5
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Now the volume of excavation, depth, and width of the bench can be computed.
V= nhH’ = 0. 16(60)* = 575 ft*/lineal foot of slope
Depth of bench = nhH = 0. 38(60) = 23 ft

0.1

=]

Width of bench = H-=

“a
y

Example Problem 2. In this problem the same given quantites found in problem 1
will be used but the factor of safety will be increased to 1.5 by reduction in slope angle.

(60) = 25 ft

=
I

8

Given: Initial slope, bo =1

¢ = 600 lb/ft?
¢ =22 deg
y = 120 Ib/ft?
H= 60 ft
)\c ¢ and NS will also be the same as in problem 1.
A cé =4.85
Ns =18

Interpolating between the dashed lines for )‘c ¢of 4 and 6 in Figure 7, n A will be
n, = 0.34

The volume of excavation and reduced slope are

v=n AH’ = 0. 34(60) = 1220 ft3/lineal foot of slope
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As seen in Figure 3, the slope crest must be moved back a distance (b - bo)H. For

this problem

b=2nA+b°=2(0.34)+1=1.68

(b—bo)H=(1.68— 1) 60 = 41 ft

From the results of these two problems it can be readily seen how much more effec-
tive benching is than slope reduction for increasing the safety of a slope against failure.
Slope reduction requires more earth removal and a wider area of excavation at the
slope crest. If slope unloading is being considered for controiling a landslide situation,
the results of the curves presented here indicate that benching should be considered as

€ =600 LB/FT2

= 20"
y *130 LB/FT3

™

Fs

Mccoy

SN
\‘\

/|

SAFETY FACTOR,

~

(] ]

2H OaN 08K

HEIGHT OF WATER TABLE, h

CASE I1

Figure 19.

PHREATIC LINES
/
/

14H

14 H

SAND STRATA C:0O
Figure 20.

a method for accomplishing the desired re-

" sult.

Remedial Drainage

It is generally recognized by engineers
that the installation of drainage works in
an earth embankment or cut has as its pur-
pose the relief of hydrostatic pressures
rather than any substantial reduction in the
water content of the soil. In this connec-
tion the term "water table" refers to that
surface which is the locus of atmospheric
pressure in the porewater, and not to any
significant boundary between saturated and
unsaturated soil. For twenty years en-
gineers have had available procedures for
determining the location of the water table
subsequent to the installation of drainage,
at least in idealized situations; and they
have been able to compute the factor of
safety corresponding to predetermined
seepage patterns. Such analyses, however,
have involved a laborious trial-and-error
process for each drainage situation. The
engineer has had little guidance in his pre-
liminary appraisal of the over-all effects
of any specific depression of the water
table. The graphs presented herewith are
intended to repair this deficiency.

Reduction of Porewater Pressure in Clay
Banks

In order to present graphically with some
quantitative values for a changing water
table level, computations were made illus-
trating the effect of different water table
levels upon several slopes with different
soil strengths. The procedure used was
taken from Taylor (2). Henceforth mater-
ial from this reference will be labeled
"Taylor's values. "

The method of slope analysis employs
the Swedish circle, solving for the forces
graphically by the ¢-circle method. As an
illustration of the method used to obtain the



curves, a slope of 45 deg with a friction
angle of 15 deg was chosen and is shown
in the figures. The solution is indepen-
dent of height of the slope. Figure 11
shows the critical slip circle and lines of
action of the weight of the soil mass and
of the cohesion derived from Taylor's
values. Figure 12 illustrates the method
used in determining the resultant neutral
force for the different water table levels.
The shape of the upper part of the flow
net is one that will never be found in na-
ture. However, it is felt that in order to
standardize the flow nets for comparison
and to avoid introducing other variables in-
to the solution, the assumption shown is
necessary. The top flow line is assumed
to be tangent at the toe of the slope. This
may also vary in natural conditions; how-
ever, the variation would be difficult to
determine and unnecessarily complicate
the solution. In any case, the error in-
volved between computing the pressures
used in this paper and actual pressures is
very small and would not affect the values
obtained for the stability numbers. Figure
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13 shows the force diagram used in the computations of the stability numbers.
The stability numbers computed for the several slopes and friction angles were
plotted against the water table heights and a smooth curve drawn through the points as

shown in Figure 14. Values of the stability

number for a water table height of 0. 2H

were rather scattered in all curves because the graphical solution of the force diagram

required the use of very small angles.

The results of the computations are shown in Figures 15 through 18. The curve for
h=0 is the curve shown on Taylor's charts for the zero boundary neutral force. The
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dashed curve represents values from Tay-
lor's curves for sudden drawdown, while
the intermediate curves give values for
steady seepage with the water table level
at the elevations shown.

The curves should prove useful in esti-
mating the values of lowering the water
table upon the stability of the slope by the
use of a drainage plan. They may also be
used to determine the maximum height of

slope of a cut to be made where soil strengths

and the water table levels are known or may
be estimated.

The curves presented assume that in
every case the failure will occur as a toe
circle, that is, the failure arc cuts the toe
of the slope.

In a paper by Nilmar Janbu a straight
line interpolation of the depth of the water
table was used in working out an example
(1). The same example was used here
with the results shown in Figure 19.
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Reduction of Water Pressure in an Underlying Aquifer

During rainy seasons an excess hydrostatic head may be built up in the underlying
strata, threatening the stability of the slope. This force is resisted by the weight of
the material above. As the hydrostatic pressure increases the shearing resistance of
the pervious layer is reduced and when the active earth pressure at the crest becomes
greater than the passive pressure at the toe of the slope plus the shearing resistance,
the slope will fail. This failure takes place as the phenomenon of ''sudden spreading. "
The clay slope fails and spreads very rapidly. The graphs presented here will enable
one to relate the piezometric head in the pervious strata, the internal friction of the
pervious strata, and the cohesion of the clay bank to a critical bank height. Thus, if
the piezometric head in the sand strata is recorded periodically, a warning of impend-
ing danger can be given and action taken to forestall failure of the slope, or the effect
of a drainage plan upon a slope that is sliding or in danger of sliding may be estimated.

Figure 20 shows the boundary conditions assumed for the solution of the graphs.
The method used follows the suggestions given by Terzaghi and Peck for the analyses
of sudden spreading of clay slopes (3). The phreatic lines were assumed to be straight
and emerge at the toe of the slope where the sand strata was located at the toe of the
slope. Where the pervious layer was deeper the phreatic line was assumed to be par-
allel to the ground surface. The sand strata was assumed to have no cohesion while
the clay bank was assumed to have no internal friction. The curves showing values of
the stability number vs slope angle for the different friction angles and water table
heights are presented in Figures 21 to 24.

CONCLUSIONS

The preceding analyses confirm a general impression that engineering efforts to
improve slope stability, whether by excavation or by drainage, are more apt to be
successful with problems of instability in stiff soils (and steep slopes) than in soft soils
(and flat slopes). The graphs presented in this paper should aid the engineer to decide
in any ordinary instance whether excavation or drainage offers the more economical sol-
ution of this problem. I excavation, thenithas been made clear in the preceding pages
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that benching requires less excavation than slope reduction in achieving a required
factor of safety.

The value of lowering the water table increases when the slope has greater strength
or internal friction. Therefore, in weaker slopes where trouble is likely to occur, low-
ering the water table will increase the safety of the slope by only a smalil amount. How-
ever, this small increase may assure the stability of the slope. It is difficult to make
any general statement regarding the increased stability for all slopes upon lowering
the water table as each slide will have different variables and conditions to be faced.
However, in all cases the stability is increased, and the value of that increase may be
estimated with the aid of the curves presented.
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Appendix A

Derivation of Figure 6 and 8, ¢ =0

In general the curves for benched slopes are obtained by the solution of two problems.
For a particular bench, as in Figure 4, the stability of the mass below the bench must
be considered as well as the stability of the entire slope. This is shown by the two
dashed critical circles. The curves in Figures 6 and 8 were found, then, by obtaining
the factor of safety. Fs’ for the small mass below the bench for a particular bench

depth, nhH. Then Fs for the entire slope was determined for this value of bench depth
and several bench widths, neH. When FS for the entire slope was found equal to FS

for the small earth mass, this determined the widest bench that could economically be
cut for that particular bench depth and constitutes a point on the curve of Ns versus n Al

Example Problem A-1. This problem illustrates the above discussion by showing

the procedure used in obtaining a point on the bench curve for ng = 2, Figure 6.
Given: b, =1 $=1
N2 2 c = 800 lb/ft?
d - Y = 120 lb/ft?
n = 0.1
H =301t

The FS for the small earth mass is obtained by determining Ns from Janbu's curve
in Figure 2-1 (1). This figure is similar to the curves presented by Terzaghi and Peck.

800
(120)(27)

The x and y coordinates for the critical circle of the small mass below the bench is
obtained from other curves of the same plot. The intersection of the critical circle
and the bench line determines the width of the first trial bench in this example for the
first trial

F =N < =1.39

s SW=5'64

n =2.05
e
For this bench width Fs for the entire slope was obtained by following the procedure

outlined by Janbu (1). Benching is taken care of by considering the earth removed as
constituting an upward force on the slope.
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800
Fy = 6.2 530)30)

Since Fs for the entire slope is slightly smaller than Fs for the small mass, a wider

=1, 38, for n, = 2,05

bench may be cut necessitating another trial ne. If FS for the entire slope had been
larger for this first trial, the Fs for the smaller mass would be used for a point
on the final curves. This condition occurs for small values of n and determines the

first part of the final curves which is concave upward.
For a second trial let n, = 2.4. Using the same procedure as above

800

s~ &4 TmoE0)

= 1. 42, for n, = 2.4

Now Fs for the entire slope is larger than Fs for the small mass below the bench.

To find the bench width where both are the same, all trial values are plotted as in Fig-
ure 10. The volume of the material removed per lineal foot of slope is

_ 2
V= nenhH

Let n, =nn = (2. 05)(0.1) = 0. 205

_ 2 _ 2
V= nAH = 0. 205H

Point A then represents the widest bench which should be excavated for a bench depth
of n, = 0.1.

The entire bench curve for n d = 2.0 is determined by the method outlined above with
n, being taken from 0.1 to 0. 5 at 0.1 intervals. For the final curve Fs was converted
toN .

s

Example Problem A-2. The dashed lines on Figures 6 and 8 represent an increase
in NS for slope reduction and were obtained by the following method. Referring to Fig-

ure 8, a slope less than bo was considered, such as b = 1.5. The NS value (5. 75) for
this slope was obtained from Figure 2-1. The volume of excavation per lineal foot of
slope was found by ®-b)

o

V= H?

2

Here a quantity is multiplied by H’, as in the case for a benched slope. Therefore,
to plot this curve along with the bench curve

PP 15-1

A= 72 2
The volume excavated would then be

V= nAH’ = 0. 2502

This allows comparison of volumes of excavation for benching and slope reduction
for the same value of Ns' The entire slope reduction curve was obtained by increas-

=0.25

ing b by intervals of 0. 25.
Appendix B

Derivation of Figures Tand 9, ¢ >0

These curves were derived similarly to those on Figures 6 and 8 in that Fs for the
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entire slope was compared to Fs for the small earth mass below the bench for a certain value

of bench depth.
Example Problem B-1. Consider the determination of a point on the bench curve

of Figure 7 for )\c¢= 4.0.

Given: b = 1 ¢ = 20 deg
- 0.4 c = 419 lb/ft?
Oy =% Y = 115 lb/ft®
H =40 ft

Fs for the small earth mass is obtained from Janbu's curve in Figure 6 (1).

The x and y coordinates for the critical circle of the small earth mass are also ob-
tainedfrom thatfigure. The intersection of this circle and the bench line determined
the initial bench width of n, = 0. 3.

FS for the entire slope for a particular value of n, must be accomplished by first

finding the approximate location of the critical circle for failure of the entire slope.
Then Fs is determined by the us of the ¢-circle method. Locating the critical circle

will be discussed first.

It was felt that the critical circle for a benched slope of a given slope angle would
fall near the critical circle of a slope which had been reduced somewhat below the given
slope angle, or a reduced slope would exist that had essentially the same driving mo-
ments due to the soil mass as the benched slope. At least if this condition was met the
critical circle should give a reasonable value for FS since minor changes of the criti-

cal circle do not change Fs appreciably.
Consequently FS was determined for the critical circles of several reduced slopes
until a minimum Fs for the benched slope was found. Usually the slope was reduced

2 deg between each trial.
In the current example the three trial critical circles used for n, = 0.3 were for

reduced slopes of 38 deg, 36 deg, and 34 deg. It was found that Fs for a reduced slope

of 36 deg was the smallest and is bracketed by two higher values. Therefore this value
of Fs was selected for n, = 0.3.

Figure 10 shows the graphical procedure used in finding Fs by the ¢-circle method.

The resultant weight vector, W, was located by taking moments about the toe of the
slope. From the intersection of W and the line of action of C, the total cohesive force
acting along the critical circle, lines were drawn tangent to three different ¢-circles.
C is then evaluated for the three cases.

The factors of safety with respect to c and ¢ for the three values of ¢, were deter-
mined by

_ ¢ (effective)
¢~ c (required)
F = tan ¢ (effective)
¢ tan¢ (required)
Fs was then found from the small graph, Figure 11, such that
Fs = Fc = F‘1>
F =1.36, forn =0.3
] e

Since this value is smaller than Fs for the small earth mass, the bench may be
widened. The second width trial value is n, = 0. 4. This time the same critical centers

were used and the minimum Fs is
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F =1.45, forn =0.4
s e

Still smaller, a third trial bench width of n = 0. 5 was computed in a similar manner.
F =1.53, forn =0.5
s e

Again, as in Appendix A, all trial values are plotted (see Fig. 10) and a point on the
final curve is obtained. Points were figured for values of n from 0.1 to 0.5 at 0.1 in-
tervals.

The curves for reduced slope on Figures 7 and 9 were found by the same method
outlined in Appendix A except that NS values came from Janbu's Figure 6.



Computer Solution of Swedish Slip Circle

Analysis for Embankment
Foundation Stability

ROGER V. LeCLERC and ROBERT J. HANSEN, Supervising Highway Engineers,
Washington State Highway Commission

Personnel of the Materials Laboratory and of the Com-
puter Section of the Washington Department of Highways
have developed a program for the IBM 650 magnetic
drum data processing machine which will analyze a
given foundation problem in a matter of minutes. At
present the program wiil handle analyses of embank-
ment stability where the foundation is composed of as
many as 3 layers or strata of different material. Al-
though the present program is restricted to homogen-
eous embankments, suitable modifications should en-
abie it to handle any number of embankment or founda-
tion materials if they are placed or occur in a known
geometric pattern in the cross-section.

The following data are necessary for the machine
analysis: cohesion, angle of internal friction, and unit
weight of the soils involved; initial slope to be ana-
iyzed; thickness of the foundation soii strata; height of
embankment; and design safety factor.

The program may be used in two ways: (1) To in-
vestigate a given range of slopes, automatically ad-
vancing to the next flatter slope if the safety factor
against failure is found to be less than the predeter-
mined value; and (2) To investigate a range of slopes,
in individual analyses for each slope.

@ THE SWEDISH SLIP CIRCLE method of analyzing slope and embankment foundation
stability is based upon studies which have indicated that failures in slopes usually occur
along a cylindrical surface within the soil rather than along a plane surface, and that
rotation takes place about the center of the cylinder. Early work on this was done by
Petterson (1) and Fellenius (2) and later, D. R. May (3) who proposed the use of a plani-
meter in connection with a graphical solution of the problem. Tables and charts by
Fellenius, Tayior (4), and others were also developed to aid in solution of the problem,
using the ¢ circle modification.

In the past, the most common method of analysis made use of the graphical solution
of the problem. This approach, though simplified to a great extent, is a time-consum-
ing trial and error procedure which often lacks thorough analysis. The complex mathe-
matical capabilities of the electronic computers appeared to offer a method for further
simplifying the analysis.

At the suggestion of the Materials Laboratory, the Computer Section of the Washing-
ton Department of Highways initiated the development of a computer program for the
complete analysis of embankment foundation stability. It was intended that this pro-
gram would analyze all potential failure circles, or arcs, so that confidence in the
thoroughness of investigation could be realized. The potential saving in engineering
time was obvious from the start, and this point alone would justify the development of
the program.

Although time has not permitted as rigorous a check as might be desired, the com-
pleted program is thought to be thorough in its coverage. Computation of a single safety
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factor requires only 3 to 5 seconds. Complete analyses, involving many trials, may
take anywhere from 1 to 5 minutes. However, as might be expected, any computer
program which attempts to be all-inclusive, such as this one, has certain limitations,
most of which appear to be potentially insignificant at this time. The limitations are
covered in detail in a subsequent section.

METHOD OF ANALYSIS

It is not the intent of this paper to describe the theory of the Swedish Slip Circle
analysis, but to discuss its implementation through use of a medium size electronic
computer—in this particular case, the IBM 650.

The purpose of the program is to solve for the minimum safety factor for a desig-
nated slope, the safety factor being the ratio of the withholding force divided by the
tendency to "slip." For equilibrium, or a safety factor of 1. 0, the sum of the moments
about point ""0", the center of the revolving cylinder, must be equal to zero.

The determination of the minimum safety factor necessitates the investigation of a
series of circles until the circle is found with the conditions that yield the minimum
safety factor. This phase is ideally adapted to an electronic computer because of the
decisions that can be built in to a computer program. Programming techniques have
also made it possible to generate selected dimensions, by increments, which locate
and describe the circles investigated.

There are two general ways in which the program may be used.

1. By using certain code numbers, in this case a code 8, the computer will deter-
mine the minimum safety factor beginning with the steepest slope designated for analy-
sis. Computation of a safety factor less than 1. 0 will cause the program to branch and
investigate flatter slopes in succession until a minimum safety factor greater than 1.0
is found and punched out. Slopes of 1, 8:1, 2:1, 3:1, 4:1, 6:1, and 10:1 can be investi-
gated in the present program form. Others may be included, or substituted, if desired.

2. X the code number 9 is used, the minimum safety factor, regardless of value, is
punched out for each designated slope. Any slope flatter than 1:1 may be investigated
in this case.

A typical cross-section of an embankment resting on questionable foundation soils is
shown in Figure 1. The terminology of various dimensions used in the development of
equations for the computer solutions is shown thereon. The coordinates of the center
of the circle are represented by the distances A and B which are, respectively, the
lateral distance from the crest of the slope and the vertical distance from the top of
the embankment. All equations are in terms of A, B, R (the radius), the slope, and
the values which describe the thickness and properties of embankment and foundation
soil layers. The complete mathematical equations involved are shown in Appendix A,
together with explanatory notes and sketches showing their derivation.

The program has been set up to handle 4 soil layers, one of which is the embankment.
Input data and their significant figures consist of the following types of information:

W = Density, XXX lb/ft®

C = Cohesion, XXX lb/ft?

tan ¢ = Coef. of friction, . XXX

H = Height of fill or soil layers, XX.X ft

The following data are required for the problem:

1. Problem number;

2. Identification number to indicate method of analysis desired (automatic slope
change to a safety factor greater than 1, or safety factor for beginning slope), Code 8
or9;

3. Beginning slope;

4. Fill height (H,);

5. Unit weight, cohesion and tangent of angle of internal friction of fill material
(W1, Citand);
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tan ¢ = fan g,

Figure 1. Terminology used in computer solution of Swedish Slip Circle.

6. Depth, unit weight, cohesion and tangent of angle of internal friction of first
foundation soil layer (Hz, Wi, Ca tanéa);

7. Depth from ground surface to bottom of second foundation soil layer (Hs); unit
weight, cohesion and tangent of angle of internal friction of second foundation soil layer
(Ws, Cs, tanés);

8. Unit weight, cohesion, and tangent of angle of internal friction of third founda-
tion soil layer (W4, Cq4, tandas); and

9. Width of embankment to which analysis should be confined (CNTRL)

A sample input data form is shown in Appendix B, in conjunction with the sample
problem. It will be noted that as many as 3 foundation soil layers may be considered.
If the particular problem should not encompass that many foundation strata, only the
data for the layers involved need be entered, subject to the condition that the last layer
described automatically will be considered infinite in depth. For example, if the foun-
dation profile for any problem should consist of 30 ft of organic clay underlain by rela-
tively firm sand, which persists in depth beyond a point of concern, data for both the
clay and the sand should be entered, even if those for the latter have to be assumed.

The flow chart for the IBM 650 program is shown in Figures 2 through 5. The first
step of the calculation involves the computation of the initial values of A, B, and R
which define the first trial circle. The following empirical equations are used to ob-
tain these values:

A=A (H, + D) (1)
B - HlSa + 28D - 3H1 (2)
R=VYH: +B?+ (D - A)? +1 3)

in which
s = slope
H,: = ht of embankment
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These empirical equations give results such that the circle defined thereby will not in-
tersect the slope, will not pass beyond the control point (cntrl), and will penetrate a
minimum depth into the first foundation soil layer.

Using the initial values of R, A, and B together with the pertinent input data, a safety
factorforthefirst circleis calculated. The value of Ris then increased and another safety
factor computed. The second safety factoris comparedtothefirst, andif less, Risin-
creased again untila minimum safety factoris reached. Ifthe second safety factoris
greater thanthe first, the value of Ris decreased until a minimum safety factoris reached.
After Ris varied until a minimum safety factoris reached, Aisvaried, then BandR are
varied together inthe same manner. Withthe resultant values of R, A, and B, the entire
procedure is repeated until the safety factor found equals the previous safety factor, thus
establishinga minimum. This minimum safety factor, together with the related values
of R, A, and B, is stored in a special comparison area.

The program then checks to see if all foundation layers have been investigated. Since
the starting conditions are such that the upper foundation layer is investigated initially,
this check operation consists mainly of resetting the initial values of R, A, B so that
the circle passes into the second and/or third layer. The entire procedure is then re-
peated with these initial conditions, and the minimum safety factor resulting from all
the above calculations is punched out of the special comparison storage area along with
the radius and center coordinates of the circle providing this safety factor.

The above sequence of operations is followed in the calculation of the minimum
safety factor, regardless of value, for any one designated slope (code 9). In the auto-
matic operation (code 8) the same procedure is followed except that calculation of a
safety factor less than 1. 0 will cause the program to branch and investigate the next
flatter slope. This will continue until a minimum safety factor greater than 1.0 is
found or until a slope of 10:1 is investigated, whichever occurs first.

Output data consist of the problem number, the code number specifying the type of
analysis, the initial slope investigated, the slope for which the minimum safety factor
is calculated, the value of this safety factor, and the values of R, A, and B which
locate and describe the circle that provides this safety factor. The form used in tabu-
lating these data is shown in connection with the sample problem, Appendix B.

LIMITATIONS

It has been necessary to include certain limitations to the scope of the analysis.
First, the stratification of foundation soil layers must be essentially horizontal, or
capable of being represented so, for correct operation of the program.

A second limitation is that the circle should not intersect the slope. This does not
appear to be a serious limitation inasmuch as the weakest circle, or the circle with
the lowest safety factor rarely passes through the slope on a simple embankment cross-
section.

Another control point is the width of embankment to which the analysis should be con-
fined. Many limit the investigation to half the top width of the embankment. Since this
distance is a variable, provision is made for this point to be included in the input data.

At present the program is compatible with homogeneous fill material only. It is
not, as now constituted, capable of analyzing a heterogeneous embankment such as an
earth fill dam, nor will it handle the analysis of an embankment incorporating berms
in the cross-section. A modification to accomodate this latter feature is currently
underway.

Some difficulty is being experienced in efforts to apply the program to analyses of
embankments placed over a relatively thin layer of soft foundation soil, particularly
where this layer is underlain by a fairly firm material. Although the extent of this
limitation has not been pinpointed, it does appear that the program will be satisfactory
for all cases where the ratio of the effective embankment width to the thickness of the
soft foundation layer is less than 4. 0. When this ratio exceeds 4.0, it is probable that
the failure surface will be other than cylindrical. Such conditions should be analyzed
by other methods. Answers given by this program analysis are subject to possible
error in these cases, and should be checked in light of the above statements.
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Another limitation to the present program is that the water table cannot be above
ground surface. Modifications to handle this condition are also underway.

APPLICABILITY

In its present form the program is quite versatile. With very minor modifications,
it can be used to calculate a safety factor from a given set of coordinates defining any
desired circle—and can do so in less than 5 seconds. With the machine on automatic
operation, slight changes in the program can be made so that each safety factor cal-
culated, together with data on the slope and coordinates defining the circle, will be
punched out. This gives a check on the thoroughness of scanning.

This program should be a valuable aid to those who desire to construct tables or
charts for use in design or control of embankments. It will eliminate the long and
tedious calculations usually associated with this procedure.

The program provides a means of evaluating situations involving 3 different founda-
tion soil layers, which are often encountered in the work. Water table elevation is
considered as a foundation soil boundary since the effective weight of material below
this point is equal to the submerged weight. This, then, represents a change in soil
properties necessitating the consideration of this portion of the foundation soil as a
different material in the analysis.

CONCLUSION

It is felt that the program for use of the IBM 650 computer in analyzing embankment
foundation stability by the Swedish Slip Circle method will be of definite value to those
concerned with the design of embankment foundations. This program is available for
use and is offered to those who might desire it. It is hoped that it will serve as a
stepping stone to even more versatile programs for this analysis—programs brought
about by the modifications others will discover and incorporate to meet their particu-
lar needs.
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Appendix A
Equations
VR -B®
I = 6tand, W, f R-X*-B \/R’ - X% dx S = slope
V R - (H, + B)® F, = Wil
1772

R'- (& + B)’ Fa = WaHs + F,
I = 12 tands Wa (R? - X* - [H;+ B] \/R’ X% dx S
y B - (H: + Ha + B)? F”:Y’F(f"n’)
\ R*- (H: + Ha + B)? Ki = WiH, (A>D)
Is = 12 tans Ws /(R’-X’-[H1+H3+B]\/R'-X’)dx K =w, 2A-D
1 = 1 S
\/R’-(H,+H3+B)’ (A&D)
R - (H: + Hs + B)® m:‘%(A;D-A)
L= 12 tan ¢ Wy /(R‘ X' -[H, + Hs + B] VR - X*) dx CWipoa
--2 -
>A)

2 2
VR - +B) ED-A>A, N=

Ja=12tan¢s F, /\/R’-X’dx D-A M=A
\/R2 -'(H; + Ha + B)?

KEA>D-A, N=

VR - (H: + Hy + B)® A, M=D-A
Js = 12 tan¢s Fy /R - X" dx
\/R’-(H1+H3+B)z
-(H1+H3+B)
Ja=12 tan ¢4 Fs /\/ - X dx
\ R* - (H, + Hs + B)? VR® - (8, + Ha + B)®
G1=6K1 tan¢4 /\/Ra-XdX +tan¢3fVR2-X°dx
0 VR? - (H, + Hs + B)?

M
+ tan ¢z j\/ R - X0 dx

\/R’—(H,+H2+B)'

\/R‘- (H: + Hs + B)?* VR? - (H, + Hy + B)®
/ (A-X) VR -X dx +tands | (A-X) VR* - X° dx
M

VR® - (H, + Hs + B)?

Ge=6Ka| tang¢g

2 The limits of integration are as given if these values are<M. K a limit is>M, then
it is set equal to M.
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\IR‘ - (H, + B)? N
+ tanda / (A - XVR - X dx +tan¢1[ A-XVER - X? dx
VE® - (H, + Hz + B)? VE - H, + B)?

M. = W,H, [3 R’+3A(D-A)—3B(H1+B)—D2~H12]

D
-1VR® - B?

-1VR® - (H, + B)?

+ (2Ca2 - C;) Sin

M, = 6R* [cl Sin

R R
2 2 2 2
+2(Cs - Co) sin WV - (H‘R+ Ha+ B) | 3(Cq-Cy) Sin VR - (Hﬁ + Ha + B) ]

MF=I;+Iz+Ia+I4+Jg+J3+J4—Gl-Ga

DISCUSSION OF EQUATIONS

In the equations modified for computer use, all the forces are multiplied by 6R to
eliminate fractions and a number of divisions by R. This multiplication gives results
which are six times the moments due to these forces. The intergral giving M & whichis

six times the driving moment, can be easily evaluated to give the result shown above.
The frictional moment, however, cannot be explicitly presented as easily, so all

equations for the I, J and G integrals are left in integral form. The integrals are all

of the form: 6R cos 6 dW, or 6\7R’ - X* dW. The program initially considers the prob-

lem to have the geometrics shown in Figure 6(a). The regions with which each of the

|
I
|
|

————=T =

\
\
\
\
\
\
\
R
\
\
A
N P
\
\
1 _\]
\

s -

Figure 6.

b The limits of integration are as given if these values are 3 M and €N. If a limit is
<M, then it is set equal to M. If a limit is >N, then it is set equal to N.
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I and J integrals are associated, are labeled on this drawing. The shape of the embank-
ment cross-section in Figure 6(a) is equivalent (as far as friction forces are concerned)
to the shape in Figure 6(b). From this shape the G integrals (shown in Figure 6(c) are
subtracted, leaving the configuration shown in Figure 6(d), which is frictionally equiva-
lent to that shown in Figure 1—the usual embankment cross-section. Thus MF’ which

is 6 times the frictional moment, equals the sum of the I and J integrals, minus the sum
of the G integrals.

The cohesive force is calculated by multiplying the length of the arc by the cohesion
of the material through which the arc is passing. The sum of these products for each
materials considered is multiplied by 6R to obtain M . The formula for this is given
explicitly in the section, "Equations." ¢

The safety factor then equals:

(Mc + Mf)/Md

Appendix B

Sample Problem

Yellow - Brown Clay-Sand Water table
|8.= H| W| = 125 pCf o |2°

Ci = 7S0psf ton ¢=.213

2220 S22 S S IR ) S G T 7
Organic Grey Clay

|4'=H2 W, = 30 pcf @p- 0°
C, = 200psf tan go= O 30'=H,
Blue -Grey Clay-Silt
16 Wi : 40 pcf g3 = 8°
Csy = 250psf tan g =14l

Blue Fine Sand (firm)
Ws= 45 pcf P4 = 20°
C4 =100 psf tan g4 =.364
Figure 7. Sample problem.
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INPUT DATA
SLIP CIRCLE PROGRAM

8 -~ Punch values for safe slope only
8] 9 - Punch values for starting slope only
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" Second Layer Soil Prop. H Third Layer Soil Prop, Cntrl
2 W, ¢, [Tang, 3 W [ Tan g, ntri.

4
x x . x|x x x|x x xhx x "xIx xpxix x xfx x;xfx x x[{x x x|

32|33 /34]35 36'37 3839 |HOJUI42 |43 |44 [45N6|47 48 M50 |51 |52]|53 |54 b5 156 |57{58

{4 |0|o«4|olz2]s|o] I 4]t |3]|olo|ol4 |51 [o]lo)3 o (4|04 |5

OUTPUT DATA
SLIP CIRCLE PROGRAM
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HE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN-

CIL is a private, nonprofit organization of scientists, dedicated to the

furtherance of science and to its use for the general welfare. The
ACADEMY itself was established in 1863 under a congressional charter
signed by President Lincoln. Empowered to provide for all activities ap-
propriate to academies of science, it was also required by its charter to
act as an adviser to the federal government in scientific matters. This
provision accounts for the close ties that have always existed between the
ACADEMY and the government, although the ACADEMY is not a govern-
mental agency. :

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY
in 1916, at the request of President Wilson, to enable scientists generally
to associate their efforts with those of the limited membership of the
ACADEMY in service to the nation, to society, and to science at home and
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their
appointments from the president of the ACADEMY. They include representa-
tives nominated by the major scientific and technical societies, repre-
sentatives of the federal government, and a number of members at large.
In addition, several thousand scientists and engineers take part in the
activities of the research council through membership on its various boards
and committees.

Receiving funds from both public and private sources, by contribution,
grant, or contract, the. ACADEMY and its RESEARCH COUNCIL thus work
to stimulate research and its applications, to survey the broad possibilities
of science, to promote effective utilization of the scientific and technical
resources of the country, to serve the government, and to further the
general interests of science.

The HIGHWAY RESEARCH BOARD was organized November 11, 1920,
as an agency of the Division of Engineering and Industrial Research, one
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL.
The BOARD is a cooperative organization of the highway technologists of
America operating under the auspices of the ACADEMY-COUNCIL and with
the support of the several highway departments, the Bureau of Public
Roads, and many other organizations interested in the development of
highway transportation. The purposes of the BOARD are to encourage
research and to provide a national clearinghouse and correlation service
for research activities and information on highway administration and
technology.
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