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Project Description

The development of agriculture, the distribution
of food, the provision of health services, and the
access to information through educational ser-
vices and other forms of communication in rural
regions of developing countries a!l heavily de-
pend on transport facilities. Although rail and
water facilities may play important roles in cer-
tain areas, a dominant and universal need is for
road systems that provide an assured and yet
relatively inexpensive means for the movement
of people and goods. The bulk of this'need is for
low-volume roads that generally carry only 5 to
10 vehicles a day and that seldom carry as many
as 400 vehicles a day.

The planning, design, construction, and
maintenance of low-volume roads for rural re-
gions of developing countries can be greatly en-
hanced with respect to economics, quality, and
performance by the use of low-volume road
technology that is available in many parts of the
world. Much of this technology has been pro-
duced during the developmental phases of what
are now the more developed countries, and
some i¢ cortinually produced in both the less
and the more developed countries. Some of the
technology has been documented in papers, ar-
ticles, and reports that have been written by ex-
perts in the field. But much of the technology is

Descripcion del proyecto

En las regionss rurales de palses en desarrollo,
el desarrollo de la agricultura, ia distribucién de
viveres, la provisién de servicios de sanidad, y
el acceso a informacién por medio de servicios
educacionales y otras formas de comunicacién,
dependen en gran parte de los medios de trans-
porte. Aunque en ciertas areas los medios de fe-
rrocarril y agua desempefian un papel impor-
tante, existe una necesidad universal y domi-
nante de crear sistemas viales que provean un
medio asegurado pero relativamente poco cos-
toso para el movimiento de gente y mercancias.
La mayor parte de esta necesidad se soluciona-
ria con la construccién de caminos de bajo vo-
ldmen que generaimente moverian tnicamente
de 5 a 10 vehiculos por dfa y que pocas veces
moverfan tanto como 400 vehiculos por dfa.

El planeamiento, disefio, cunstruccién y man-
tenimiento de caminos de bajo voltimen para
regiones rurales de palses en desarrolio pueden
ser mejorados, con respecto al costo, calidad, y
rendimiento, por el uso de la tecnologla de ca-
minos de bajo volimen que se encuentra dispo-
nible en muchas partes del mundo. Mucha de
esta tecnologla ha sido producida durante las
épocas de desarrolio de lo que ahora son los
paises méas desarrollados, y alguna se produce
continuamente en estos palses asi como en Ics
paises menos desarrollados. Parte de Ia tecno-
logfa se ha documentado en disertaciones, artl-
culos, e informes que han sido escritos por ex-
pertos en el campo. Pero mucha de la tecnolo-
gfa no estd documentada y existe principal-
mente en la memoria de aquellos que han desa-

Description du projet

Dans les régions rurales des pays en voie de
développement, I'exploitation agricole, la distri-
bution des produits alimentaires, 'accés aux
services médicaux; I'accés aux matériaux et aux
marchandises, & l'information et aux autres ser-
vices, dépendent en grande partie des moyens
de transport. Bien que les transports par voie
ferrée et par voie navigable jouent un réle impor-
tant dans certaines régions, un besoin dominant
et universel éxiste d'un réseau routier qui puisse

assurer avec certitude et d'une fagon relative-
ment bon marché, le déplacement des habi-
tants, et le transport des marchandises. La plus
grande partie de ce besoin peut &tre satisfaite
par la construction de routes a faible capacité,
capables d'accommoder un trafic de 5a 10 vé-
hicules par jour, ou plus rarement, jusqu'a 400
véhicules par jour.

L'utilisation des connaissances actuelles en.-
technologie, qui sont accéssibles dans beau- -
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undocumented and exists mainly in the minds of
those who have deveioped and applied the
technology through necessity. In either case,
existing knowledge about low-volume road
technology is widely dispersed geographically,
is quite varied in the language and the form of its
existence, and is not readily available for appli-
cation to the needs of developing countries.

In October 1977 the Transportation Research
Board (TRB) began this 3-year special project
under the sponscrship of the U.S. Agency for In-
ternational Development (AID) to enhance rural
transportation in developing couniries by provid-
ing improved access to existing information on

the planning, design, construction, and mainte-
nance of low-volume roads. With advice and
guidance from a project steering committee,
TRB defines, produces, and transmits information
products through a network of correspondents in
developing countries. Broad goals for the ulti-
mate impact of the project work are to promote
effective use of existing information in the
economic development of transportation infra-
structure and thereby to enhance other aspects
of rural development throughout the world.

In addition to the packaging and distribution
of technical information, personal interactions
with users are provided through field visits, con-

rrollado y aplicado la tecnologfa por necesidad.
En cuaiquier caso, los conocimientos en exis-
tencia sobre la tecnologia de caminos de bajo
volimen estan grandemente esparcidos geogra-
ficamente, varian bastante con respecto al idio-
ma y su forma, y no se encuentran facilmente
disponibles para su aplicacién a las necesida-
des de los palses en desarrollo.

En octubre de 1977 el Transportation Re-
search Board (TRB) comenzd este proyecto es-
pecial de tres afos de duracién bajo el patroci-
nio de la U.S. Agency for International Develop-
ment (AID) para mejorar el transporte rural en
los palses en desarrollo acrecentando la dispo-

nibilidad de la informacidn en existencia sobre
el planeamiento, disefio, construccion, y man- -
tenimiento de caminos de bajo volimen. Con el
consejo y direccién de un comité de iniciativas

~ para el proyecto, el TRB define, produce, y

transmite productos informativos a través de una
red de corresponsales en palses en desarrollo.
Las metas generales para el impacto final del
trabajo del proyecto son la promocién del uso
efectivo de la informacién en existencia en el
desarrollo econémico de la infraestructura de
transporte y de esta forma mejorar otros aspec-
tos del desarrollo rural a través del mundo.
Ademas de la recoleccion y distribucién de la

coup de pays, peut faciliter I'étude des projets
de construction, tracé et entretien, de routes a
faible capacité dans les régions rurales des
pays en voie de développement, surtout en ce
qui concerrie |'économie, la qualité, et la perfor-
mance de ces routes. La majeure partie de cette
technologie a été produite durant la phase de
développement des pays que I'on appelle main-
tenant développés, et elle continue a étre pro-

duite & la fois dans ces pays et dans les pays en _ .-
voie de développement. Certains aspects de .+

cette technologie ont été documentés dans des
articles ou rapports écrits par des experts. Mais
une grande partie des connaissances n'existe
que dans I'esprit de ceux qui ont eu besoin de
développer et appliquer cette technologie. De
plus, dans ces deux cas, les écrits et connais-
sances sur la technologlp des routes a faible
capacité, sont dispersés géographiquement,
sont écrits dans des langues différentes, et ne
sont pas assez aisément accessibles pour étre

appllqués aux besoins des pays en v0|e de dé-
veloppement.. .

En octobre 1977. le Transportatlon Research
Board (TRB) initia ce projet, d'une duré de 3 ans,
sous le patronage de I'U.S. Agency for Interna-
tional Development (AID), pour améliorer le tran- .
sport rural dans les pays en voie de dévelop-
pement, en rendant plus accessible la docu-
mentation existante sur la conception, le tracé, .
la construction, et I'entretien des routes a faible
capacité. Avec le conseil, et sous la conduite
d’'un comité de direction, TRB définit, produit, et
transmet cette documentation a I'aide d'un ré-
seau Je correspondants dans les pays en voie
de développement. Nous espérons que le résul-
tat final de ce projet sera de favoriser I'utilisation
de cette documentation, pour aider au déve!op-
pement économique de l'infrastructure des tran-
sports, et de cette fagon mettre en valeur d'au-
tres aspects d' exploutatlon rurale a travers le
monde. -



ferences in the United States and abroad, and
other forms cf cornmunication.

Steering Committee

The Steering Committee is composed of experts
who have knowledge of the physical and social
characteristics of developing countries, know!-
edge of the needs of developing countries for
transportation, knowledge of existing transporta-
tion technology, and experience in its use.
Major functions of the Steering Committee are
to assist in the definition of users and their
needs, the definition of information products that
match user needs, and the identification of in-
formational and human resources for develop-
ment of the information products. Through its

membership the committee provides liaison with
project-related activities and provides guidance
for interactions with users. In general the Steer-
ing Committee gives overview advice and direc-
tion for all aspects of the project work.

The project staff has responsibility for the pre-
paration and transmittal of information preducts,
the development of a correspondence network
throughout the user community, and interactions
with users.

Information Products

Three types of information products are pre-
pared: compendiums of documented informa-
tion on relatively narrow topics, syntheses of
knowledge and practice on somewhat broader

_informacién técnica, se provee acciones reci- -
procas personales con los usuarios por medio
de visitas de campo, conferencias en los Esta-
dos Unidos de Norte América y en el extranjero,
y otras formas de comunicacion.

Comité de Iniclativas

El comité de iniciativas se compone de exper-
tos que tienen conocimiento de las caracteristi-
cas fisicas y sociales de los paises en desarro-
llo, conocimiento de las necesidades de trans-
porte de los palises en desarrollo, conocimiento
de la tecnologfa de transporte en existencia, y
experiencia en su uso.

Las funciones importantes del comité de ini-
ciativas son las de ayudar en la definicién de
ysuarios y sus necesidades, de productos in-
formativos gue se asemejan a las necesidades
del usuario, y la identificacion de recursos de

conocimientos y humanos para el desarrollo de -
los productos informativos. A través de sus
miembros el comité provee vinculos con activi-
dades reiacionadas con el proyecto y también
una guia para la interaccion con los usuarios. En
general el comité de iniciativas proporciona
consejos y direccién general para todos los as-
pectos del trabajo de proyecto.

El personal de proyecto es responsable de la
preparacisn y transmisién de los productos in-
formativos, el desarrolio de una red de corres-
ponsales a través de la comunidad de usuarios,
y la interaccién con los usuarios. .

vii

Productos informativos

Se preparan tres tipos de productos informati--
vos: los compendios de la informacién docu-
mentada sobre temas relativamente limitados, la
sintesis del conocimiento y practica sobre temas

En plus de la dissémination de cette docu-
mentation technique, des visites, des conféren-
ces aux Etats Unis et & I'étranger, et d'autres
formes de communication permettront une inte-
raction constante avec les usagers.

Coinlté de direction

-Le comité de direction est composé d'experts
quiont & la fois des connaissances sur les ca-
ractéristiques physiques et sociales des pays en
voie de développement, sur leurs besoins au
point Jde vue transports, sur la technologie ac-
tuelle des transports, et ont aussi de I'expé-
rience quant a I'utilisation pratique de cette .
technologie. :

Les fonctions majeures de ce comité sont
d'abord d'aider & définir les usagers et leurs be-
soins, puis de définir leurs besoins en matiare

de documentation, et d'identifier les ressources
documentaires et humaines nécessaires pour le
développement de cette documentation. Par I'in-
termediaire des ses membres, le comité pourvoit
a la liaison entre les différentes fonctions relati-
ves au projet, et dirige I'interaction avec les
usagers. En général, le comité de direction
conseille et dirige toutes les phases du projet.

Notre personnel est responsable de la prépa-
ration et de la dissémination des documents, du
développement d'un réseau de correspondants
pris dans la communauté d'usagers, et de l'inte-
raction avec les usagers.

La documentation

Trois genres de docume'nts‘ soht prepgré_s: des
recueils dont le sujet est relativement limité, des
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subjects, and proceedings of low-volume road
conferences that are totally or partially sup-
ported by the project. Compendiums a:e pre-
pared by project staff at the rate of about 6 per
year, consultants are employed to prepare
syntheses at the rate of 2 per year. At least one
conference proceedings will be published dur-
ing the 3-year period. In summary, this project
aims to produce and distribute between 20 and
30 publications that cover much of what is
known about low-volume road technology.

Interactions With Users

A number of mechanisms are used to provide in-
teractions between the project and theruser

community. Project news is published in each
issue of Transportalion Research News. Feed-
back forms are transmitted with the information
products so that recipients have an opportunity
to say how the products are beneficial and how
they may be improved. Through semiannual vis-
its to developing countries, the project staff ac-
quires first-hand suggestions for the project
work and can assist directly in specific technical
problems. Additional opportutities for interaction
with users arise through international and in-
country conferences in which there is project
participation. Finally, annual colloquiums are
held for students from developing countries who
are enrolled at U.S. universities.

un poco mas amplios, y los expedientes de
conferencias de caminos de bajo volimen que
estan totalmente o parcialmente amparados por
el proyecto. El personal de proyecto prepara los
compendios a razén de unos 6 por afo; se utili-
zan consultores para preparar las sintesis a
razén de 2 por ario. Se publicara por lo menos
un expediente de conferencia durante el pe-
riodo de tres afios. En breve, este proyecto pre-
tende producir y distribuir entre 20 y 30 publica-
ciones que cubren mucho de lo que se conoce
de la tecnologfa de caminos de bajo volumen.

Interaccion con los usuarios

Se utilizan varios mecanismos para proveer las
interacciones entre el proyecto y la comunidad
de usuarios. Se publican las noticias de! pro-

yecto en cada edicién de la Transportation Re-
search News. Se transmiten, con los productos
informativos, formularios de retroaccién para
que los recipientes tengan oportunidad de decir
como benefician los productos y c6mo pueden
ser mejorados. A través de visitas semianuales a
los palses en desarrollo, el personal del pro-
yecto adquiere directamente de fuentes origina-
les sugerencias para el trabajo del proyecto y
puede asistir directamente en problemas técni-
cos especificos. Surgen oportunidades adicio-
nales para la interaccion con los usuarios a tra-
vés de conferencias internacionales y naciona-
les en donde participa el proyecto. Finalmente,
se organizan dialogos con estudiantes de pal-
ses en desarrollo que estan inscriptos en uni-
versidades norteamericanas. :

synthéses de connaissances et de pratique sur
des sujets beaucoup plus généraux, et finale-
ment des comptes-rendus de conférences sur
les routes & faible capacité, qui seront organi-
sées complétement ou en partie par notre projet.
Environ 6 recueils par an sont preparés par no-
tre personnel. Deux synthéses par an sont écri-
tes par des experts pris a I'extérieur. Les
comptes-rendus d'au mains une conférence se-
ront écrits dans une période de 3 ans. En ré-
sume, I'objet de ce projet est de produire et dis-
séminer entre 20 et 30 documents qui couvriront
I'essentiel des connaissances sur la technologie
des routes a faible capacité.

Interaction avec les usagers

Un certain nombre de mécanismes sont utilisés
pour assurer l'interaction entre le personnel du

projet et la communauté d'usagers. Un bulletin
d'information est publié dans chaque numéro de
Transportation Research News. Des formulaires
sont joints aux documents, afin que les usagers
aient I'opportunité de juger de la valeur de ces
documents et de donner leur avis sur les
moyens de les améliorer. Au cours de visites
semi-annuelles dans les pays en voie de déve-
loppement notre personnel obtient de premiére
main des suggestions sur le bon fonctionnement
du projet et peut aider & résoudre sur place cer-
tains problémes techniques spécifiques. En ou-
tre, des conférences tenues soit aux Etats Unis,
soit & I'étranger, sont I'occasion d'un échange
d'idées entre notre personnel et les usagers.
Finalement, des colloques annuels sont or-
ganisés pour les étudiants des pays en voie de
développement qui étudient dans les universités
américaines. : :
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Overview
Background and Scope

Slope stabilization is the prevention of slope
movement. Compendium 13 considers three
types of slopes — natural slopes, cut slopes, and
fill slopes.

Landslide is the term most commonly used to
describe the failure of a natural slope. A land-
slide is the downward and outward movement of
the slope-forming materials — natural rock, soils,
artificial fills, or combinations of these materials.
In fact, the term landslide is generic and is used
. to describe different types of movements, such

as slides, flows, and falls, by various types of
materials. The stabilization of slopes, either natu-
ral or man-made, first requires the identification

of (a) the type of material involved, (b) the type
of movement that has occurred or is anticipated, -
and (c) the cause(s) for the loss of stability that
precedes actual failure.

The cut slope that remains after some existing
material has been removed is the second type of
slope considered. These slopes fail for the same
technical reasons as do natural slopes. These
failures can also be broadly termed landslides.
Cut-slope failures are much more common than
those of natural slopes because the physical act
of removal of material tends to upset the equilib-
rium of the soil in its natural state.

The embankment or fill slope, the third type of

Vista General

Antecedentes y alcance

La estabilizacién de taludes es la prevencién de
sus movimientos. El Cornpendio 13 considera
tres tipos de taludes — naturales, de corte y de
relleno.

El término deslizamiento es el que comun-
mente se utiliza para describir la falla de un
talud natural. Un deslizamiento es el de-
splazamiento hacia abajo y hacia afuera de los
materiales que forman el talud — piedra natural,
suelos, rellenos artificiales, o combinaciones de
las mismas. Se podrfa decir que el término de-

slizamiento es genérico, y que se utiliza para
describir distintos tipos de desplazamientos,
tales como deslizamientos, flujos, y caldas, por
parte de varios tipos de materiales. En la es-
tabilizacién de taludes naturales o hechos por el
hombre, lo que primero se necesita es la iden-
tificacion de (a) el tipo de material de que se
trata, (b) el tipo de movimiento que ha ocurrido
0 que se anticipa, y (c) la causa o causas de la
pérdida de estabilizacion que precede la falla
misma.

Exposé

Historique et description

La stabilisation des talus est la prévention de
leurs déplacements. Dans le recueil no. 13, trois
sortes de talus sont examinées, les versants na-
turels, les déblais et les remblais.

“Glissement de terrain" est le terme couram-
ment utilisé pour décrire la rupture d'un versant
naturel. Un glissement de terrain est le mouve-
ment vers le bas et vers I'extérieur des maté-
riaux qui composent le versant— soient-ils des
roches, des sols, des rembilais de terrains d'ap-
port, ou certaines combinaisons de ces maté-
riaux. En fait, le terme “glissement de terrain” est
un terrne générique, et est utilisé pour la des-
cription de différentes sortes de mouvements:
glisscments, fluages et chdtes de différents ty-

pes de matériaux. La stabilisation des talus, na-
turels ou artificiels, demande tout d’abord I'iden-
tification: (a) du type de matériau en question,
(b) du type de mouvement qui a lieu ou qui est
anticipé, et (c) de la ou les causes de la perte
de stabilité qui précéde la rupture méme.

Le talus de déblai qui reste aprés que I'on a
enlevé une certaine partie du matériau, est le
second type de talus que nous allons considé- -
rer. Les mémes raisons techniques sont la
cause de la rupture de ces talus et de la rupture
des versanis naturels. Ces ruptures, d’une fagon
générale, peuvent étre designées comme glis-
sements de terrain. Les ruptures des talus de
déblai sont beaucoup plus communes que cel-



slope considered, is man-made. Under normal
conditions (i.e., using suitable materials and
proper placement and compaction of that mate-
rial), fill slopes experience fewer failures than do
cut slopes. Fills or embank: nents most com-
monly fail because of (a) erosion, (b) the natural
drainage is blocked when an impermeable fill is
constructed on a sidehill without underdrainage,
(c) the soft material on which the fill has been
constructed fails, displacing the fill downward,
or (d) the fill itself starts to move down a natural
slope. Fill-slope failures and fill failures are due
to the same technical reasons as those for natu-
ral or cut slopes.

Tnese same technical reasons contribute to
the collapse of trench excavations (i.e., the walls
fail) — either in fills, natural ground, or a combi-
nation of both.

The consideration of slope stability, therefore,
encompasses all rock and soil found in or near a
low-volume road. Gravity is the driving force for
all landslides; ali material is in a state of unsiable
equilibrium when it lies cn a slope. An under-
standing of the basic mechanics ot analyzing
the materials at hand will assist the low-volume
road engineer in determining what preventive or
corrective measures are necessary to counter
changes in soil equilibrium due to reductions in
resistance values or increases in shearing
stresses. This type of analysis should be used
for proper route and materials selection and for
determining proper construction methods. It will
assure that the road is constructed at a miinimum
cost, or that the most economic solution will be
found for slopes that fail during or after construc-
tion.

El segundo tipo de talud que se considera es
el de corte, que queda después de que se haya
quitado algun material. Estos taludes fallan por
las mismas razones técnicas que los naturales.
En términos generales estas fallas también
pueden ilamarse deslizamientos. Ocurren més a
menudo que aquellos de taludes naturales, ya
que la accién de quitar material tiende a trastor-
nar el equilibrio del suelo en su estado natural.

El tercer tipo de talud a considerar, el de re-
lleno, es hecho por el hombre. Bajo condiciones
normales (es decir, si se utilizan materiales
adecuados y se los coloca y compacta bien)
tales taludes sufren menos fallas que los ccr-
tados. Generalmente fallan a causa de (a) aro-
sion, (b) el drenaje natural obstrufdo por un re-
lleno impermeable colocado sobre un talud de
deslizamiento sin subdrenaje, (c) la falla del ma-
terial blando sobre el que se construyé el terrap-
len desplazando éste hacia abajo, o (d) el re-

. lleno mismo, que empieza a deslizarse sobre un

talud natural. Les fallas de taludes de relleno y
de rellenos son debidas a las mismas razones
técnicas que aquellas de taludes naturales o
cortados.

Estas mismas razones técnicas contribuyen al
colapso de excavaciones de zanjas (donde fal-
lan las paredes) — en rellenos, suelo natural, o
una combinacién de ambos.

Por lo tanto, la consideracioén de la estabilidad
de taludes incluye toda roca y suelo que se en-
cuentre dentro o cerca de un camino de bajo
volumen. La gravedad es la fuerza de impulso
para todo deslizamiento; todo material se en-
cuentra en estado de equilibrio inestable
cuando esta sobre una pendiente. Un enten-
dimiento de la mecénica basica para analizar
los materiales a mano ayudara al ingeniero de
caminos de bajo volumen a determinar qué
medidas correctivas o preventivas son

les des versants naturels, car le simple acte
d'enlever du matériau a tendance & bouleverser
I'équilibre du sol dans son état naturel.

Le talus de remblai, le troisi¢me genre de ta-
lus que nous allons examiner, est artificiel.
Quand les conditions sont normales (c'est & dire
quand on utilise des matériaux adéquats placés
et compactés correctement), il y a moins de rup-
tures dans ces talus que dans les talus de dé-
blai. Les ruptures de talus de remblai sont cau-
sées, la plupart du temps, par (a) 'érosion, (b) le
drainage naturel qui est bloqué quand on cons-
truit un remblai impermiéable sur un versant de
colline sans drainage souterrain, (c) il y a rup-
ture du matériau mou sur lequel on a construit le
remblai, ce qui cause le glissement par le bas

de celui-ci, ou (d) le remblai lui-méme
commence a glisser le long d'une pente natu-
relle. Les ruptures des talus de remblai, et des
remblais eux-mémes, sont ddes aux mémes
conditions techniques que celles des talus de
déblai et des versants naturels.

Ces mémes raisons contribuent a I'effondre-
ment des tranchées (les murs s'effondrent) soit
de remblais, de sol naturel, ou de !a combinai-
son des daux.

L'étude de la stabilité des talus donc inclut
tous les sols et roches Gui se trouvent sur une
route économique, ou & ses alentours. La gravité
est la force dominante de tous les glissements
de terrain; le matériau est dans un état d'équili-
bre instable quand il est placé sur une pente. La



Water is one of the major causes of slope fail-
ures. The entire subject of erosion control is an
integral part of slope stabilization as are many
facets of arainage design. Texts that are relaled
to the problem of slope stabilization appear in
Compendium 2, Drainage and Geolo jical Con-
siderations in Highway Location; Compendium
3, Small Drainage Structures;, Compendium 5,
Roadslide Drainage; Compendium 6, Investiga-
tion and Development of Material Resources;
and Compendium 9, Control of Erosion. Thus,
Compendium 13 stresses other slope stability
problems and solutions rather than detailed
methods of preventing surface erosion. Although
this compendium does not attempt to repeat soil

information introduced in previous compen-
diums, such information is also critical to the
analysis of slope stability.

This compendium is directed to the general
highway engineer. Slope movement is a com-
plex phenomenon that is often poorly under-
stood by the nonspecialist. The texts were
selected to present the basic principles of slope
stabilization and to provide general approaches
to the cerrection of the more common slope
stabilization problems. The proper solution for
complex stabilization problems requires a depth
of knowledge and experience that is beyond the
scope of this comperidium. The prudent high-
way engineer will call on an expert for assis-

necesarias para combatir cambios en el equilib-
rio del suelo, debidos a reducciones en los val-
ores de resistencia 0 aumentos en el esfuerzo
cortante. Este tipo de analisis se debera utilizar
para una correcta ubicacién del trazado y
seleccion de los materiales y para determinar el
método correcto de construccion. Asegurara
que el camino se construira a costo minimo, o
que se podra encontrar la solucién mas eco-
ndmica para los taludes que fallan durante o
después de la construccion.

Una de las causas principales de falla es el
agua. El tema completo de control de la erosién
es una parte integra de la estabilizacion de
taludes, al igual que muchos de los aspectos
del diserio de drenaje. Por lo tanto, el Compen-
dio 2: Consideraciones de drenaje y geologicas
en la ubicacion del camino, el Compendijo 3:

Pequenas estructuras de drenaje, el Compen-
dio 5: Drenaje del borde de la carretera, el
Compendio 6: Investigacion y desarrollo de re-
cursos de materiales, y Compendio 9: Control
de erosién, contienen textos que se relacionan
con el problema de estabilizacién de taludes.
PPor lo tanto, el Compendio 13 subraya otros
problemas y soluciones en la estabilizacién de
taludes, en vez de presentar métodos detal-
lados para la prevencién de la erosién de la
superficie. Aunque este compendio no intenta
repetir la informacién sobre suelos presentada xill
en compendios previos, esta informacién tam-
bién es importante para el andlisis de la es-
tabilizacion de taludes.

Este compendio se dirige al ingeniero vial
general. El desplazamiento de taludes es un
fenémeno complejo y muchas veces el que no

compréhension du mécanisme de base de I'ana-
lyse des matériaux qu'il a sous la main, aidera
l'ingénieur routier de routes a faible capacité a
déterminer quelles actions, preventives ou cor-
rectives, sont nécessaires pour parer aux chan-
gements d'équilibre du sol dis aux réductions
des valeurs de résistance, ou aux augmenta-
tions des tensions de cisaillement. Ce genre
d'analyse devrait étre utilisé pour le choix du
tracé de la route et des matériaux, et pour la dé-
termination de méthodes de construction correc-
tes. On aura ainsi l'assurance que la route sera
construite & un coGt minimal, ou qu’'on trouvera
la solution la plus économique a la rupture des
talus, pendant ou aprés la construction.

L'eau est I'une des raisons majeures de rup-
ture de talus. Tout ce qui comprend le contréle
de I'érosion et beaucoup d'aspects du drainage,
font partie intégrale de la stabilisation des talue.
C'est pourquoi les recueils no. 2, Consldérations
sur les facteurs de drafnage et de géologie qui

influencent le choix de I'emplacement d'une -
route; no. 3, Peltits ouvrages de drainage; no. 5,
Drainage des bas-cotés de la route; no. 6, In-
vestigation et développement des gisements de
matériaux routiers; et no. 9, Contrble de I'érosion
contiennent des lextes qui sont apparentés au
probléme de la stabilisation des talus. Dans ce
recueil no. 13, on porte une attention spéciale a
d'autres problémes de stabilité des talus et &
leurs solutions, plutdt que de s'étendre en détail
sur les méthodes de prévention de I'érosion de
surface. Dans ce recueil nous n'allons pas non
plus essayer d'enseigner de nouveau certains
aspects de la pédologie, ainsi que nous I'avons
fait dans des recueils précédents, mais nous in-
sistons sur e fait qu'une bonne connaissance
de ceux-ci est cruciale pour analyser correcte-
ment la stabilité des talus.

Ce recueil est écrit A I'intention de l'ingénieur
routier généraliste. Le déplacement des talus est

" un phénomeéne trés complexe, qui n'est souvent
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tance when analyzing slope stabilization prob-
lems that are unusual, expensive, or dangerous
to human life.

Rationale for This Compendium

Slope stabilization is a problem that is inherent
throughout all phases of highway work. The solu-
tion to slope stebilization problems begins with
the ability to identify the types of materials in-
volved and the associated modes of failure that
can occur in these materials. Once the mechan-
ics of evaluating slope stabilization problems are
understood, the solution of possible or actual in-
dividual slope failures becomes a matter of eco-
nomics. Slope stability evaluations should take
place not only during preliminary road location
but also during actual design, during construc-
tion of the road, and, as necessary, during the
life of the road.

The first evaluation of slope stabilization prob-

lems should occur as part of the initial road loca-
tion decision. (See Compendium 2, Selected
Text 9—Landslide Investigations: A Field Hand-
book for Use in Highway Lozation and Design.)
it is in this phase that the economics of
avoidance of unstable areas is most attractive.
Avoidance may also be the most economic al-
ternative during 'ater phases (i.e., during design
or because of fa.lures during or after construc-
tion). However, the highest economic benefit will
obviously occur if the avoidance solution is eval-
uated and selected as soon as possible.

The second evaluation of slope stabilization
problems should occur during the detailed de-
sign of the road. At this time, localized slope
stability evaluations can be made. The proper
side slopes can be determined for the materials
on site, and control measures such as retaining
walls can be most economically planned. Note
that further economic benefits can be realized
during this design evaluation period by the

sea especialista no lo comprende perfec-
tamente. Los textos fueron seleccionados para
presentar los principios basicos de estabiliza-
cion de taludes y para proveer métodos
generales para la correccion de los problemas
mas comunes de estabilizacién. La correcta so-
lucién para los problemas de estabilizacion méas
complejos requiere un conocimiento profundo y
experiencia extensa que estadn mas all4 del al-
cance de este compendio. El ingeniero vial
prudente, al enfrentarse con el anélisis de un
problema de estabilizacién que es caro, peli-

groso, o0 poco comun, consultara conun '
experto en la matena .

Exposicion razonada para este
compendio

La estabilizacion de taludes es un problema in-
herente a todas las etapas de trabajo vial. La so-
lucién para estos problemas comienza con la .
habilidad de identificar los tipos de materiales
involucrados y los modos asociados de falla que
los acomparan. Una vez que se ha compren-

pas trés bien compris de ceux qui n'ont pas
regu de specialisation en ce sujet. Nos textes
ont été choisis pour présenter les principes de
base de la stabilisation des talus, et pour fournir
une approche générale & la correction des pro-
blémes les plus communément rencontrés. La
solution correcte de problémes complexes de
stabilisation demande une connaissance pro- -
fonde de ce sujet, conjuguée avec une longue
expérience pratique — et ceci dépasse l'enver-
gure de notre recueil. L'ingénieur routier prudent
demandera I'aide d'un expert en la matiere s'il
doit analyser des problémes de stabilisation

de talus qui sont inhabituels, trés onéreux, ou qui
risquent de metre en danger des vies humaines.

Objectif de ce recueil

La stabilisation des talus est un problémé qui se
pose a toutes les phases de la construction rou-

tiére. Pour pouvoir résoudre ce probléme il faut
d'abord étre capable d'identifier les types de
matériaux avec lesquels on va devoir travailler et
leurs modes de rupture. Une fois que I'on a bien
saisi la technique d'évaluation des problémes
de stabilisation des talus, la résolution de ces
problémes, potentiels ou actuels, devient une
question économique. Les évaluations de la
stabilité des talus devraient étre envisagées, non
seulement au stade du tracé préliminaire de la
route, mais aussi aux stades de la conception et
de la construction et, le cas écheant, pendant
toute la vie de la route.

La premiére évaluation du probléme devrait
prendre place au moment ou I'on va décider le
tracé initial de la route (voir Recueil no. 2, Texle
choisi 9: Etudes de glissements de terrain: Un
manuel pour le dimensionnement et I'emplace-
ment des routes). C'est a ce stage que la déci-
sion d'éviter les endroits instables est la plus-



proper determination of side slope angles based
on stability criteria rather than on the ac-
ceptance of arbiirary “standard” side slopes
often indicated on “typical cross sections.”

The third evaluation of slope stabilization prob-
lems should occur during the construction
phase. Material types may prove to be different
than anticipated, and signs of seasonal (inder-
ground water flows or fluctuating water tables
may be-uncovered. These conditions should be
evaluated as soon as they are identified be-
cause the cost to solve such potential slope sta-
bility problems before they occur will be much
less than that to correct subsequent failures.

~ The fourth evaluation of slope stabilization
problems occurs after construction is finished —

when either signs of distress appear or a slope
actually fails. Again, it is more economic and
safer to solve these problems when the first
signs appear rather than after the subsequent
failure.

The evaluation of slope stability is made by
determining the factor of safety of a slope (i.e.,
the ratio of the shearing resistance to the welght
of the sliding mass). The factor of safety is 1 just
before slope failure. Slopes may therefore be
stabilized by increasing shearing resistance or
reducing shear stress. Most cut slopes are least
stable immediately after the cut is made but may
fail at any time if moisture conditions become -
more severe than anticipated. Fill slopes nor-
mally fail quite a wtiile after the fill has been

dido la mecanica de evaluacién de los prob-
lemas de estabilizacién, la solucién de fallas in-
dividuales, potenciales o actuales, se vuelve
asunto de costo. No s6lo se deberan llevar a
cabo evaluaciones de estabilidad de taludes
durante la ubicacién preliminar del camino, sino
también durante el disefio actual, durante la
construccién del camino, y cuando sea
necesario durante la vida util del camino.

La primera evaluacién de problemas de esta-
bilizacién debera ocurrir como parte de la deci-
sion inicial de ubicacion del camino (véase
. Compendio 2, Texto Seleccionado 9, Investiga-
clones de derrumbes: Un manual de campaha
para uso en el diseho y ubicacién de carrete-
ras). Es en esta etapa que la sensatez econé-
mica de evitar areas inestables es mas atractiva.

Evitacién también podria ser la alternativa mas
econdmica durante fases posteriores (es decir,
durante el disefio o por fallas durante o después
de la construccién). Es obvio que el beneficio
econémico mas grande ocurrird cuando la solu-
cion de evitacion se evalta y selecciona lo méas
pronto posible.

La segunda evaluacién de los problemas de
estabilizacion de taludes deberd ocurrir durante
el diserio detallado del camino. Es en esta etapa
que se pueden llevar a cabo las evaluaciones
locales de estabilidad de taludes. Se pueden

‘determinar los correctos taludes laterales para

los materiales en situ, y las medidas de control,-
tales como muros de contencién, pueden ser
planeadas en forma mds econdmica. Debera
notarse que se pueden realizar mas beneficios

attrayante du point de vue économique. Cette
décision peut étre aussi l'alternative la plus éco-
nomigue durant les phases ultérieures du projet
(conception, dimensionnement, ou au moment
de ruptures pendant ou apres la construction.
Cependant le plus tét on evalue le probléme et
la décision est prise, le plus important sera -
I'avantage économique.

La seconde évaluation du probléme devra

prendre place au moment du dimensionnement *

detaillé de la route. C'est en effet & cette période
que l'on peut évaluer localement la stabilité des .
talus. Les pentes correctes peuvent étre déter-
minées en fonction des matériaux en place, et
des mesures de contrfle, telles que les murs de
soutenement par exemple, peuvent étre proje-
tées beaucoup plus économiquement. Il faut
bien remarquer aussi que le prix de revient peut
étre encore plus diminué si I'on a soin, pendant
cette évaluation, de calculer les angles des pen-
tes en se basant sur les critéres de stabilité, plu-

tot qu'en acceptant des “normes" arbitraires
basées sur des “sections transversales

typiques”.

La troisiéme évaluation des problémes de
stabilisation des talus devrait avoir lieu lors de Ia
construction elle-méme. Les matériaux peuvent
étre différents de ceux qui étaient anticipés, et
I'on peut découvrir des marques indiquant la
présence de courants saissonniers d'eau sou-
terraine ou de fluctuations de la nappe phré-
atique. On devrait évaluer ces conditions aussi-
tét que possible aprés leur identification, car il
est beaucoup moins onéreux de résoudre ces
problémes potentiels avant que le dommage ne
soit fait, que de réparer les ruptures.

La quatriéme évaluation des problémes de
stabilité des talus, a lieu quand la construction
est terminée — s'il est apparent qu'il va y avoir
rupture ou s'il y a rupture. De nouveay, il est
beaucoup plus économique de résoudre ces
problémes dés I'apparence des premiers
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completed unless the cause is foundation fail-
ure, in which case the fill subsides soon after it is
completed. Fill slopes normally fail from their
own weight rather than from the weight of the
vehicles using the road.

Slope stabilization problems in engineering
soils can be divided into two basic types, de-
pending on the influence of the height of the
slope on its stability. Cohesionless material de- -
pends on mechanical strength that increases
with the normal component of the weight (one
reason for the compaction of granular fills).
Therefore, any slope of cohesionless material
that is at a flatter angle than the angle of internal
friction will be stable regardless of the height of
the slope. However, if high ground water is
present in coarse-grained material, one-half the
angle of internal friction is normally considered

as the stability limit. Cohesive soil, on the other
hand, depends on attraction between soil parti-
cles and moisture, which are independent of the
soil's weight. Stability in cohesive soil is depen-
dent mainly on the steepness and height of the
slope and the shear strength of the soil. Cohe-
sive soil may suffer (a) slope failure where the
bottom of the curved failure plane is located at
or above the toe of the slope or (b) base failure
where the face of the curved failure plane is tan-
gent to some less-yielding surface below the toe
of the slope, in which case the intersection of the
failure plane with the surface occurs beyond the
toe of the slope. (These types of failure are illus-
trated on Selected Text page 36.) Slopes in
mixed soils, i.e., soils that are neither purely

‘cohesionless nor totally cohesive such as some

mixed clays and gravels, are also dependent on

econémicos durante este periodo de evaluacién
del disefio, determinando correctamente los an-
gulos de talud lateral basados en criterios de es-
tabilidad, en vez de taludes laterales “norma”
recomendados a menudo en “secciones trans-
versales tipicas”.

La tercera evaluacién de problemas de estabi-
lizacién de talud se deber4 lievar a cabo du-
rante la etapa de construccién. Podra ocurrir
que los tipos de materiales son distintos de lo
anticipado, y que se descubren flujos estaciona-
les de agua subterranea o fluctuaciones del
nivel fredtico. Estas condiciones deberan eva-
luarse tan pronto como se identifiquen porque el
costo de resolver tales problemas potenciales
de estabilidad de talud antes que ocurran seria
mucho menos que el de corregir la falla subse-
cuente.

La cuarta evaluacién de problemas de estabi-
lizacién de talud ocurre después de terminarse
la construccién — cuando aparecen senales de
tension o realmente falla el talud. Se reitera que
es mas economico y seguro resolver estos pro-.
blemas cuando aparezcan las primeras senales
en lugar de después de la falla subsecuente.

Se hace la evaluacion de estabilidad determi-
nando el factor de seguridad de un talud (es
decir, la razén de la resistencia al esfuerzo cor-
tante al peso de la m~sa que se desliza). El fac- .
tor de seguridad es 1 en el momento antes de la
falla del talud. Por lo tanto los taludes pueden
estabilizarse aumentando la resistencia al es-
fuerzo cortante o reduciendo el esfuerzo cor-
tante. El perfodo de més inestabilidad para casi .
todo talud es inmediatamente después de que
se haya realizado el corte, pero puede fallar en-

signes, plutét que de différer les réparations
jusgu'a la rupture compléte.

L'évaluation de la stabilité des talus se calcule
en déterminant le coéfficient de sécurité d'une-
pente (c'est a dire le rapport de la résistance au
cisaillement au poid de la masse interessée par
le glissement). Le facteur de sécurité est égal &
1 juste avant la rupture. On peut donc stabiliser
les pentes soit en augmentant la résistance au
cisaillement, soit en réduisant la tension de ci-
saillement. La plupart des talus de débiai sont
stables juste aprés le déblaiement mais peuvent
se rompre d'un moment a l'autre si les condi-
tions d’humidité deviennent plus sévéres que
I'on avait anticipé. Les talus de remblai, d'ordi-
naire, n'ont tendance a la rupture qu'apres un
certain temps, sauf si la cause en est la rupture
de la fondation et, dans ce cas, le remblai s'af-

faisse trés tét aprés qu'il soit construit. Norma-
lement, Ia rupture des talus de remblai est cau- -
sée par leur propre poids, plutét que parle
poids des véhicules circulants sur la route. lly a
fondamentalement deux sortes de problémes de
stabilisation de talus en sols routiers, selon I'in-
fluence de la hauteur du talus sur sa stabilité. Un
sol sans cohésion dépend de la résistance mé-
canique qui augmente avec la composante
normale du poids (une des raisons pour les-
quelles on compacte les remblais en sols granu-
leux). Donc tout talus en sol non-cohérent qui
est & un angle plus plat que l'angle de frotte-
ment interne sera stable quelle que soit sa hau-
teur. Toutefois si dans un materiau grossier I'eau
phréatique est élevée, la moitié de 'angle de
frottement interne est normalement considérée
comme la limite de stabilité. Les sols cohérents,



the steepness and height of the slope.

Both surface water and ground water are im-
portant factors in slope stability, not only be-
cause of the surface erosion problems dis-
cussed in previous texts but also because of
(a) internal erosion problems (i.e., piping),

(b) the hydrostatic pressure introduced within
the soil mass itself that reduces shear strength,
(c) the additional weight of the water in the soil
mass that increases shear stress, and (d) the
reduction in strength of cohesive soils with in-
creasing moisture content.

Slope stability analyses are best made by
specialists because there are so many un- -
knowns involved that require subjective evalu-
ations. In many cases, however, the availability
or the cost of such specialists makes their use
impractical in the location, design, and construc-
tion of low-volume roads. Although this compen-

dium presents information that should be of as:
sistance to the general highway engineer, some
of the more theoretical aspects of slope stabili-
zation have been omitted to aliow the inclusion

. of some generalized, simplified approaches to a

complex problem. Whenever an improper slope
stabilization analysis may lead to the possibility
of the loss of life or high economic losses to the
community, a specialist should be consulted.

Dlscussion of Selected Texts

The first text, Chapter 2 — Slope Movement Types

and Processes, is excerpted from Landslldes:
Analysis and Control (Special Report 176,
Transportation Research Board, 1978). It re-
views a fairly complete range of slope-
movement processes. it identifies and classifies
them according to features that are also to some -

cualgquier momento si las condiciones de hume-
dad se vuelven més graves de lo anticipado.
Los taludes de relleno normaimente fallan un
tiempo después de que se haya completado el
relleno, al menos que haya una falla por la base,
en cuyo caso el relleno se hunde poco después
de completarse. Estos taludes normalmente fa-
llan por razén de su propio peso, en vez de por
el peso de los vehiculos que utilizan el camino.
Los problemas de estabilizacién en suelos in-
genieriles pueden dividirse en dos tipos basi-
cos, dependiendo de la influencia de la altura
del talud sobre su estabilidad. El material no
cohesivo depende de resistencia mecénica que
aumenta con el componente normal del peso
(una de las razones para la compactacion de re-
llenos granulares). Por lo tanto, un talud de ma-
terial no cohesivo es estable, cualquiera sea su
altura, siempre que el angulo del talud sea
menor que el angulo de friccién interna. Sin em-
bargo, si hay agua treatica cerca de la superfi-

cie en material de granulacién gruesa, la mitad
del angulo de friccidn interna normalmente se
considera como el limite de estabilidad. Por otra
parte, el suelo cohusivo depende de la atrac-
cion entre las particulas de suelo y la humedad,
que son independientes del peso del suelo. En-
tonces la estabilidad del suelo cohesivo de-
pende principalmente de la pendiente y altura
del talud y la resistencia al esfuerzo cortante del
suelo. En suelos cohesivos, puede producirse
(a) falla de talud donde la parte inferior del
plano curvo de deslizamiento se encuentra al
pie del talud o mas arriba o (b) falla por la base
donde la cara del plano curvo de deslizamiento
es tangente con una superficie menos movediza
que se encuentra debajo del pie del talud, en
cuyo caso la interseccién del plano de desliza-
miento con la superficie ocurre mds alld de
dicho pie. Estos tipos de falla de talud han sido
ilustrados en la pagina 36 de los textos selec-
cionados. Los taludes en suelos mixtos, es de-

d’'un autre c6té, dépendent de l'attraction entre
les particules de sol et I'humidité, indépendam-

-.ment du poids du sol. La stabilité des sols cohé-

rents est fonction principalement de la hauteur
et de l'inclinaison de la pente, et de la résistance
au cisaillement du sol. Dans un sol cohérent on
peut avoir: (a) rupture du talus quand la base de
la surface courbe de glissement est située au
pied ou au dessus du pied du talus; ou (b) rup-
ture par la base, quand la surface courbe de
glissement est tangente & une surface résistante
au dessous du pied du talus, dans ce cas la sur-
face de glissement coupe le talus au-dela de
son pied. Ces sortes de rupture sont illustrées
dans les textes choisis, a la page 36. Les talus

en sols mixtes, c'est a dire en sols qui ne sont
pas complétement non-cohérents, ni compléte-
ment cohérents, comme certaines argiles et cer-
tains granulats, dépendent aussi de la pente et
de la hauteur du talus.

L'eau phréatique et I'eau de surface sont des
facteurs importants de la stabilité des talus, non
seulement & cause des problémes d'érosion su-
perficielle que nous avons discutés dans des
textes précéden:.s, mais aussi a cause de:

(a) probiémes d'érosion interne (renards); (b) la
pression hydrostatique introduite dans la masse
de sol, qui abaisse la résistance au cisaillement,
(c) le poids additionnel de I'eau dans fa masse
de sol, qui augmente la contrainte de cisaille-
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degree relevant to their recognition, avoidance,
control, or correction. The chief criterion used in
the classification is type of movement. The type
of material is a secondary criterion. The types of
movement include (a) falls; (b) topples;

(c) slides, either rotational or translational:

(d) spreads; (e) flows; and (f) complex slope
movements that include combinations of two or
more of the first five types. Materials are divided

into two classes — rock and engineering soil.
Soil is further divided into debris and earth.
(Some of the various combinations of move-
ments and materials are shown in Figure 2.1,
which is included as an insert with this compen-
dium.) , -
This text also introduces the causes of sliding
slope movements (slope instability). These
causes include both factors that contribute to an

cir, suelos que no son puramente no cohesivos
ni totalmente cohesivos, tales como algunas ar-
cillas y gravas mixtas, también dependen de la
pendiente y altura del talud.

El agua de superficie y el agua subterrdanea
son factores importantes en {a estabilidad de ta-
ludes, no sélo por los problemas de erosién de
la superficie sobre los que se hablé en textos
previos, sino también por{(a) problemas de ero-
sién interna (es decir, tubificacién), (b) la pre-
sion hidrostatica introducida deritro de la masa
de suelo misma que reduce la resistencia al es-
fuerzo cortante, (c) el peso adicional del agua
en la masa del suelo que aumenta el esfuerzo
cortante, y (d) la disminucién de la resistencia
en suelos cohesivos cuando va aumentando el
contenido de humedad.

Es mejor que un especialista realice el analisis
de estabilidad de taludes, ya que existen mu-
chas incégnitas que requieren evaluaciones
subjetivas. Sin embargo, hay muchos casos
donde la disponibilidad o costo de tal especia-
lista hace impracticable su participacién en la

ubicacion, disefio, y construccién de caminos
de bajo volumen. Aunque este compendio pre-
senta informacién que puede ayudar al inge-
niero vial general, se han omitido algunos de los
aspectos mas tedricos de estabilizacién para
permitir que se incluyan algunos métodos gene-
ralizados y simplificados para resolver un pro-
blema complejo. Cuando un anélisis incorrecto
de estabilizacién de talud puede provocar posi-
bles pérdidas de vida o de grandes cantidades
de dinero para la comunidad, se deber4 consul-
tar con un especialista. '

Presentacion de los textos seleccionados

El primer texto, Chapter 2 — Slope Movement
Types and Processes (Capitulo 2— Tipos Yy pro-
cesos de movimiento de taiudes), fue extraido
de Landslldes: Analysis and Control (Desliza-
mientos: andlisis y control, Special Report 176,
Transportation Research Board, 1978). Repasa
una gama bastante completa de procesos de
movimiento de taludes. Los identifica y clasifica

ment et (d) la moindre résistance des sols cohé-
rents & mesure que leur teneur en eau
augmente,

On devrait laisser aux spécialistes le soin
d'analyser la stabilité des talus, car ces analyses
demandent une évaluation subjective d'un bon
nombre d'inconnues. En maintes occasions
toutefois, on est obligé de se passer de leur ex-
pertise, car ils ne sont pas disponibles et leur
emploi est trop onéreux pour étre justifié dans la
conception, location et construction de routes
économiques. Bien que dans ce recueil nous
présentons un ensemble de documents qui de-
vrait étre utile a I'ingénieur routier généraliste,
nous avons omis certains des cotés les plus
théoriques de la stabilisation des talus, afin de
nous permettre d'inclure quelques solutions
simples et générales a ce probléme complexe.
Mais aussitét qu'il y a le moindre risque qu'une
analyse incorrecte de la stabilité d'un talus
puisse mettre en péril une vie humaine, ou
méme causer de gros dommages économiques

a la communauté, on devrait consulter un ex- -
pert. ~ B

Discussion des textes cholsls

Le premier texte est le deuxiéme chapitre, Slope
Movement Types and Processes (Types et dé-
veloppement de mouvements de talus) du rap-
port Landslides: Analysis and Control (Glisse-
ments de terrain: Analyse et contréle, Special
Report 176, Transportation Research Board,
1978). On y passe en revue une grande variété
de mouvements de terrain et le processus de
leur évolution. On les identifie et on les classe
selon les éléments caractéristiques qui permet- -
tent de les identifier, les éviter, les contrélerou
les corriger. Le critére principal de cette classifi-
cation est le type de mouvement de terrain. Le
genre de matériau est le critére secondaire. Les
types de mouvements de terrain sont: (a) les
chates, (b) les basculements, (c) les glisse-—
ments rotationnels ou translationnels; (d) les - :



increased shear stress and factors that contrib-
ute to low or reduced shear strength. The
analyses of slope failures and corrective mea-
sures necessary to prevent or repair these fail-
ures (i.e., slope stabilization), which are included
in the other texts, are all based on (a) reducing
shear stress along a potential plane of failure or

(b) increasing shear strength in the material sub-

ject to slope movement.

The second text, Art. 35, Stability of Siopes, is
excerpted from Soil Mechanics in Engineering
Practice (2nd ed., Johri Wiley and Sons, Inc.,
1967). It introduces the concept that slope fail-

ure occurs at that time when the shear stress.
caused by the weight of the sliding mass over-
comes the shear strength or resistance tc sliding
of the material involved. Just prior to failure, the
weight and shearing resistance are equal. The
ratio of the shearing resistance to the weight of
the sliding mass is termed the factor of safety F;
therefore, at the instant before failure, F=1. A
slope is considered stable when F is determined
to be greater than 1 and unstable when F is less
than 1.

Slopes of cohesionless material depend on
internal friction for stability. The angle of internal

de acuerdo con caracteristicas que también a
cierto grado son aplicables a su reconocimiento,
evasion, control, o correccion. El criterio princi-
pal utilizado en la clasificacion es el tipo de mo-
vimiento. El tipo de material es un criterio se-
cundario. Los tipos de movimiento incluyen
(a) caida; (b) derribo, (c) deslizamiento, rotatorio
o de traslacion; (d) desparramo; (e) flujo; y
(f) movimientos de talud complejos que incluyen
combinaciones de dos 0 mas de los primeros
cinco tipos. Los materiales se dividen en dos
clases—roca y suelo ingenieril. Ademas el
suelo se divide en detritos y tierra. (Se presen-
tan algunas de las diversas combinaciones de
movimientos y materiales en la Figura 2.1 in-
cluida en este compendio.)

Este texto también habla sobre las causas de
los movimientos de deslizamiento de taludes
(inestabilidad de taludes). Estas causas inclu-
yen factores que aumentan la accién del es-
fuerzo cortante y factores que disminuyen la re-
sistencia al esfuerzo cortante. Los analisis de fa-
llas de taludes y las medidas correctivas nece-
sarias para impedir o reparar estas fallas (es

decir, la estabilizacion de taludes), incluldos en
otros textos, todos se basan en (a) reduccién
del esfuerzo cortante sobre el plano de desliza-
miento potencial, o (b) aumento de la resistencia
al esfuerzo cprtante en el material sujeto al mo-
vimiento del talud.

El segundo texto, Art. 35, Stability of Slopes
(Art. 35, Estabilidad de taludes) fue extraldo de
Soil Mechanics in Engineering Practice (Meca-
nica de suelos en la ingenierfa practica, 2d. ed.,
John Wiley and Sons, Inc., 1967). Propone el
concepto de que la falla del talud ocurre en el
momento cuando el esfuerzo cortante producido
por el peso de la masa en deslizamiento vence
la resistencia al esfuerzo cortante, es decir al
deslizamiento del material involucrado. Justo
antes del deslizamiento el peso y la resistencia
al estuerzo cortante son iguales. La razén de la
resistencia al esfuerzo cortante al peso de la
masa en deslizamiento se llama el factor de se-
guridad F; por lo tanto, en el momento antes de
la falla, F = 1. Un talud se considera estable
cuando se determina que F es mayorque 1 e
inestable cuando F es menor que 1. ‘

étalements; (e) le fluage; et (f) les mouvements
complexes qui comprennent des combinaisons
de deux ou plus des cing premiers désordres
décrits ci-dessus. Les matériaux sont divisés en
deux classes—roches et sols routiers. Les sols
sont subdivisés en débris et terre. (Quelques
combinaisons de mouvements et de matériaux
sont illustrées dans la figure 2.1 de I'encart de
ce recueil).

Les causes des mouvements glissants des
pentes (instabilité des talus) sont introduites.
Ces causes comprennent les facteurs contri-
buants & une augmentation de la tension de
- cisaillement, et ceux qui contribuent & une
résistance au cisaillement basse ou réduite. Les
analyses des ruptures de talus et des mesures
correctives nécessaires a la prévention ou la ré-
paration de ces ruptures (c'est a dire la stabilisa-

tion des talus), qui sont incluses dans les autres
textes sont toutes basées sur (a) la réduction de
la tension de cisaillement sur une surface de
glissement potentielle ou (b) I'augmentation de
{a résistance au cisaillement du maténau sujet .
au mouvement de talus.

Le deuxiéme texte, Art. 35, Stability of Slopes
(Stabilité des talus), est extrait de Soil Mecha-
nics in Engineering Practice (Mécanique des
sols appliquée, 2'¢me édition, John Wiley and
Sons, Inc., 1967). On introduit le concept que la
rupture d'un talus se produit au moment précis
ou la tension de cisaillement causée par le poids
de la masse interessée par le glissement I'em-
porte sur la résistance au cisaillement, ou résis-.
tance au glissement du matériau dont il est =
question. Juste avant la rupture le poids et la ré-
sistance au cisaillement sont égaux. Le rapport-
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friction ¢ is the angle above the horizontal at
which the loose cohesionless material will just
stand. (This is the angle at which F = 1.) For any
given slope in cchesionless material, the factor
of safety is found by dividing the tangent of the
angle of internal friction by the tangent of 8, the
angle of the slope under investigation (the angle
being measured from a horizontal plane). The
height of slopes in cohesionless soil is not a fac-
tor in the stability of the slope.

The stability of slopes in cohesive soils is more
complicated and is based on Rankine's earth-
pressure theory. In general, a homogeneous
cohesive soil will fail along a curved surface. The

text describes the general character of slides in
homogeneous cohesive soil. The mathematical
justification for this is not excerpted for this
compendium; the final information is reduced to
charts that are included in the text. The center of
the curved surface along which a homogeneous
cohesive soil will fail can be located from infor-
mation shown on the charts. By using the slope
angle B8 and the relation between the slope
height and depth to a firm base beneath the:
cohesive soil, the type of possible failure (slope
or base) and the location of the center of the crit-
ical circle for slope failure can be graphically lo-
cated. The safety of slopes in cohesive soils is

Los taludes compuestos de material no cohe-
sivo dependen de la friccion interna para su es-
tabilidad. El &ngulo de friccion interna ¢ es el
angulo sobre el horizontal en el que el material
suelto, no cohesivo puede soportarse. (Este es
el angulo donde F = 1.) Dado cualquier talud de
material no cohesivo, se encuentra el factor de
seguridad dividiendo la tangente del &ngulo de
friccion interna por la tangente de g8, el dngulo
del talud que se est4 investigando (se debera
medir este &ngulo en un plano horizontal). La al-
tura de los taludes de suelo no cohesivo no es
un factor en su estabilidad.

La estabilidad de taludes en suelos cohesivos
es méas complicada y se basa en la teorfa de
Rankine del empuje de tierras. Por lo general, un
suelo homogéneo cohesivo fallar4 sobre una
superficie curva. El texto describe las caracteris-
ticas generales de los deslizamientos en este

tipo de suelo. No se ha incluido en el compen-
dio su justificacién matemaética; la informacién
final se ha reducido a diagramas que se han in-
clufdo en el texto. Se puede localizar el centro
de la superficie curva por donde fallara un suelo
homogéneo cohesivo, utilizando la informacién
presentada en los diagramas. Se puede averi-
guar por medio de gréficos el tipo de falla po-
tencial (de talud o por la base) y el centro del
circulo critico de falla de talud, si se utiliza el
angulo de talud B y la relacién entre la altura del
talud y el espesor hasta una base firme debajo
del suelo cohesivo. La seguridad de los taludes
en suelos cohesivos depende de la pendiente y
altura,

El texto también evalua los taludes de suelos
con cohesién y friccién interna. La seguridad de
los taludes en dichos suelos también depende
de su pendiente y altura.

de la résistance au cisaillement au poids de la
masse interessée par le glissement, est appelé
le coefficient de sécurité F; donc, & l'instant
avant la rupture, F = 1, Un talus est considéré
stable quand F est plus grand que 1, et instable
quand F est plus petit que 1.

Les talus construits en matériaux non-
cohérents dépendent du frottement interne pour
leur stabilité. L'angle de frottement interne ¢ est
I'angle au dessus de I'horizontale auquel le ma-
tériaux non-cohérent et non-compacté reste sta-
tionnaire (I'angle auquel F = 1). Pour trouver le
coéfficient de sécurité d'un talus de matériau
non-cohérent, on divise la tangente de I'angle
de frottement interne par la tangente de g,
I'angle du talus en question (I'angle que forme le
talus avec I'horizontale). La hauteur d'un talus en
matériau non-cohérent n'a aucun effet sur sa
stabilité.

La stabilité des talus de matériau cohérent est
plus compliquée, et est basée sur la théorie de

la poussée des terres de Rankine. En généralla
rupture d’'un matériau cohérent homogéne sera:
le long d'une surface courbe. Dans le texte on
décrit les caractéristiques générales des glis-
sements de sol cohérent homogéne. La justifica-
tion mathématique de ceci n'est pas incluse
dans le texte reproduit pour ce recueil; nous -
avons inclus le résuitat final, en forme de tables
de calcul. Le centre de la surface courbe de
rupture d'un sol cohérent homogéne peut étre
déterminé en se servant des tables de calcul. En
utilisant I'angle du talus B8 et le rapport entre la
hauteur et la profondeur du talus et une base ré- -
sistante au dessous du sol cohérent, le type de
rupture potentielle (par la base ou de talus) et le
centre du cercle critique, peuvent étre calculés
graphiquement. La sécurité des talus de sols
cohérents dépend de leur inclinaison et de leur
hauteur.

On évalue aussi les talus de sols cohérents a
frottement interne. La sécurité des talus dans



dependent on both steepness and height.

The text also evaluates slopes on soils with
both cohesion and internal friction. The safety of
slopes on these soils is also dependent on
steepness and height. A chart solution that uses
the slope angle 8 and the angle of internal fric-
tion ¢ is presented. Failures in soils with both
cohesion and internal friction will occur along toe
circles unless ¢ is smaller than approxirnately 3°.
A further description of the use of the charts
mentioned above is included in the next
selected text.

A method of investigating irregular slopes on
nonuniform soil is described in the text as is the
investigation of a composite surface of sliding (a
noncircular slip plane). Both these investigations
use the method of slices. This text presents the
theory of the method of slices. A practical solu-
tion using the method of slices is included in the
fifth selected text.

The third text, Chart Solutions for Analysis of
Earth Slopes, appeared in Highway Research
Record 345 (Highway Research Board, 1971). It
compiles practical chart solutions for the slope
stability problem and is concerned with the use
of the solutions rather than with their derivations.
The previous tex’ described the development for
the figures presented under the Taylor Solution
section of this text. Also included in this paper
are (a) the Bishop and Morgenstern Solution,
which is based on an adaptation of the Swedish
slice method; (b) the Morgenstern Solution,
which can be used for highway embankments
that at times act as dams; (c) the Spencer Solu-
tion, which is a more generalized solution of
Bishop's adaptation of the Swedish slice
method; (d) the Hunter Solution, which accounts
for variations in the water table; and (e) the

Hunter and Schuster Solution, which is a special '

case of the Hunter Solution.

Se presenta una solucién en diagrama que
utiliza el angulo de talud g8 y el angulo de fric-
cién interna ¢. Las fallas en los suelos cohesivos
y con friccion interna ocurrirén a lo largo de los
clrculos que pasan por el pie de talud al menos
que ¢ sea menor que aproximadamente 3°. En el
préximo texto seleccionado se han incluido més
explicaciones del uso de los diagramas men-
cionados arriba.

Se describe en el texto un método de investi-
gar los taludes irregulares en suelo no uniforme,
como también la investigacién de una superficie
de deslizamiento compuesta (un plano de desli-
zamiento no circular). Ambas investigaciones
utilizan el método de tajadas, la teorfa del cual
es presentada en este texto. Una solucién prac-
tica utilizando este método se incluye en el
quinto texto seleccionado.

El tercer texto, Chart Soiutions for Analysis
of Earth Slopes (Soluciones gréficas para el
andlisis de taludes de tierra), aparecié en el
Highway Research Record 345 (Registro de in-
vestigacion vial 345, Highway Research Board,
1971). Compila soluciones factibles en dia-
grama para el problema de estabilidad de talud
y se concierne con el uso de las soluciones,
més que con sus derivaciones. El texto previo
describe como se desarrollaron las figuras
presentadas en la seccién de la Solucién de
Taylor en este texto. También se incluyen en
este articulo (a) la Solucién de Bishop y
Morgenstern, que se basa en una adaptacion
del método sueco de tajadas; (b) la Solucién de
Morgenstern, que se puede utilizar para los ter-
raplenes de carreteras que a veces actian
como presas; (c) la Solucién de Spencer, que

ces sols dépend aussi de leur hauteur et de leur
inclinaison. Une solution par table de calcul, qui
utilise 'angle du talus 8 et I'angle de frottement
interne ¢ est présentée. La rupture des maté-
riaux décrits ci-dessus se produira au pied du
talus, & moins que ¢ soit plus petit qu'a peu pres
~ 3° Une description plus élaborée de I'emploi
des tables de calcul dont nous venons de faire
mention, est incluse dans le texte choisi suivant.
Une méthode d'investigation des talus irrégu-
liers de sols non-uniformes est décrite dans le
texte, ainsi que l'investigation d’'une surface de
glissement complexe (plan de glissement non-
circulaire). Ces deux enquétes utilisent la mé-
thode des tranches, et dans ce texte on ex-
plique la théorie de cette méthode. Une appli-

cation pratique de la méthode des tranches est
incluse dans le texte choisi no. 5.

Le troisiéme texte, Chart Solutions for Analysis
of Earth Slopes (Tables de calcul pour I'analyse
de talus en terre) a été publié dans I'Highway
Research Record 345 (Highway Research
Board, 1971). On y présente des solutions au
probléme de la stabilité des talus a I'aide de
tables de calcul, et on met I'emphase sur I'ap-
plication pratique de ces solutions plutdt que sur
leurs dérivations. Dans le texte précédent on a
décrit le développement des figures utilisées
dans la solution dite de Taylor présentée dans -
ce texte. On inclut aussi dans ce texte (a) la so-
lution de Bishop et Morgenstern, basée sur une
adaptation suédoise de la méthode des tran- -

xxi:
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This text provides a sampling of the charts
developed for the solutions of a number of types
of slope stability analyses. For more complete
sets of charts for any of these solutions, the
reader is referred to the references accompany-
ing this text.

The fourth text, Slope Design Guide, is ex-
cerpted from- Transportation Engineering Hand-
book (Region 6, U.S. Foreign Service, 1973). It
was prepared for engineers and technicians
who are required to design roads but are not
skilled soils engineers or engineering geologists.
It represents an attempt to reflect soils-
engineering principles during the routine design

of highway cut-and-fill slopes and, as such, re-
quires many assumptions and simplifications.
The procedures are not intended to replace the
types of investigations and analyses described
in the previous two texts or in the next text.
Aather, they are meant to be an aid when more
detailed investigations are not practical because
of factors such as cost, value of the road in-
volved, manpower, and available skill levels.

This guide is based on soil properties that are
identified by the Unified classification system.
(See Compendium 6, Selected Text 1, for com-
parisons of various soil classification systems.) It
is usable without conducting laboratory scils

es una solucién mas generalizada de la adapta-
cién de Bishop del método sueco de tajadas; -
(d) la Solucién de Hunter, que toma en consid-
eracion fluctuaciones del nivel fredtico; y (e) la
Solucién de Hunter y Schuster, que es un caso
especial de la Solucién de Hunter.

Este texto presenta un muestreo de los dia-
gramas desarrollados para las soluciones de
varios tipos de andlisis de estabilidad de
taludes. Si el lector desea un juego de dia-
gramas mas completo para cualquiera de estas
soluciones, deber4 referirse a las referencias in-
cluidos al final de este texto.

El cuarto texto, Slope Design Guide (Guia
para el disefio de taludes), fue extraldo de
Transportation Engineering Handbook (Manual
para la ingenierfa de transporte, Region 6, U.S.
Forest Service, 1973). Fue preparado para los
ingenieros y técnicos que son encargados del

disefio de caminos, pero que no son especialis-

tas en la ingenierfa de suelos ni en la geologfa
ingenieril. Trata de utilizar los principics dela
ingenierfa de suelos durante el disefio rutinario
de taludes de corte y de relleno y, por lo tanto,
requiere muchas suposiciones y
simplificaciones. Estos procesos no intentan
reemplazar los tipos de investigacién y analisis
descritos en los dos textos previos ni el texto
siguiente. Se han disefiado para ayudar cuando
investigaciones méas detalladas no serfan facti-
bles por razéin de factores como costo, valor del
camino involucrado, mano de obra, y los niveles
de habilidad disponibles.

La gula se basa en propiedades de suelo que
se identifican por el sistema de clasificacién un-
ificada de suelos. (Vease Compendio 6, Texto
Seleccionado 1, para comparaciones entre va-
rios sistemas de clasificacion de suelos.) Se

ches, (b) la solution de Morgenstern qui peut étre
utilisée pour des rembilais routiers devant servir
de digue & l'occasion, (c) la solution de Spencer
qui est une solution généralisée de I'adaptation
de Bishop de la méthode suédoise des tran-
ches, (d) la solution de Hunter qui prend en
compte les changements de niveau de la nappe
phréatique, et (e) la solution de Hunter et Schus-
ter qui s’applique & un cas spécial de la solution
de Hunter. :
Dans ce texte on trouvera un apergu des
tables de calcul développées pour effectuer
plusieurs sortes d'analyse de stabilité de talus.
Pour une série plus compléte de tables dé cal-
cul pour chacune de ces solutions, le lecteur est

“invité-a lire les références qui suivent ce texte.

. Le quatriéme texte, Slope Design Guide (Ma-
nuel de dimensionnement des talus), est extrait
de Transportation Engineering Handbook (Re-
gion 6, U.S. Forest Service, 1973). Ce livre a été
écrit & l'intention des ingénieurs et techniciens

qui-doivent concevoir et dimensionner des
routes, mais ne sont ni specialistes de la techni-'
que des sols, ni géologues. On essaie de traiter
des principes de la technique des sols pour le
dimensionrement normal des talus routiers de
remblai ou de déblai, et de ce fait, le texte as-
sume et simplifie beaucoup de choses. Ces
procédeés ne devraient pas remplacer les inves-
tigations et les analyses décrites dans les deux
textes antérieurs et dans celui qui va suivre. ‘
Nous les avons incluses pour les cas ot il n'est
pas possible de faire des analyses plus appro-
fondies, & cause de considérations éco-
nomiques ou de main d'oeuvre, de niveau d'ex-
pertise disponible, ou d'importance de la route
en question.

Ce manuel est basé sur les caractéristiques
des sols selon le systéme de la Classification
Unifiée (voir le recueil no. 6, texte choisi no. 1,
pour la comparaison de différents systémes de
classification des sols). On peut I'employer'sans



shear strength tests because it is based in part
on soil identification as described in Compen-
dium 2, Selected Text 6, and the simplified tests
described in Compendium 7, Selected Text 3.
The guide was developed irom typical soil
strength values by using chart solutions for
slope stability, studies that use the conventional
method of slices, published empirical relations,
and the authors' experiences. .

The following data were used to develop this . -
guide:

1. The effect of seepage in coarse-grained
materials was determined by using one-half the
angle of internal friction (¢/2) as the effective
angle of internal friction for the high ground-water
condition. -

2. The angles of internal friction used for the
development of the maximum slope ratios in
Table li: Sands and Gravels with Nonplastic
Fines (page 90) are as follows:

Soail Soll Type Angle of Internal Friction
Number (degrees)
Loose Dense
1 .. Sandy gravels - 34 ' 50 |
2. Well-gradedsands, =~ 32 = ° 45
" angulargrains ot S
3  Silty gravels ) 27 .. B4
: and sands, : ; :

i~ ,- uniform sands:

BN

'3, The soil strength values used for the de-
velopment of Charts | and II: Sands and Gravels -
with Plastic Fines are as follows: A

porque se basa en parte en la identificacién de
suelos, como se describe en el Compendio 2. .
Texto Seleccionado 4; identificacion de rocas,
como se describe en el Compendio 2. Texto
Seleccionado 6; y las pruebas simplificadas
descritas en el Compendio 7, Texto
Seleccionado 3. La gula se desarrollé de
valores tipicos de resistencia del suelo utilizando
soluciones gréficas para la estabilidad de
taludes, estudios en que se utiliza el método
convencional de tajadas, relaciones empiricas
publicadas, y las experiencias de los autores.

Se utilizaron los siguientes datos para desar-
rollar esta gula:

1. El efecto de filtracién en los materiales de
granulacién gruesa fue determinado utilizando
la mitad del &ngulo de friccidn interna (¢/2)
como el angulo efectivo de friccion interna para
la condicién de agua subterranea cerca de la
superficie.

2. Los angulos de friccién interna utilizados
para el desarrollo de las razones méximas.de ...
talud en la Tabla /l: Arenas y Gravas con Finos
No Pléasticos (pagina 90) son como sigue:

No ‘ Angulo de iﬁqclbn Interna

(grados) Tipo o ¥
de suelo de suelo i xxdil-:

 Suelto .. Denso

1 gravasarenosas_ . .- .-
;2. -arenasblen. ... o :
- graduadas,granos .. "
angulargs - T e DR R 3
3  gravasy arenas <27 L4
fangosas, arenas o
uniformes

3. Los Valores de Resistencia del Suelo que
se utilizaron er: el desarrollo de los Dlagramas |
y ll: Arenas 'y Gravas con Finos Plésticos son
como sigue: T

s

puede utilizar sin realizar pruebas de laboratorio
de resistencia de suelos al esfuerzo cortante -
faire d'essais en laboratoire pour déterminer la
résistance au cisaillement des sols, car il est -
basé en partie sur l'identification des sols telle
qu'elle est décrite dans le recueil no. 2, texte
choisi no. 4 —Identification des roches —dé-
crite dans le texte no. 6 du méme recueil; et les
essais simplifiés décrits dans le texte no. 3 du
recueil no. 7. Le manuel a été développé a partir
de valeurs typiques de résistance des sols en
utilisant des tables de calcul pour la stabilité des
talus, d'études qui utilisent la méthode conven-

tionnelle des tranches, de rapports empiriques
qui ont été publiés, et de I'expérience person-
nelle des auteurs. ' h A

~ On's'est servi des données ci-dessous pour
développer ce guide: R

1. L'influence de la percolation sur les maté-

riaux.granuleux grossiers a été calculée en utili-
sant la moitié de I'angle de frottement interne (¢/2)
comme angle de frottement interne réel, quand
le niveau de I'eau phréatique est élevé.

2. Les angles de frottement interne utilisés
pour calculer les coéfficients maximaux des ta-



Soll Soil Angle of Internal  Cohesion
Number Type Friction (degrees)  (Ibfft?)
1 (See page 93 20 ~ 1000 -
2 for description 15 750.
3 of these soils.) 13 500
4 16 250
5 10 250

s

4. The soil strength values used for the de-
velopment of Charts /Il and IV: Flne Gralned
Solls are as follows:

P

Angle of Intemal B Coheslon

Soil Soll
Number Type Friction (degrees) - (Ib/ft?)
1 .(See pages 96-97 0.
2 ‘for description - : "0
~8" . ofthese soils.) '; .0
4 L 0.
5 "0

It must be emphasized that this guide must
not be followed indiscriminately as a precise an-
swer to all situations. It must be used in connec-
tion with local experience to arrive at reasonable
values for slope ratios.

The fifth text, Determining Corrective Action

- for Highway Landslide Problems, taken from

Highway Research Board Bulietin 49 (Highway
Research Board, 1955), presents the basic fun-
damentals of landslide analyses and classifies
the corrective measures commonly used in con-
trolling or avoiding highway landslide problems.
It describes the preliminary analysis of a land-
slide, the detailed field study of the landslide
area, and a stability analysis of an actual land-
slide in silty-clay soil overlying bedrock. '
The stability analysis described is a composite
of numerous methods that have appeared in the

"No Tipo Angulo de frfcclbn * Cohesibn
de suelo’ de suelo interna (grados) (llbraslplé ?)
1 véase lapéagina 93 20 1000\ :
2 para la descripcién 15 750
3  deestos suelos 13 500
4 15 250
5 10 250

4, Los Valores de Resistencia del Suelo
utilizados en el desarrollo de los Diagramas /il y
IV: Suelos de Grano Fino son como sigue:

No ’ Tipo

-Angulo de frlcclbn Cohesién
de suelo " de suelo Interna (grados) - - (Ilbraslplé"’)
1 - véaselas ) 3000
2" ' péaginas 96-97 o 0 ~ 1500
3 -paraladescrpcion - - 0 Q- U750
4  de estos suelos a0 400 -

5 0 200

Debera subrayarse que esta guia no debera
seguirse indistintamente como respuesta pre-
cisa para toda situacién. Debera utilizarse en
conexién con la experiencia local para llegar a

lus de la table II: Sables et graviers avec fines
non plastiques p. 90 sont les suivants:

. N Type

Angle de frottement Interne
du sol de sol (en degrés)
non tassé dense
1 graviers sableux 34 50
2 sable a bonne 32 45
. granulométrie,
grains angulaires
=3 - graviers limoneux 27 34
. et sables, sable
uniforme

- .3, Les valeurs de résistance des sols utilisées
pour le développement des tables | et Il: Sables.
et gravners avec flnes plasthues sont les suuvan-

" 'f‘ Angle de frotierment ' Cohésion
" Interne (eq degrés) (Ivresipled?)

0. 1000
15 750
(.13 500

"15 250
10 - 250

RO descriptlon

4. Les valeurs de résistance des sols utilisées
dans les tables Il et IV: Sols a grains f|ns sont
les suivantes: R

N o. Type Angle de frouement Cohéslon
du sol de sol Interne (en degmz) (Ilvraslpled"’)
1 voir pages 96-97 0 o 3000 o
.2 pour la description 0. .. e 180000
3 de ces sols 0 . 780
4 0 400
5 0

;2000

Remarquons de nouveau que ce guide ne doit

-pas étre utilisé sans discrimination, et comme

ayant une réponse précise pour toutes sortes de
situations. On doit I'utiliser en conjonction avec
I'expérience locale, pour arriver & des valeurs
raissonables de pentes de talus.

Le cinquiéme texte, Determining Corrective
Action for Highway Landslide Problems (Déter-
mination des mesures correctives pour résoudre
les problémes de gllssements de terrainen



literature and is recommended for use in all
landslides involving unconsolidated material. It
involves the determination of possible slip sur-
faces and their investigation by graphical inte-
gration (i.e., the summation of tangential and
normal forces of a set of incremental areas mea-
sured on a scaled section of the slide). In the
appendixes that accompany the paper, the ac-
tual stability analysis is demonstrated and then
modified for evaluation of the hydrostatic pres-
sure due to the presence of ground water. Addi-
tional computations from the same example
show the technique for computing the size of a
rock buttress near the toe of the slide to restrain
the material. The computations used to evaluate
the location and number of piles needed to
stabilize the slide are also noted. Further compu-
tations are shown to evaluate the improved sta-
bility introduced by the installation of a drainage
system to lower the ground-water table. The

value of replacing the top of the slide (where the
roadway is located) with lightweight fill is dem-
onstrated by further calculations, as is the lower-
ing of the road profile in the same location.

The various methods for solving landslide
problems by (a) removal, (b) control, or (c) di-
rect rebalance of the ratio between resistance
and force are ranked in order of cost within each
category. The following factors are noted for
each of the various methods in each category:
(a) description, (b) principle involved, (c) best
application, (d) disadvantages, (e) method of
analysis, and (f) principal itoems in the cost esti-
mate.

The text concludes that, for a given highway-
landslide problem, there are r umerous solutions
that can be satisfactorily applied, and the prob-
lem can be reduced to a problem in economics.

The sixth text, excerpted from Handbook on
Landslide Analysis and Correction (Central Road

valores razonables para razones de taludes.

El quinto texto, Determining Corrective Action
for Highway Landslide Problems (Determinacién
de la operacién correctiva para problemas de
deslizamiento vial), de Highvvay Research
Board Bulietin 49 (Boletin 49 del Consejo de In-
vestigacién Vial, Highway Research Board,
1955), presenta los principios basicos del
andlisis de deslizamientos y clasifica las
medidas correctivas que cominmente se utili-
zan para controlar o evitar problemas de de-
slizamiento de carreteras. Describe el andlisis
preliminar de un deslizamiento, la investigacion
detallada de campo del 4rea del deslizamiento,
y un analisis de estabilidad de un deslizamiento
verdadero en suelo arcilloso sedimentoso sobre
roca basal.

El andlisis de estabilidad que se describe es

. una mezcla de numerosos métodos que han

aparecido en la literatura y se recomienda para
cualquier deslizamiento que involucre material
no consolidado. Incluye la determinacién de
posibles superficies de deslizamiento y suinves-
tigacién por medio de la integracién grafica (es
decir, la suma de fuerzas tangenciales y nor-
males de un grupo de areas incrementales
medidas sobre una seccién graduada de! de-
slizamiento). En los apéndices que se incluyen
con el informe, el andlisis de estabilidad se de-
muestra y luego se modifica para la evaluacién
de la presién hidrostdtica debida a agua subter-
ranea. Calculos adicionales de la misma
muestra demuestran la técnica para computar el
tamario de un contrafuerte de roca cerca del pie
del deslizamiento para contener el material.
También se anotan las computaciones que se

construction routiére) tiré du Highway Research
Board Bulletin 49 (Highway Research Board,
1955), présente les principes fondamentaux de
l'analyse des glissements de terrain, et classe
les mesures correctives habituellement prises
pour éviter ou contréler les problémes de glis-
sements de terrain en construction routiére. On 'y
décrit I'analyse préliminaire d'un glissement de
terrain, I'étude détaillée, sur le terrain, de ce
glissement, et une analyse de stabilité¢ d'un glis-
sement de terrain actuel, dans de I'argile limo-
neuse poseée sur une fondation rocheuse.
L'analyse de stabilité décrite ici est un
composite de nombreuses méthodes publiées
dans la litérature technique, et son emploi est

recommandé pour tout glissement impliquant un
matériau non-consolidé. On détermine les sur-
faces de glissement potentielles et leur investi-
gation, en utilisant l'intégration graphique (i.e., -
I'addition de forces tangentielles et normales
d'un groupe de surfaces différentielles mesu-
reées sur une section divisée du glissement).
Dans les annexes on fait la démonstration de
I'analyse de stabilit4, et ensuite on la modifie
pour évaluer la pression hydrostatique dde a la
présence d'eau phréatique. D'autres calculs, fi-
rés du méme exemple, montrent comment éva-
luer la taille d'un contrefort en roc au pied du ta-
lus, pour retenir le matériau. Les calculs pour
déterminer 'emplacement et le nombre de pieux



Research Institute, New Delhi, India, 1966), was
written as a comnpilation of usable information
condensed into a single volume for the practic-
ing engineer who cannot invest the time to re-
view the maze of engineering literature pertain-
ing to landslides. Chapters 1 and 2 are not in-
cluded here because the information is already
presented, in updated form, in previous texts in
Compendium 13. This handbook is not intended
to eliminate the need for an expert or a specialist
in the solution of all landslide problem:s.

The text covers slope design in bedrock cuts,
ditch design in rockfall areas and the location for
rock fences. It describes the characteristic fea-

tures of landslides peculiar to different soil types
and the field and laboratory invastigations of
landslides. It lists the techniques of prevention
and correction of landslides, which is an expan-
sion of the st provided in the previous text.

It concludes with the basic rules of analysis for
prevention and correction of landslides that in-
clude (a) rules relating to the location of new
lines of transportation in hills from the viewpoint
of landslide prevention and (b) rules relating to
field investigation of actual landslidis with a
view to planning control and corrective mea-
sures. The listing of the above rules sontains
much practical advice and also refcrs the reader

utilizan para evaluar la ubicacién y cantidad de
pilotes que se necesitan para estabilizar el de-
slizamiento. Se indican mas computaciones
para evaluar la estabilidad mejorada producida
por la instalacién de un sistema de drenaje para
el abatimiento del nivel freatico. Asimismo hay
célculos que demuestran el valor del reemplazo
de la parte superior (el deslizamiento (donde se
ubica el camino) con relleno de peso liviano, y
también el rebajamiento del perfil dei camino en
la misma ubicacion.

Los diversos métodos para resolver prob-
lemas de deslizamiento por (a) remocién,
(b) control, o (c) un rebalanceo directo de la
razon entre resistencia y fuerza han sido col-
ocados en orden de costo dentro de cada
categorfa. Se han notado los siguientes factores
para cada uno de los varios métodos en cada
categorfa: (a) descripcion, (b) el principio in-

volucrado; (c) la mejor aplicacién, (d) desven-
tajas, (e) método de analisis, y () partidas prin-
cipales en el célculo de costos.

El texto concluye que, para dado problema de
deslizamiento vial, hay numerosas soluciones
que pueden aplicarse satisfactoriamente, y que
el problema puede reducirse a uno de costo.

El sexto texto, extraldo de Handbook on
Landslide Analysis and Correction (Manual
sobre el andlisis y correccién de deslizamientos,
Central Road Research Institute, New Delhi, In-
dia, 1966), fue escrito como una compilacién de
informacién utilizable, condensada en un solo
volumen, para ei ingeniero en ejercicio que no
tiene el tiempo necesario para repasar la can-
tidad de literatura ingenieril que se concierne
con deslizamientos. Los Capitulos 1 y 2 no han
sido incluidos porque la informaci6n ya ha sido”
presentada, en forma actualizada, en textos pre-

nécessaires pour stabiliser le glissement sont
aussi indiqués. On donne d'autres méthodes de
calcul pour évaluer I'amélioration de la stabilité
apportée par l'installation d'un systéme de drai-
nage qui abaisse le niveau de la nappe phréa-
tique. On démontre avec d'autres calculs I'avan-
tage de remplacer la partie supérieure du glis-
sement (o la route est située) par un matériau
leger, et celui de rabaisser le profil de la route
au méme endroit.

Les différentes solutions aux problémes de
glissements de terrain par (a) suppression,
(b) contréle, ou (c) en ré-équilibrant directement
le rapport entre Ia résistance et la force sont
rangées d'aprés le codt de chaque catégorie.
Les facteurs suivants sont notés pour chaquz
méthode dans chaque catégorie: (a) descrip-
tion, (b) le principe en question, (c) la meilleure
application, (d) les désavantages, (e) la mé-
thode d'analyse, et (f) les points principaux de
I'estimation des colts.

En conclusion, il est décidé qu'a un probléme
donné de glissement de terrain routier, on peut
trouver de nombreuses solutions qui peuvent
étre appliquées avec succés, et qu'en fin de
compte, ce probléme peut étre réduit & un pro-
bléme économique.

Le sixiéme texte, extrait de Handbook on
Landsiide Analysis and Correction (Manuel
d'analyse et correction de glissements de ter-
rain) publié par le Central Road Research
Institute, New Delhi, India en 1966, est une
compilation d'inforrnation utile, résumée en un
seul volume, & l'intention de I'ingénieur sur le
chantier, qui n'a pas le temps de passer en re-
vue le dedale de littérature technique sur les
glissements de terrain. Nous avons omis les
chapitres 1 et 2, car les informations qu'ils
contiennent sont déja présentée, remises a jour,
dans les textes précédents de ce recueil. Ce
manuel n'est pas écrit avec l'intention d'éliminer
le besoin d'un expert ou d'un spécialiste pour



to the various previous sections of the text (or by
inference to their substituted previous compen-
dium texts) for details of specific problems or so-
lutions.

The seventh text is excerpted from Construc-
tion of Embankments (NCHRP Synthesis of
Highway Practice No. 8, Highway Research
Board, 1971). It indicates that the strength of an
embankment built with current standard-design
slopes is not critical if proper materials and
compaction are used. Selected Texts 2 and 4 of
this compendium indicate that standard-design
fill siopes of 6 to 1 or 4 to 1 far exceed the stabil-
ity requirements of reasonable fill material. This
text attributes most embankment failures to
(a) soft foundation soils, (b) sidehill locations,

(c) cutHill transitions, and (d) ground-water prob-
lems.

Soft foundation soils (peats, marls, and or-
ganic and inorganic silts and clays) may be re-
moved or consolidated. Sidehill fills increase the
tendency of unstable foundation material to slide
and disrupt the natural movement of surface
water and ground water. Benching to key the
embankment to a firm foundation and special
drainage provisions may overcome these prob-
lems. Cut-fill transitions basically are transverse
sidehill locations and may also require benching
and special drainage. In order to maintain a uni-
form subgrade, the bench must extend far
enough into the cut zone to remove all unstable
soil from the subgrade zone. Ground water may
be controlled by use of previous blankets or
some type of drain-pipe system or by raising the
embankment in flat terrain.

The design of highway fills generally consists

vios del Compendio 13. Este manual no tiene el
propésito de eliminar la necesidad de consultar
con un experto o especialista sobre la solucién

de todos los problemas de dsslizamientos.

El texto incluye el diserio de taludes en cortes
de roca basal, el disefio de zanjas en 4reas de
desprendimientos de rocas y la ubicacién de
cercas guardarocas. Describe los elementos ca-
racter(sticos de deslizamientos propios a distin-
tos tipos de suelo y las investigaciones de
campo y de laboratorio de deslizamientos.
Nombra las técnicas de prevencién y correccién
de deslizamientos, como ampliacién de la lista
provelda en el texto previo.

Concluye con las reglas basicas de andlisis
para la prevencién y correccién de deslizamien-
tos que incluyen (a) las reglas que se relacionan
con la ubicacién de nuevas lineas de transporte
en terreno accidentado desde el punto de vista
de prevencién de deslizamientos y (b) las reglas
que se relacionan con la investigacién de

campo qe deslizamientos existentes con vista al
desarrolio de medidas de control y correccién.
La lista de dichas reglas contiene muchos con-
sejos utiles, y también indica para el lector las
diverzags secciones previas del texto (G por infe-
rencia los textos previos que las substituyen)
que describen con més detalle los problemas o
soluciones especilficos.

El séptimo texto fue extraido de Construction
of Embankments del NCHRP Synthesis of
Highway Practice No. 8 (Construccion de terra-
plenes, Sintesis NCHRP de la practica vial N° 8,
Highway Research Board, 1971). Indica que la
resistencia de un terraplén construldo segun
normas corrientes de disefio de pendientes no
es critica si se utilizan materiales y compacta-
cién correctos. Los Textos Seleccionados 2y 4
de este compendio indican que las pendientes
de relleno (construidas segun las normas de di-
sefio) de 6 a 1 6 4 a 1 ampliamente exceden los
requisitos de estabilidad de material de relleno

résoudre tous les problémes de glissements de
terrain.

On couvre le dimensionnement des pentes de
déblai rocheux, des fossés dans les endroits
propices aux chates de pierres, et 'emplace-
ment de barriéres de protection contre les
éboulements rocheux. On décrit les éléments
caracteristiques de glissements particuliers aux
différents types de sol, et les investigations en
laboratoire et sur le chantier. On énumére les
techniques de prévention et de correction des
glissements de terrain. Cette liste est une ex-
pansion de celle donnée dans le texte précé-
dent.

A la fin du texte on donne les régles de base
des analyses pour la prévention et la correction

des glissements de terrain: (a) régles sur 'em-
placement de nouvelles lignes de transport en
région"montagneuse, du point de vue de la pré-
vention des glissements de terrain, (b) régles
pour linvestigation, sur le chantier, de glisse-
ments de terrain, au point de vue des mesures
de contrdle et de correction de ceux-ci. Cette
liste contient un grand nombre de conseils pra-
tiques, et renvoit le lecteur aux différentes sec-
tions précédentes du texte (ou par déduction
aux textes de ce recueil que nous leur avons
substitué) pour les détails de problémes ou de
solutions spécifiques.

Le septiéme texte est extrait de Construction’
of Embankments, NCHRP Synthesis of =
Highway Practice No. 8 (Construction de rem-
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of establishing the height and the side slopes of
the embankment and cf specifying criteria for
placement of the fill. Lt:ict adherence to bal-
anced earthwork design can lead to serious
construction and maintenance problems by en-
couraging the use of poor-quality soils from cut
sections and the use of locations with poor
foundation conditions. The text indicates that in
relatively flat terrain many engineers now prefer
to ignore balanced earthwork concepts and to
construct continuous low embankments. The
design load used to evaluate the stability and
the deformation of an embankment is the weight
of the overlying embankment and pavement ma-
terials. Except for the upper few feet, embank-
ment stability is not seriously affected by traffic
loads.

The eighth text is a paper entitled Locating
Ground Water for Design of Subsurface Drain-
age in Roadways and Embankments (45th An-
nual Tennessee Highway Conference, University
of Tennessee, 1963). It discusses the problem of
failures of embankments built on sloping ground.
As previously noted in Selected Texts 6 and 7,
embankments frequently fail (slip out) due to
blockage of natural surface or underground

“water courses, especially embankments built on

layered sedimentary deposits.

Ground water frequently appears at the
ground surface as permanent or intermittent
(wet-weather) springs. These springs are of
three types: (a) fissure springs, (b) tubular
springs, or (c) seepage springs. Identification of
these various types cf springs and the location

razonable. Este texto atribuye muchas de las fa-
llas de terraplén a (a) suelos de fundacién blan-
dos, (b) ubicaciones sobre la ladera de una co-
lina, (c) transiciones de corte-relleno, y (c) pro-
blemas de agua subterranea.

Los suelos blandos en la fundacién (turbas
margas, y limos y arcillas organicos e inorgani-
cos) pueden ser removidos o consolidados. Los
rellenos sobre laderas de colinas aumentan la
tendencia de materiales de fundacién inestables
hacia el deslizamienio y la interrupcién consi-
guiente del movimiento natural de agua de su-
perficie y agua subterranea. El banqueo del te-
rraplén para calzarlo a una fundacién firme, y el
establecimiento de provisiones especiales de
drenaje podrfan ayudar a superar estos proble-
mas. Basicamente las transiciones de corte-
relleno son ubicaciones transversas sobre lade-
ras de colinas y también pueden requerir el

banqueo y drenaje especial. Para mantener una
subrasante uniforme el banqueo debera pene-
trar la zona de corte lo suficiente para quitar
todo suelo inestable de la zona de subrasante.
El agua freatica puede controlarse con el uso de
delantales permeables de drenaje o algun tipo
de sistema de tubos de drenaje, o elevando el
terraplén en terreno llano.

El disefio de terraplenes viales consiste gene-
ralmente en el establecimiento de ia altura y ias
pendientes laterales del terraplén y la especifi-
cacién de los criterios para la colocacién del re-
lleno. Si se adhiere estrictamente a la teorfa de
equivalencias en el movimiento de tierras, pue-
den surgir graves problemas de construccién y
conservacion ya que se recomienda el uso de
suelos de mala calidad de secciones de corte y
el uso de ubicaciones con condiciones pobres
de fundamento. El texto indica que hoy en dia

blais— NCHRP synthése de pratique routiére
no. 8). On y indique que la résistance d'un rem-
blai construit selon les normes de dimensionne-
ment actuellement en vigueur, ne sera pas
critique si on utilise des matériaux convenables,
compactés correctement. Les textes 2 et 4 de
ce recueil indiquent que les normes de pentes
de remblai de 6 pour 1 ou de 4 pour 1 excédent
largement les conditions requises de stabilité
d’'un matériau de remblai convenable. On attri-
bue la plupart des ruptures de remblais a (a) un
sol de fondation mou, (b) un remblai situé sur un
versant naturel, (c) des raccordements rem-
blai-déblai et (¢) des probléemes d'eau phré-
atique.

Les sols de fondation mous (tourbes, marnes,
limons et argiles organiques ou non) peuvent
étre consolidés ou enlevés. Les rembilais sur les

versants naturels augmentent la tendance au
glissement des matériaux de fondation insta-
bles, et dérangent I'écoulement naturel de 'eau
de surface et de I'eau phréatique. On peut
construire des redans ou gradins pour ancrer le
remblai sur un fondation ferme, et construire un
dispositif de drainage spécial pour essayer de
surmonter ces problémes. Les raccordements
remblai-déblai sont fondamentalement des em-
placements transversaux sur le versant, et peu-
vent aussi demander des redans et un dispositif
drainant spécial. Pour conserver un sous-sol uni-
forme il faut étendre le redan aussi loin que né-
cessaire dans la zone de déblai, pour que tout
sol instable soit enlevé de la zone de sous sol.
On peut contréler I'eau phréatique en installant
des masques drainants, ou quelque sorte de
tuyau de drainage, ou encore en élevant le rem-



of their underground supply passages when the
existing ground has been stripped for embank-
ment placement will provide the low-volume
road engineer with a very good indication of
areas of possible fill failures. If the embankment
is constructed of impervious materials or if
placement methods result in a very dense em-
bankment, drainage must be provided for all dis-
turbed water passages or embankment failures
will occur.

If an embankment fails during or after con-
struction due to excessive soil moisture, the lo-
cation of sources of water that contribute to the
failure is much more difficult. Unless the flow is
diverted, however, the embankment will fail
again after being repaired. This paper discusses
the location of ground water (a) before any con-
struction activity hias.taken place, (b) after
pioneer roads and slope benches in fill areas
have been constructed, and (c) during or after
construction.

en areas de terreno llano muchos ingenieros
prefieren dejar de lado los conceptos de dicha
teorfa y construir terraplenes bajos continuos. La

- carga de disefo utilizada para evaluar la estabi-
-lidad y la deformacién de un terraplén es el
peso del terraplén y los materiales de pavimen-
tacion que lo cubren. La Unica parte del terra-
plén gravemente afectada en su estabilidad por
el transito, es los primeros piés de la parte supe-
rior.

El octavo texto es un informe titulado Locating
Ground Water for Design of Subsurface Dral-
nage in Roadways and Embankments (Locali-
zacion de agua freédtica para el disefio de dre-
naje subélveo en caminos y terraplenes, 45th
Annual Tennessee Highway Conference, Uni-

versity of Tennessee, 1963). Habla sobre el pro-
blema de las fallas de terraplenes construidos
sobre depdsitos sedimentarios en capas.

Es frecuente que el agua fredtica aparece en
la superficie en forma de manantiales perma-
nentes o intermitentes (de tiempo de iluvias).
Estos manantiales son de tres tipos: (a) manan-
tiales de grietas, (b) manantiales tubulares, o
(c) manantiales de filtracién. Si se identifican
estos diversos tipos de manantiales.y se ubican
los pasajes subterrdneos que los alimentan
cuando se ha desbrozado el terreno circun-
dante para la colocacion del terraplén, el inge-
niero de caminos de bajo volumen tendré una

“idea bastante precisa de las posibles 4reas de

falla del terraplén. No se puede evitar una falla xxix

blai dans les terrains plats.

Le dimensionnement des remblais consiste
generalement & établir la hauteur et les pentes
du remblai, et a spécifier les critéres de mise en
oeuvre du remblai. On peut se créer de sérieux
problémes de construction et d'entretien, si I'on
suit trop strictement les principes de I'équilibre
des terrassements en encourageant |'utilisation
de sols de mauvaise qualité provenant des dé-
blais, et d’'emplacements ou la fondation est de
mauvaise qualité. Le texte indique que dans un
terrain relativement plat beaucoup d'ingénieurs
routiers préférent ignorer le concept de 'équi-
libre des terrassements, et construire des rem-
blais continus et pas trés hauts. L'hypothése de
charge utilisée pour évaluer la stabilité et la dé-
formation d'un remblai est égale au poids du
remblai plus celui du revétement routier. Sauf
pour quelques pieds de la partie supérieure du
remblai, les charges de la circulation n'ont pas
d'éffet sérieux sur sa stabilité.

Le huitiéme texte est une communication inti-
tulée Locating Ground Water for Design of Sub-
surface Drainage in Roadways and Em-
bankments (Localisation de I'eau phréatique
pour le dimensionnement d'un dispositif de drai-

nage souterrain pour routes et remblais, 45th
Annual Tennessee Highway Conference, Uni-
versity of Tennessee, 1963). On y discute le
probléme de la rupture des remblais construits
sur des terrains déclives. Comme nous I'avons
remarqué dans les textes choisisno. 6et 7,ily a
souvent rupture de remblai (glissement) quand
I'écoulement naturel de I'eau de surface ou sou-
terraine est bloqué, surtout si le remblai est bati
sur des couches de terrain sédimentaire.

L'eau souterraine apparait fréquemment 4 la
surface du sol en tant que source permanente
ou intermittente, par exemple seulement a la
saison des pluies. Ces sources sont de trois
sortes: (a) les sources dans les petites crevasses
des rochers, (b) les sources tubulaires ainsi
nommeées car leur cours souterrain est de forme
tubulaire et (c) les sources de percolation ou fil-
tration. L'identification de ces différentes sortes
de sources, et la localisation de leur cours sou-
terrain quand le terrain naturel a été enlevé pour
la construction de remblai, donnera a I'ingénieur
de routes économiques, de précieuges indica-
tions sur les zones de rupture potentielles. Si le
remblai est construit de matériaux imperméa-
bles, ou si les méthodes de mise en oeuvre ré-



Bibliography

The selected texts are followed by a brief bibli-
ography containing reference data and
abstracts for 20 publications. The first eight de-
scribe the selected texts. The other 12 describe
publications related to the selected texts. Al-
though there are many articles, reports, and
books that could be listed, it is not the purpose

en el terraplén si éste se construye de materia-
les impermeables, si el método de colocacién
produce un terraplén muy denso, o sino se
proporciona el drenaje necesario para todas las
vias de agua interrumpidas.

Si debido a mucha humedad, falla un terra-
plén durante o después de la construccion, se
vuelve mucho més dificil localizar las fuentes del
agua que contribuyen al problema. No obstante,
si no se desvia el flujo, el terraplén fallara otra
vez después de repararse. Este papel habla
sobre la localizacién de agua freética: (a) antes
de comenzar con las actividades de construc-
cién, (b) después de que se hayan construido
caminos precursores y bancos de pendiente en
las &reas de relleno, y (c) durante o después de
construccién.

sultent en un remblai trés dense; il est impératif
d'installer un dispositif de drainage pour toutes
les eaux dont le cours a été détourné si I'on veut
éviter la rupture.

‘Si, pendant ou aprés la construction, on aune
rupture de remblai causée par I' humldlté exces-
sive du sol, il est beaucoup plus difficile de loca-
liser la source d'eau qui a contribué & cette rup-
ture. Il y aura de nouveau rupture de ce remblai
si I'écoulement n'est pas détourné avant la re-
construction. Dans cette communication, on dis-
cute comment localiser I'eau phréatique:

(a) avant de commencer la construction, (b) au
stade exploratoire de la construction de la route

et des redans dans les zones de remblai et (c) ’

pendant ou apreés la construction.

of this bibliography to contain all possible refer-
ences related to the subject of this. compendium.
The bibliography contains only those publica-
tions from which a text has been selected or
basic publications that would have been
selected had there been no page Ilmlt for this
compendium.

)Bi:bllograﬂa

Al final de los textos seleccionados el lector en-
contrara una breve bibliografia que contiene los
datos y abstractos de referencia para 20 publi-
caciones. Las primeras-ocho referencias des-
criben los textos seleccionados. Las otras 12
describen publicaciones relacionadas con los
textos seleccionados. Aunque existen muchos
artlculos, informes, vy | Hros que podrfan nom-
brarse, no es el progdsito de esta bibliograffa
mencionar todas las posibles referencias que se
relacionen con el tema de este compendio. Con-
tiene Unicamente aquellas publicaciones de las
cuales se ha seleccionado un texto y las publi-
caciones bésicas que se habrian seleccionado
si no hubiera un limite al ndmero de paginas en
este compendio.

Bibliographie

Les textes choisis sont suivis d'une courte bi- - -
bliographie contenant les références et résumeés
de 20 publications. Les huit premiers décrivent
les textes choisis. Les autres douze décrivent
des textes apparentés au sujet des textes choi-
sis. Bien qu'il existe beaucoup d'articles, rap-
ports et livres que nous pourrions énumeérer,
I'objectif de cette bibliographie n'est pas d'in-
clure toute la littérature publié sur le sujet de ce-
recueil. Cette bibliographie contient seulement
les publications dont nous avons extrait un texte,
ou des publucatlons de base que nous aurions:
aimé, mais n'avons po mclure pour des ralaons
évidentes de concision. ok



Selected Texts

This section of the compendium contains compendium are outside the frames and appear
selected pages from each text that is listed in in the middle left or middle right outside margins
the table of contents. Rectangular frames are of the pages. Page numbers that are given in the
used to enclose pages that have been table of contents and in the index refer to the
reproduced from the original publication. Some compendium page numbers.
of the original pages have been reduced in size Each text begins with one or more pages of
to fit inside the frames. No other changes have introductory material that was contained in the
been made in the original material except for the original publication. This material generally
insertion of occasional explanatory notes. Thus, includes a title page, or a table of contents, or
any errors that existed in the selected text have both. Asterisks that have been added to original
been reproduced in the compendium itself. tables of contents have the following meanings:
Page numbers of the original text appear . *Some pages (or parts of pages) in this part
inside the frames. Page numbers for the of the original document appear in the

Textos seleccionados *

Esta seccién del compendio contiene paginas recen dentro de los recuadros. Los nimeros de

seleccionadas de los textos catalogados en la pagina para el compendio estan fuera de los re-
tabla de materias. Se utilizan recuadros rectan- cuadros y aparecen en el centro del margen iz-

gulares para encerrar las paginas que han sido ~ Quierdo o derecho de cada pagina. Los nume-
reproducidas de la publicacién original. Algunas ~ '0s de pégina que se dan en el Indice del com- q

de las paginas originales han sido reducidas pendio se refieren a los del compendio.
para entrar en los recuadros. No se han hecho Cada texto comienza con una 0 més péginas
ningunos otros cambios en el material original de material de introduccion que contenfa la pu-
exceptuando algunas notas aclaradoras quede  plicacisn original. Este material generalmente
vez en cuando han sido agregadas. De esta incluye una pégina titulo, un indice, o ambos.
forma, cualquier error que hubiera existido enel | o asteriscos que han sido agregados al indice
texto sele_cciopado ha sido reproducido en el original significan lo siguiente:
compendio mismo. : *Algunas péginas (o partes de p4gina) en
Los nuimeros de pégina del texto original apa- esta parte del documento original aparecen
Textes choisis
Cette partie du recueil contient les sections ex- I'extérieur de I'encadrement, soit & droite, soit &
traites des publications indiquées & la table des gauche de la marge extérieure des pages, et est
matiéres. Les pages du texte original qui sont celle qui est citée dans la table des matigres et
reproduites, sont entourées d'un encadrement’ dans I'index du recueil.
rectangulaire. Certaines pages ont dd étre rédui- Chaque texte commence par une ou plusieurs
tes pour pouvoir étre placées dans I'encadre- dages d'introduction qui étaient incluses dans le
ment. Le texte original n'a pas été changé exte original. Ces pages sont généralement le
sauf pour quelques explications qui ont été itre, ou la table des matiéres, ou les deux. Des
insérées. Donc, si le texte original contient des astériques ont été ajoutés A la table des matié-
erreurs, elles sont reproduites dans le recueil. ~ ‘es d'origine, pour les raisons suivantes:
La pagination originale apparaf & I'intérieur de *Certaines pages, ou pottions des pages,

I'encadrement. La pagination du recueil est & dans cet extrait du document original sont



selected text, but other pages (or parts of
pages) in this part of the original publication
have been omitted.

**All pages in this part of the original
document appear in the selected text.

The selected texts therefore include only those
parts of the original documents that are

en el texto seleccionado, pero otras paginas
(o partes de pégina) en esta parte de la pu-

blicacién original han sido omitidas.

**Todas las paginas en esta parte del docu-.
mento original también aparecen en eI texto
seleccionado.

Por lo tanto, los textos seleccionados Unica-- -
mente incluyen aquellas partes de los documen-
tos originales que estén precedidas por asteris-

incluses dans les textes choisis, mais d'au-
tres pages (ou portion de pages) de: |'édl-
~ tion originale ont été omises. - [

**Toutes les pages dans cet extrait du docu-
‘ment original sont mcluses dans Ies textes
ch0|s|s

Les textes ChOISIS donc incluent seulement
ces extralts des documents onglnaux qui sont

preceded by asterisks in the tables of contents
of the respective publications.

. Broken lines across any page of selected text
indicate those places where original text has
been omitted. In a number of places, the
selected text contains explanatory notes that
have been inserted by the project staff. Such
notes are set off within dashed-line boxes and
begin with the word NOTE.

" COoS en eI lndlce de las publlcamones respectl- }-

vas. ol
L{neas de guiones cruzando cualquier paglna
del texto seleccionado significan que en ese
lugar se ha omitido texto original. En varios luga-
res.el texto seleccionado contiene notas aclara-

.doras que han sido introducidas por el personal

del proyecto. Tales notas estan insertadas en
recuadros de guiones y comienzan con la pala-
bra NOTE.

précédés d'un astérique dans les 'tables des
- matiéres des publications respectives.

_-Les lignes brisées sur les pages des textes
choisis indiquent les endroits ou le texte original
a été omis. A certains endroits, les textes choisis
contiennent des explications qui ont été
insérées par notre personnel. Ces explications
sont entourées d'un encadrement en pointillé, et
commencent toujours par le mot NOTE.
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Chapter 2

Text

Slope Movement
Types and
Processes

David J, Varnes

This chapter reviews a fairly complete range of slope-
movement processes and identifies and classifies them ac-
cording to features that are also to some degree relevant to
their recognition, avoidance, control, or correction. Al-
though the classification of landslides presented in Special
Report 29 (2 182) has been well received by the profession,
some deficiencies have become apparent since that repont
was published in 1958; in particular, more than two dozen
partial or complete classifications have appeared in various
languages, and many new data on slope processes have been
published.

One obvious change is the use of the term slope move-
ments, rather than landslides, in the title of this chapter
and in the classification chart. The term landslide is widely
used and, no doubt, will continue to be used as an all-
inclusive term for almost all varieties of slope movements,
including some that involve little or no true sliding. Never-
theless, improvements in technical communication require
8 deliberate and sustained effort to increase the precision
associated with the meaning of words, and therefore the
term slide will not be used to refer to movements that do
pot include sliding. However, there seems to be no single
simple term that embraces the range of processes discussed
here. Geomorphologists will see that this discussion com-
prises what they refer to a5 mass wasting or mass move-
ments, except for subsidence or other forms of ground

g.

The classification described in Special Report 29 is here
extended to include extremely slow distributed movements
of both rock and oil; those movements are designated in
many clazsifications as creep, The classification also in-
cludes the increasingly recognized overturning or toppling
failures and spreading movements. More sttention is paid .
%0 features associated with movesnents due to freezing and
thawing, although avalanches composed mostly of mow
ond ice are, as before, excluded. .

Slope movements may be classified in many ways, sach

having some usefulness in emphasizing features pertinent
to recognition, avoidance, control, correction, of other pur-
pose for the classification. Among the attributes that have
been used as criteria for identification and ¢lassification
are type of movement, kind of material, rate of movement,
geometry of the area of failure and the resulting deposit,
age, causes, degree of disruption of the displaced mass, re-
lation or lack of relation of slide geometry to geologic
structure, degree of development, geographic location 6f
type examples, and state of activity.

The chief criteria used in the classification presented
here are, a3 in 1958, type of movement primarily and type
of materia! secondarily. Types of movement (defined be-
Tow) are divided into five main groups: falls, topples,
slides, spreads, and flows. A sixth group, complex slope
movements, includes combinations of two or more of the
other five types. Materials ase divided into two classes:
rock and engineering soil; soil is further divided into de-
bris and earth. Some of the various combinations of move-
ments and materials are shown by diagrams in Figure 2.1
(in pocket in back of book);an abbrevisted version isshown
in Figure 2.2. Of course, the type of both movement and

Figurs 2.2. Abbrevisted clemifioetih of sleps mevements.
(Figure 2.1 in pocket in back of book gives compiate ciemifiestion

with drawings and explenstory woxt)
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materials may vary from place to place ot from time to
time, and nearly continuous gradation may exist in both;
therefore, a rigid classification is neither practical nor de-
sirable. Qur debts to the earlier work of Sharpe (2 146)
remain and are augmented by borrowings from many other
sources, including, particularly, Skempton and Hutchirison
(2,154), Nemcok, Pasek, and Rybat (2.116), de Freitas and
Watters (2.37), Ziruba and Mencl (2.193), and Zischinsky
(2.194). Discussions with D. H. Radbruch-Hall of the US.
Geological Survey have led to significant beneficial changes
In both content and format of the presentation,

The classification presented here is concerned lcss with
affixing short one- or two-word names to somewhat com.
Plicated slope processes and their deposits than with de-
weloping and attempting to make more precise a useful
vocabulary of terms by which these processes and deposits
mey be described. For example, the word creep is partic-
ularly troublesome because it has been used long and
widely, but with differing meanings, in both the material
sclences, such as metallurgy, and in the earth sciences,
such as geomorphology. As the terminology of physics
and materials science becomes more and more applied to
the behavior of soil and rock, it becomes necessary to en.
sure that the word creep conveys in each instance the con.
cept intended by the author. Similarly, the word flow has
been used in somewhat different senses by various authors
1o describe the behavior of earth materials. To clarify the
meaning of the terms used here, verbal definitions and dis-
cussions are employed in conjunction with illustrations of
both idealized and actual sxamples to build up descriptors
of movement, material, morphology, and other attributes
that may be required to characterize types of slope move-
ments satisfactorily.

TERMS RELATING TO
MOVEMENT

. Kinds of Movement

Since all movement between bodies is only relative, a de-
scription of slope movements must necessarily give some
attention to identifying the bodies that are in relative mo-
tion. For example, the word slide specifies relative motion
between stable ground and moving ground in which the
vectors of relative motion are paraliel to the surface of
separation or rupture; furthermore, the bodies remain in
contact, The word flow, however, refers niot to the mo-
tions of the moving mass selative to stable ground, but
rather to the disiribution and continuity of relative move-
ments of particles within the moving mass itself.

Falls

In falls, a mass of any size is detached from a steep slope or
cliff, along a surface on which little or no shear displacement
takes place, and descends mostly through the air by free
fall, leaping, bounding, or rolling. Movementsare very capid
to extremely rapid (see rate of movement scale, Figure 2.1u)
and may or may not be preceded by minor movements
Jeading to progressive separation of the mass from its source.

Rock fall is a fall of newly detached mass from an area
of bedrock. An example is shown in Figuse 2.3, Debris

12

fall is & fall of dedris, which is composed of detrital frag-
ments peior to failure. Rapp (2.131, p. 104) suggested that
falls of newly detached material be called primary and those
involving earlier transported loose debris, such as that from
sheives, be called secondary. Among those termed debris
falls here, Rapp (2.131, p.97) also distinguished pebble falls
(size less than 20 mm), cobble falls (more than 20 mm, but
less than 200 mm), and boulder falls (more than 200 mm),
Included within falls would be the raveling of a thin collu-
vial layer, as illustrated by Deere and Patton (2.36), and of
fractured, steeply dipping weathered rock, as illustrated by
Sowers (2.162).

The falls of loess along bluffs of the lower Mississippi
River valley, described in a section on debris falls by
Sharpe (2.146, p. 75), would be called earth falls (or loess
falls) in the present classification,

Topples

Topples have been recognized relatively recently asa dis-.
tinct type of movement. This kind of movement consists
of ‘the forward rotation of a unit or unitsabout some pivot
point, below or low in the unit, under the action of gravity
and forces exerted by adjacent units or by fluids in cracks.
Itis tilting without collapse. The most detailed descrip-
tions have been given by de Freitasand Watters (2.37), and
some of their drawings are reproduced in Figure 2.1d1 and
d2. From their studies in the British Isles, they concluded
that toppling failures are not unusual, can develop in a va-
riety of rock types, and can range in volume from 100 m?
to more than 1 Gm3 (130to 1.3 billion yd3). Toppling
may or may not culminate in either falling or sliding, de-
pending on the geometry of the failing mass and the orien-
tation and extent of the discontinuities. Toppling failuge . .
has been pictured by Hoek (2.67), Alsenstein (2.7, p. 375),
and Bukovansky, Rodriquez, and Cedriin (2.16) and studied
in detail in laboratory experiments with blocks by Hofmann
(2.63). Forward rotation was noted in the Kimbley copper
pit by Hamel (2.56), analyzed in a high rock cut by Piteau
and others (2.125), and described among the prefailure
movements at Vaiont by Hofmann (2.62). -

Slides

In true slides, the movement consists of shear strain and
displacement along one or several surfaces that are visible
or may reasonably be inferred, or within a relatively nar.
row zone. The movement may be progressive; that is,
shear failure may not initially occur simultaneously over
what eventually becomes a defined surface of rupture, but
rather it may propagate from an area of focal failure. The
displaced mass may slide beyond the original surface of
rupture onto what had been the original ground surface,
which then becomes a surface of separation.

Slides were subdivided in the classification published in
1958 (2.182) into (a) those in which the material in motion
i not greatly deformed and consists ¢ on¢ or a few units
and (b) those in which the material is greatly deformed or
consists of many semi-independent units, These subtypes
were further classed into rotational slides and planar slides.
In the present classification, emphasis is put on the distinc-
tion between rotational and translational slides, for that
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Figure 2.3. Rock fall due to undercutting slong shore of Las
Veges Bay, Lake Mead, Nevads {photograph taken February
24, 1948) (2.18?). Rock is Muddy Creek formation (Pliocene)
consisting here of siltstons overiain by indursted breccis.

Figure 24. Slope failure in uniform material (2,182),

(0} ROTATIONAL SHEAR ON
CYLINDRICAL SURFACE

uvoouuwm‘

THRUSTING AT THE TOR

difference is of at least equal significance In the analysls of
stabllity and the design of control methods. An indlcation
of degree of disruption is still available by use of thc terms
block or intact for slides consisting of one or a few mov-
ing units and the terms broken or disrupted for those con-
sisting of many units; these terms avoid a possible source
of confusion, pointed out by D. H. Radbruch-Hall, in the
use of the term debris slide, which is now meant to indi-
cate only a slide originating in debris material, which may
elther proceed as a relatively unbroken block or lead to dis-
ruption into many units, each consisting of debris.

Rotational Slides

The commonest examples of rotational slides are little-
deformed slumps, which are slides along a surface of rup-
ture that Is curved concavely upward. Slumps, and slumps
combined with other types of movement, make up a high
proportion of landslide problems facing the engineer. The
movement in slumps takes place only along internal slip
surfaces. The exposed cracks arc concentric in plan and
concave toward the direction of movement. In many
slumps the underlying surface of rupture, together with
the exposed scarps, is spoon-shaped (Figure 2.4). If the
slide extends for a considerable distance along the slope
perpendicular to the direction of movement, much of the
rupture surface may approach the shape of a sector of a
cylinder whose axis is parallel to the slope (Figure 2.4). In
slumps, the movement is more or less rotational about an
axis that is parallel to the slope. In the head area, the
movement may be almost wholly downward and have
little apparent rotation; however, the top surface of each

unit commonly tilts backward toward the slope (Figures
2.1g, 2.11, 2.4, 2.5, 2.6, and 2.7), but some blocks may
tilt forward.

Figure 2.6 shows some of the commoner varieties of
slump failure in various kinds of materials. Figure 2.7
shows the backward tilting of strata exposed in a longitu-
dinal section through a small slump in lake beds. Although
the rupture surface of slumps is generally concave upward,
it is seldom a spherical segment of uniform curvature. Often
the shape of the surface is greatly influenced by faults,
joints, bedding, or other preexisting discontinuities of the
material. The influence of such discontinuities must be con.
gidered carefully when the engineer makes a slope-stability
analysis that assumes a certuin configuration for the surface
of rupture. Figures 2.7 and 2.8 show how the surface of
rupture may follow bedding planes for a considerable part
of Its length. Upward thrusting and slickensides along the
lateral margin of the tue of a slump are shown in Figure 2.9.

The classic purely rotational slump on a surface of
smooth curvature is relatively uncommon among the
many types of gravitational movement to which geologic
materlals are subject. Since rotational slides occur most
irequently in fairly homogencous materials, their incidence
among constructed embankments and fills, and hence their
interest to engincers, has perhaps been high relative toother
types of failure, and their methods of anaiysis have in the
past been more actively studied. Geologic materials are
seldom uniform, however, and natural slides tend to be
complex or at least significantly controlled in their mode
of movement by internal inhomogeneities and discontinu-
Ities. Morcover, decper and deeper artificial cuts for dam-
sites, highways, and other engincering works have increas-
inly produced failures not amenable to analysis by the
methods appropriate to circular arc slides and have made
necessary the development of new methods of analytical
design for prevention or cure of failures in both bedrock
and enginecring soils.

The scarp at the head of a slump may be almost vertical.
If the main mass of the slide moves down very far, the
steep scarp is left unsupported and the stage is set for a
new failure (similar to the original slump) at the crown of
the sllde. Occasionally, the scarps along the lateral mar-
gins of the upper part of the slide may also be so high and
stezp that slump blocks break off along the sides and move
downward and inward towar: the middle of the main slide.
Figure 2.10 (2.183) shows a plan view of slump units along
the upper margins of a slide; the longest dimensions of
these units are parallel with, rather than perpendicular to,
the direction of movement of the main slide. Any water
that finds its way into the head of a slump may be ponded
by the backward tilt of the unit blocks or by other irregu-
laritics in topography so that the slide is kept wet ron-
stantly. By the successive creaticn of steep scarps and trap-
ping of water, slumps often beco.ne self-perpetuating areas
of instability and may continus to move and enlarge ister-
mittently until a stable slope of ve!y low gradient is at-
talned.

Translationcl Slides

In transiational sliding the mass progresses out or down
and out along a more or less planai’ or gently undulatory

13
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sarface and has little of the rotary movement or backward
titing characteristic of stump. The moving mass com-
monly slides out on the original ground surface. The dis-
tinction between rotational and translational stides is use-
ful in planning control measures. The rotary movement of
a dump. if the surface of rupture dips into the hill at the
foot of the slide, tends to restore equilibrium in the un-
stable mass; the driving moment during movement de-
creases and the slide may stop moving. A translational
dide, however, may progress indefinitely if the surface on
which it rests is sufficiently inclined and aslong as the shear
tesistance along this surface remains lower than the more
of less constant driving force. A translational slide in which
the moving mass consists of a single unit that is not greatly
deformed or & few closely related units may be called a
block slide. If the moving mass consists of many semi-
independent wnits, it is termed a broken or disrupted slide.
The movement of translational slides is commonly con-
trolled structurally by surfaces of weakness, such as faults,
joints, bedding planes, and variations in shear strength be-

tween Layers of bedded deposits, ot by the contact between
fiem bedrock and overlying detritus (Figure 2.11). Seversl
examples of block slides are shown in Figures 2.1j2, 2.11,
2.12,2.13(2.136), 2.14(2.107),and 2.15. In many trans-
Iational slides, the slide mass is greatly deformed or bresks
up into many more or less independent units. As deforma-
tion and disintegration continue, and especially as water
content or velocity or both increase, the broken or dis-
rupted slide mass may change into a flow; however, all
gradations exist. Broken translational slides of rock are
shown in Figure 2.1j3 and of debris in Figures 2.1k and
2.16(2.83).

Latera! Spreads

In spreads, the dominant mode of movement is lteral ex-
tension accommodated by shear or tensile fractures. Two

types may be distinguished.
1. Distributed movements result in overall extension

Figurs 28. Vorieties of dump
u'ml
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Figure 2.8, Slump of fill,

controlled in this detony
instance by failure

in underlying soil e g5 e
(2182, 4-Bondsione

Figure 2.7. Siump in thinly bedded lske deposits of siit and clay
in Columbia River valley (note backward tilting of beds sbove
surface of rupture) (2, 782),

Figure 2.8, Slump in bedded deposits similar to those shown in
Figure 2.7 {nota that surface of rupturs follows horizontal
bedding plane for part of its length) (2.182).

Figure 2.9, Slickensides in foot area of shallow siide in Pennington
shale residuum (highly westherad clay shals) slong 140 in Roans
County, Tennesese.

but without a recognized or well-defined controlling basal
ghear surface or zone of plastic flow. These appear to occur
predominantly in bedrock, especially on the crests of ridges
(Figure 2.1m1). The mechanics of movement are not well
known.

2. Movements may involve fracturing and extension of
coherent material, either bedrock or soil, owing to liquefac-
tion or plastic flow of subjacent material. The coherent
upper units may subside, translate, rotate, or disintegrate,
or they may liquefy and flow. The mechanism of failure
can involve elements not only of rotation and translation
but also of flow; hence, lateral spreading failures of this
type may be properly regarded as complex. They form,
however, such a distinctive and dominant species in certain
geologic situations that specific recognition seems worth-
while.

Examples of the second type of spread in bedrock are
shown in Figure 2.1m2 and 2.1m3. In both examples,
taken from actual landslides in the USSR and Libya respec-
tively, a thick layer of coherent rock overlies soft shale and

Figure 2.10. Ames slide near Tellurido, Colorado (2.7182, 2,183).
This slump-earth flow landslide occurred in glacial till overlying
Mancos shale. Repeatsd slumping took place slong upper margins
after main body of matsrial had moved down. Long axes of slump
blocks 8 snd B'are parsilel with rather than perpendiculer to
dirsction of movement of main part of slide. Blocks 8 and 8’
moved toward left, rather than toward obesrver,

8,
Narrow slump unit with 9
e icular to

£

“Island™ remaeining after
downward of
unit D from srea £.
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Figure 2.11. Thin layer of residual debris that slid on inclined
strata of metasiltstone along 1-40 in Cocke County, Tennesess.

claystone. The underlying layer became plastic and flowed
to sume. extent, allowing the overlying firmer rock to break
into strips and blocks that then became separated. The
cracks between the blocks were filled with either soft ma-
terial squeezed up from below or detritus from above. The
lateral extent of these slides is remarkable, involving bands
several to many kilometers wide around the edges of pla-
teaus and escarpments. The rate of movement of most lat-
-eral spreads in bedrock is apparently extremely slow.

Laterally spreading slope movements also form in fine-
grained earth material on shallow slopes, particularly in
sensitive silt and clay that loses most or all of its shear
strength on disturbance or remolding. The failure is usu-
ally progressive; that is, it starts in a local area and spreads.
Often the initial failure is a slump along a stream bank or
shore, and the progressive failure extends retrogressively
back from the initial failure farther and farther into the
bank. The principal movement is translation rather than
rotation. If the underlying mobile zone is thick, the blocks
at the head may sink downward as grabens, not necessarily
with backward rotation, and there may be upward and out-
ward extrusion and flow at the toe. Movement generally
begins suddenly, without appreciable warning, and proceeds
with rapid to very rapid velocity.

These type: appear to be members of a gradational series
of landslides in surficial materials ranging from block slides
at one extreme, in which the zone of flow beneath the slid-
ing mass may be absent or very thin, to earth flows or com-
pletely liquefied mud flows at the other extreme, in which
the zone of flow includes the entire mass. The form that is

16

Figure 2.13. Development
of landslides in horizontal
ssquence of claystone and
coal caused by relaxstion
of horizontal stresses
resulting from reduction in
thickness of overlying strata
(2.136).

(D cLaYSTONE (D) COAL

Figure 2,14, Section view of translational slice
at Paint Fermin, near Los Angeles, California
(see also Figure 2,15} (2,107, 2.182).
Maximum ge rate of t was

3 cm/week (1.2in),
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taken depends on local factors. Most of the larger land- .
slides in glacial sediments of northern North America and
Scandinavia lie somewhere within this series.

Lateral spreads in surficial deposits have been destructive
of both life and property and have, therefore, been the sub-
jectof intensive study. Examples may be cited from Sweden
(Caldenius and Lundstrom, 2.18), Canada (Mitchell and
Markell, 2.108), Alaska (Secd and Wilson, 2./44), and
California (Youd, 2.191). Most of the spreading failures
in the western United States generally involve less than total
liquefaction and scem to have been mobilized only by seis-
mic shock. For example, there were damaging failures in
San Fernando Valley, California, during the 1969 earth-
quake because of liquefaction of underlying sand and silt
and spreading of the surficial, firmer material. The spread-
ing failure of Bootlegger Cove clay beneath the Turnagain
Heights residential district at Anchorage, Alaska, during
the 1964 great earthquake resulted in some loss of life and
extensive damage. In some areas within the city of San
Francisco, the principal damage due to the 1906 earth-
quake resulted from spreading failures that not only did
direct damage to structures but also severed principal water-
supply lines and thereby hindered firefighting.

- All investigators would agree that spreading failures in
glacial and marine sediments of Pleistocene age present
some common and characteristic features: Movement of-
ten occurs for no apparent external reason, failure is gen-
crally sudden, gentle slopes are often unstable, dominant
movement is translatory, materials are sensitive, and pore-
water pressure is important in causing instability. All de-
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Figure 2,18, Transiational slide at Point Fermin, Califomnis.
Photograph, which wes taken Jenusry 17, 1968, indicates minor
slumping into gap st roar of main mass and Inyminent rock falls
ot sea ciiff. Principal motion, however, was by sliding slong
pently ssewsrd dipping stvata.

Figure 2,16, Debris siide of disintegrating soll
dip variety (2.83, 2.182).

greesof disturbance of the masses have been observed; some
fallures consist almost entirely of one large slab or “flake,”
but others liquefy almost entirely to small chunks or mud.

Flows

Many examples of slope movement cannot be classed as
falls, topples, slides, or spreads. In unconsolidated mate-
rials, these generally take the form of fairly obvious flows,
either fast or slow, wet or dry. In bedrock, the movements
most difflcult to categorize include those that are extremely
slow and distributed among many closely spaced, noninter-
connected fractures or those movements within the rock
mass that result in folding, bending, or bulging. In many
instances, the distribution of velocities resembles that of
viscous fluids; hence, the movements may be described as
a form of flow of intact rock.

Much of what is here described under flowlike distrib-
uted movements has been classified as creep, both of rock
and soll. But creep has come to mean different things to
different persons, and it seems best to avoid the term or to
use it in a well-defined manner. As used here, creep is con-
sidered to have a meaning similar to that used in mechanics
of materials; that is, creep is simply deformation that con-’
tinues under constant stress. Some of the creep deforma-

tion may be recoverable over a period of time upon release
of the stress, but generally most of it is not. The move-
ment commonly is imperceptible (which is usually one of
the essential attributes of creep as defined in geomorphol-
ogy), but increasingly sophisticated methods of measure-
ment make this requirement difficult to apply. Further-
more, the usual partition of creep into three stages—
primary (decelerating), secondary (steady or nearly so),
and tertiary (accelerating to failure)—certainly includes
perceptible deformation in the final stages. Laboratory
studles show that both soil and rock, as well as metals, can
exhibit all three stages of creep. Observations in the field,
such as those reported by Miiller (2.112) at Vaiont, em-
brace within the term creep perceptible movements that
immediately preceded catastrophic failure. :
There is disagreement also as to whether creep in rock
and soil should be restricted to those movements that are
distributed through a mass rather than alonga defined
fracture. Authorities are about equally divided on this
point but, in keeping with the use of the term in engineer-
ing mechanics, the acceptance of this restriction is not
favored. Creep movements can occur in many kinds of
topples, slides, spreads, and fiows, and the term creep
need not be restricted to slow, spatially continuous defor-
mation. Therefore, spatially continuous deformations are
classified as various types of flow in rock, debris,and earth.

Flows in Bedrock

Flow movements in bedrock include deformations that are
distributed among many large or small fractures, or even
microfractures, without concentration of displacement
along a through-going fracture. The movements are generally
extremely slow and are apparently more or less steady in
time, although few data are available. Flow movements
may result in folding, bending, bulging, or other manifes-
tations of plastic behavior, as shown in Figure 2.1p1, 2.1p2,
2.1p3,and 2.1p4. The distribution of velocities may roughly
simulate that of viscous fluids, as shown in Figure 2.1p5.

These kinds of movements have come under close study
only within the last decade or so and are being recognized
more and more frequently in areas of high relief in many
parts of the world. They are quite varied in character, and
several kinds have been described as creep by Nemcok, .
Pasek, and Rybar (2.116) in a general classification of land-
slides and other mass movements, as gravitational slope de-
formation by Nemcok (2.114, 2.115), by the term Sackung
(approximate translation: sagging) by Zischinsky (2.194,
2.195), as depth creep of slopes by Ter-Stepanian (2.172),
and as gravitational faulting by Beck (2.5). In the United
States, ridge-top depressions due to large-scale creep have
been described by Tabor (2.166). A review of gravitational
creep (mass rock creep) together with descriptions of ex-
amples from the United States and other countries has
been prepared by Radbruch-Hall (2.130). The significance
of these relatively slow but pervasive movements to human
works on and within rock slopes is only beginning to be
appreciated.

Flows in Debris and Earth

Distributed movements within debris and earth are often
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more accurately recognized as flows than those in rocks be-
cause the relative displacements within the mass are com-
monly larger and more closely distributed and the general
appearance is more obviously that of a body that has be-
haved like a fluid. Moreover, the fluidizing effect of water
itself is,asa rule, a part of the process. Slip surfaces within
the moving mass are usually not visible or are short lived,
and the boundary between moving mass and material in
place may be a sharp surface of differential movement or
a zone of distributed shear. :

There is complete gradation from debris slides to debris
flows, depending on water content, mobility, and character
of the movement, and from debris slide to debris avalanche
as movement becomes much more rapid because of lower
cohesion or higher water content and generally steeper
slopes. Debris slides and, less commonly, debris avalanches
may have slump blocks at their heads. In debris slides, the
moving mass breaks up into smailer and smaller parts as it
advances toward the foot, and the movement is usually
slow. In debris avalanches, progressive failure is more
rapid, and the whole mass, either because it is quite wet
or because it is on a steep slope, liquefies, at least in part,
flows, and tumbles downward, commonly along a stream
channel, and may advance well beyond the foot of the
slope. Debris avalanches are generaily long and narrow
and often leave a serrate or V-shaped scar tapering uphill
at the head, as shown in Figures 2.1q3 and 2.17, in con-
trast to the horseshoe-shaped scarp of a slump.

Debris flows, called mud flows in some other classifi-
cations, are here distinguished from the latter on the basis
of particle size. That is, the term debris denotes material
that contains a relatively high percentage of coarse frag.
ments, whereas the term mud flow is reserved for an earth
flow consisting of material that is wet enough to flow rap-
idly and that contains at least 50 percent sand-, silt., and
clay-sized particles. Debris flows commonly result from
unusually heavy precipitation or from thaw of snow or
frozen soil. The kind of flow shown in Figure 2.1ql often
occurs during torrential runoff following cloudbursts, It is
favored by the presence of soil on steep mountain slopes
from which the vegetative cover has been removed by fire
or other means, but the absence of vegetation is not a pre-
requisite. Once in motion, a small stream of water heavily
laden with soil has transporting power that is dispropor-
tionate to its size, and, as more material is added to the
stream by caving of its banks, its size and power increase,
These flows commonly follow preexisting drainageways,
and they are often of high density, perhaps 60 to 70 per-
cent solids by weight, so that boulders as big as automo-
biles may be rolled along. If such a flow starts on an un-
broken hillside it will quickly cut a V-shaped channel.
Some of the coarser material will be heaped at the site to
form a natural levee, while the more fluid part moves
down the channel (Figure 2.17). Flows may extend many
kilometers, until they drop their loads in a valley of lower
gradient or at the base of a mountain front. Some debris
flows and mud flows have been reported to proceed bya
series of pulses in their lower parts; these pulses presumably
are caused by periodic mobilization of material in the source
area or by periodic damming and release of debris in the
lower channel.

The term avalanche, if unmodified, should refer only to
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Figure 2.17. Debris avalanche or very rapid debris flow st
Franconla Notch, New Hampshire, Junc 24, 1048, after several

" days of heavy nainfall (2,782). Only soil nantle 2to 5 m (7 to

8t} thick, which lay over bedrock on a slope of about 1:1,
wes involved. Scar is sbout 450 m (1500 ft) long; natural levess
can be seen slong sides of flow. US-3 is in foreground.

slope movements of snow or ice. Rapp (2.132) and Temple
and Rapp (2.169), with considerable logic, recommend that,
because the term debris avalanche is poot ly defined, it should
be abandoned, and that the term avalanche should be used
only in connection with mass movements of snow, either
pure or mixed with other debris. The term debris avalanche,
however, is fairly well entrenched and in common usage
(Knapp, 2.86); hence, its appearance in the classification

as a variety of very rapid to extremely rapid debris flow
seems justified.

Recent studies have contributed much to a bettes un-
derstanding of the rates and duration of rainfall that lead
to the triggering of debris flows, the physical properties of
the material in place, the effect of slope angle, the effect
of pore-water pressure, the mobilization of material and
mechanism of movement, and the properties of the result-
ing deposit. The reader is referred especially to the works
of Campbell (2.20), Daido (2.34), Fisher (2.46), Hutchin-
son (2.70), Hutchinson and Bhandari (2.72), Johnson and
Rahn (2.76), Jones {2.78), Prior, Stephens, and Douglas
(2.129), Rapp (2.131), K. M. Scott (2.141), R. C. Scott
(2.142), and Williams and Guy (2.188). Flowing move-
ments of surficial debris, including creep of the mantle of
weathered rock and soil, are shown in Figure 2.1q2, 2.1q4,
and 2.1q5. Soil flow, or solifluction, which in areas of pe-
rennially or permanently frozen ground is better termed
gelifluction, takes many forms and involves a variety of
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"+ SECONOARY SLIDE

mechanisms that can be treated adequately only in works
devoted to this special field, which is of great significance
to engineering works at high latitudes and altitudes. The
reader is referred to summaries by Dylik (2.40), Washburn
(2.187), and Corte (2.27); the proceedings of the Interna-
tional Conference on Permafrost (2.111); and recent work
by McRoberts and Morgenstern (2.104, 2.105) and Emble-
ton and King (2.42).

Subaerial flows in fine-grained materials such as sand,
silt, or clay are classified here as earth flows. They take a
variety of forms and range in water content from above
saturation to essentially dry and in velocity from extremely
rapid to extremely slow. Some examples are shown in Fig-
ure 2.1r1 through 2.1r5. At the wet end of the scale are
mud flows, which are soupy end members of the family of
predominantly fine-grained earth flows, and subaqueous
flows or flows originating in saturated sand or silt along
shores.

In a recent paper reviewing Soviet work on mud flows,
Kurdin (2.91) recommended a classification of mud flows
based on (a) the nature of the water and solid-material
supply; (b) the structural-rheological model, that is, whether
the transporting medium is largely water in the free state
or is a single viscoplastic mass of water and fine particles;
(c) the composition of the mud flow mass, that is, whether
it consists of mud made up of water and particles less than
1 mm (0.04 in) in size or of mud plus gravel, rubble,
boulders, and rock fragments; and (d) the force of the mud
flow as defined by volume, rate of discharge, and observed
erosive and destructive power. In the Soviet literature mud
flows include not only what are here classified as debris
flows but also heavily laden flows of water-transported
sediment.

According to Andresen and Bjerrum (2.3), subaqueous
flows are generally of two types: (a) retrogressive flow
slide or (b) spontaneous liquefaction, as shown in Figure
2.18. The retrogressive flows, as shown in Figure 2.1r1,
occur mostly along banks of noncohesive clean sand or
silt. They are especially common along tidal estuaries in
the coastal provinces of Holland, where banks of sand are
subject to scour and to repeated fluctuations in pore-water
pressure because of the rise and fall of the tide (Koppejan,

Figure 2.18. Retrogresmive flow slide and spontaneous
quefaction {2.3),

(s) ARETROGRESSIVE FLOW SLIDE
{Mechanism oftgr Koppejan, Van

and Weinberg, 2.89)
[AFTER FLOWSLIDE IWATER LEVEL ['!EFORE FLOWSLIDE
:

()

\—SCOURED OUT BY TIDAL CURRENT
LAROE STRAIN VELOCITIES 0.08 to SEVERAL km/h

{») SPONTANEOUS LIQUEFACTION
SECONDARY SLIDE~

BSEFORE LIGUEFACTION  AfTER |_|ou;ncﬂw—
i | L _'4'/
—~—— e

= 2
. Lo —;:-,/

—

START
. EARTHOUAKE/PILE DRIVING
SMALL STRAIN VELOCITIES 10 to 100 Km/h
Note: 1 km/h = 0.8 mph,

Figure 2,19, Earth flow near Greensboro, Florida (2.80, 2,182),
Material s flatlying, partly indurated clayey sand of the Hawthomn
formation (Miocene). Length cf slide is 275 m {900 ft) from scarp
t0 odge of trees in foreground. Vertical distance Is about 16 m (45
ft) from top to base of scarp and about 20 m (60 ft} from top of
scarp to toe. Slide occurred in April 1948 after year of unusually
heavy ralnfall, including 40 cm (18 in) during 30 d precading

dide.

Van Wamelon, and Weinberg, 2.89). When the structure of
the loose sand breaks down along a section of the bank, the
sand flows rapidly along the bottom, and, by repeated
small failures, the slide eats into the bank and eniarges the
cavity. Sometimes the scarp produced is an arc, concave
toward the water, and sometimes it enlarges greatly, retain-
ing a narrow neck or nozzle through which the sand flows.
An extensive discussion and classification of subaquenus
mass-transport processes and the resulting deposits have
been presented by Carter (2.21).

Rapid earth flows also occur in fine-grained silt, clay,
and clayey sand, as shown in Figures 2.1r2and 2.19 (2.80).
These flows form a complete gradation with slidesinvolving
failure by lateral spreading, but they involve not only lique-
faction of the subjacent material but also retrogressive fail-
ure and liquefaction of the entire slide mass. They usually
take place in sensitive materials, that is, in those materials
whose shear strength on remolding at constant water con-
tent is decreased to a small fraction of its original value,
Rapid earth flows have caused loss of life and immense
destruction of property in Scandinavia, the St. Lawrence
River valley in Canada,and Alaska during the 1964 earth-
quake. The properties of the material involved, which is
usually a marine or estuarine clay of late Pleistocene age,
have been thoroughly studied by many investigators during
the last 15 years. Summary papers have been written by
Bjerrum and others (2.12) on flows in Norway and by
Mitchell and Markell (2.108), and Eden and Mitchell (2.41)
on flows in Canada. Shoreline flows produced by the Alas-
kan earthquake at Valdez and Seward have been described
by Coulter and Migliaccio (2.28) and Lemke (2.98). The
large failure on the Reed Terrace near Kettle Falls, Wash-
ington, shown in Figures 2.20 and 2.21 (2.79), resembles
in some respects the earth flow at Riviere Blanche, Quebec,
ghown in Figure 2.112 (2.146). :

The somewhat drier and slower earth flows in plastic .
carth are common in many parts of the world wherever ..
there is a combination of clay or weathered clay-bearing
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rocks, moderate slopes, and adequate moisture; Figure 2.22

showsa typical example. A common elongation of the flow,
channelization in depression in the slope, and spreading of
the toe are illustrated in Figure 2.1r3 and also shown in an
actual debris flow in Figure 2.23.

The word flow naturally brings water to mind, and some
content of water is necessary for most types of flow move-
ment. But small dry flows of granular material are common,
and a surprising number of large and catastrophic flow
movements have occurred in quite dry materials. There-
fore, the classification of flows indicates the complete
range of water content—from liquid at the top to dry at
the bottom. Tongues of rocky debris on steep slopes moving
extremely slowly and often fed by talus cones at the head
are called block streams (Figure 2.1q5). Because of rain-
wash, a higher proportion of coarse rocks may be in the sur-
face layers than in the interior. Dry flows of sand are com-
mon along shores or embankments underlain by dry gran-
ular material. In form, they may be channelized, as shown
in Figures 2.1r4 and 2.24, or sheetlike, as shown in Figure
2.25(2.79). Small flows of dry silt, powered by Impact

Figure 2.20. Reed Terrace area, right bank of Lake Roossvelt
reservoir on Columbia River, nesr Kettls Falls, Washington, May
15, 1961 (2.782). Landslide of April 10, 1852, involving about
11 Mm3 (16 million yd3) took place by progressive slumping,
liqusfaction, and flowing out of glaciofiuvial sediments through
narrow orifice into bottom of reservoir.

Figure 2.21. Reed Terrace arsa, Lake Roosevelt, Washington,
August 1, 1952, after landslide of April 10, 1862 (2.79, 2.182).

on falling from a cliff, have been recognized, but so far as
is known none has been studied in dstail (Figure 2.26).
Flows of loess mobilized by earthquake shock have been
more destructive of life than any other type of slope failure,
Those that foliowed the 1920 earthquake in Kansu Province,
China (Close and McCormick, 2.23), shown in Figure 2.1¢5,
took about 100 000 lives. Apparently the normal, fairly
coherent internal structure of the porous silt was destroyed
by earthquake shock, so that, for all practical purposes, the
loess became a fluid suspension of silt in air and flowed
down into the valleys, filling them and overwhelming vil-
lages. The flows were essentlally dry, according to the re-
port. Extensive flows of loess accompanied the Chait earth-
quake of July 10, 1949, in Tadzhikistan, south-central Asia,
and buried or destroyed 33 villages as the flows covered the
bottoms of valleys to depths of several tens of meters for
many kilometers (Gubin, 2.54).

Complex

More often than not, slope movements involve a combina-

Figure 2.22. Earth flow developing from slump neer Berkeley,
California (2.782).

Figuro 2.23. Old debris flow in altersd volcanic rocks west of
Pahsimeroi River in south central Ideho.
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Figure 2.24. Dry sand flow in Columbla River valiey (2.182),
Material is sand over lske-bed siit; dry send from upper terrace flowed

like liquid through notch in more compact -i_yd and siit below,- - -

Figure 2.26, Shallow, dry, sand flow slong shore of Laks
Roosevelt, Washington (2.75). Wave erosion or saturstion of
sediment by lake water caused thin skin of material to lose
sipport and ravel off terrace scarp. ’

Figure 2,26. Dry flow of silt (2,782). Materia! is lake-bed siit of
Pieistocene age from high bluff on right bank of Columbia River, 4
km (2.5 miles) downstream from Belvedere, Washington. Flow was
not observed while in motion, but is believed to result from blocks
of silt falling down slope, disintegrating, forming a single high-
density solid-in-air suspension, and flowing out from bass of cliff.

Text 1

" tion of oné or more of the principal typesof movement de-
.- scribed above, either within various parts of the moving

mass or at different stagesin development of the movements,
These are termed complex slope movements, and a few ex-
amples of the many possible types are illustrated in Figure
2.1s1 through 2.1s5.

Of particular interest regarding hazards of landslides to

life and property are large, extremely rapid rock fall-debris
flows, referred to as rock-fragment flow (variety rock-fall
avalanche) in the 1958 classification (2.782). Rock slide-
and rock fall-debris flows are most common in rugged
mountainous regions. The disaster at Elm, Switzerland
(Heim, 2.58, pp. 84, 109-112), which took 115 lives,
started with small rock slides at each side of a quarry on
the mountainside. A few minutes later the entire mass of
rock above the quarry crashed down and shot across the
valley. The movement of the rock fragments, which had
to that moment been that of a rock slide and rock fall, ap-
pears to have taken on the character of a flow. The mass
rushed up the other side of the small valley, turned and
streamed into the main valley, and flowed for nearly 1.5
km (1 mile) at high velocity before stopping (Figure 2.1s1).
About 10 Mm3 (13 million yd3) of rock descended an aver-
age of 470 m (1540 ft) vertically in a total elapsed time of
about 55 s. The kinetic energy involved was enormous.
A similar and even larger rock-fall avalanche occurred at
Frank, Alberta, in 1903 and also caused great loss of life
and property (McConnell and Brock, 2.103; Cruden and
Krahn, 2.33).

These rock fall-debris flows are minor, however, com-
pared with the cataclysmic flow that occurred at the time
of the May 31, 1970, earthquake in Peru, which buried the
city of Yungay and part of Ranrahirca, causing a loss of
more than 18 000 lives. According to Plafker, Ericksen,and
Fernandez Concha (2.126), the movement started high on
Huascaran Mountain at an altitude of 5500 to 6400 m and
involved 50 Mm3 to 100 Mm3 (65 million to 130 million
yd3) of rock, ice, snow, and soil that traveled 14.5 km (9
miles) from the source to Yungay at a velocity between
280and 335 km/h (175 to 210 mph). They reported strong
evidence that the extremely high velocity and low friction
of the flow were due, at least in part, to lubrication by a
cushion of air entrapped beneath the debris. Pautre,
Sabarly, and Schneider (2.122) suggested that the mass
may have ridden on a cushion of steam. A sketch of the
area affected is shown in Figure 2.27, taken from a paper
by Cluff (2.24) on engineering geology observations,
Crandell and Fahnestock (2.29) cited evidence for an air
cushion beneath one or more rock fall-debris flows that
occurred in December 1963 at Little Tahoma Peak and
Emmons Glacier on the east flank of Mt. Rainier volcano,
Washington.

Such flows probably cannot be produced by a few thou-
sand or a few hundred thousand cubic meters of material.
Many millions of megagrams are required; and, when that
much material is set in motion, perhaps even slowly, pre-
dictions of behavior based on past experience with small
failures become questionable. The mechanics of large, ex-
tremely rapid debris flows, many of which appear to have
been nearly dry when formed, have come under much re-
cent study. The large prehistoric Blackhawk landslide
(Figure 2.28) shows so little gross rearrangement within the
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sheet of debris of which it is composed that Shreve (2.148)
believed the broken material was not fluidized but slid on
an ephemeral layer of compressed air. He reported, simi-
larly, that the large landslide that was triggered by the Alaska
earthquake of 1964 and fell onto the Sherman Glacier
showed little large-scale mixing and did not Row like a
viscous fluid but instead slid like a Mexible sheet (Shreve,
2149). On the other hand, Johnson and Ragle (2.77) re-

potted,

Many rock-snow slides that followed from the Alaska earth-
quake of March 27, 1964, iilustrated a variety of flow me-
chanics. The formof some slides suggests a complete turbu-
lence during flow, while the form of others gives evidence

Jor steady-state flow or for controlled shearing.

From a detailed analysis of the kinematics of natural rock

fall-debris flows and from model studies, Hsii (2.66) disputed

Shreve’s hypothesis that some slid as relatively undeformed
sheets on compressed air and concluded, rather, that they
flowed.

Obviously, there is much yet to be learned about thess
processes, particularly as similar features indicating mass
movements of huge size have been recognized in Mariner 9
photographs of the surface of Mars (Sharp, 2.145), where
it is yet uncertain that significant amounts of cither liquid

o gas were available for fluidization.

Gettingback to Earth, we note self-explanatory examples
of complex movements in Figure 2:1: slump-topple ia Fig-
ure 2.132, rock slide-rock fall in Figure 2.133, and the com-
mon combination of a slump that breaks down into an earth
flow in its lower part in Figure 2.1s5.

The illustration of camberingand valley bulging in Figure
2.14 is adapted from the classical paper by Hollingwerth
and Taylor (2.65) on the Northampton Sand Ironstoae in
England, their earlier paper on the Kettering district (2.64),
and a sketch supplied by J. N. Hutchinson. The complex
movements were described by Hutchinson (2.68) as follows:

Cambering end Valley Bulging. These related features were
Jirst clearly recognized in 1944 by Hollingworth, Taylor,
and Kellaway (see reference in Terzaghi, 1950 in the Northe
ampion Ironstone field of central England, where they are
believed to have a Late Fleistocene origin. The ironstone oc-
w3 in the near-horizontal and relatively thin Northampton
Sands, which are the uppermost solid rocks in the neighbor-
hood. These are underlain, conformably, by & great thick-
ness of the Lias, into which shallow valleys, tvpically 1200
10 1500 meters wide and 45 meters deep, have been eroded.
Excavations for dam trenches in the valley botzoms have
shown the Lias there to be thrust strongly upward end con-
torted, while opencast workings in the Northampton Sands

Figure 2.27. Area affected by May 31, 1870, H an dabrig

lanche, which erigi

d ot point A (2.2¢).

Yungay wes protected frem Jenuary 10, 1962, debris avalenche by 180 to 240-m (600 te 800-ft) high ridge
(poimt B), but & portion of May 31, 1970, debris avalanche diverted fram south side of esnyon weli, topped
“protoctive” ridge, and dnscended on Yungay below. Only safe plecs in Yungsy wes Cemetery Hill {point C),
whers some 33 people managed te run to before dabris sveisnche devertated surtounding ares. Maving at
wernge spoed of 320 km {200 mph), debris arrived at point D, 14.5 km (9 miles) distant snd 3680 m (12 000
‘R) lower, within 3 10 4 min sfter starting frem north pesk of Husscsrin, Debris tiowed upstrasm slong sewrse
of Rio Sants (peint €) approximately 2.8 km (1.5 miles), Debris sontinued te follow cours of Rie Sente
downstraam te Pacific Ocean, spproximately 160 km (180 miles), dovestating villsges and srops ossupying

Readplein.

NEVADO HUASCARAN
NORTH PEAR  SOUTH PEAX
. SesIm 767 m

undinurded, suggesting air-
suthioning offest s
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occupying the interfluves reveal a general valleyward in-
crease of dip of “‘camber” of this stratum, often passing
into dip and fault structure, suggesting corresponding
downward movements along the valley margins. In adjust-
ing to these movements, the rigid cap-rock has been dislo-
cated by successive, regularly spaced fissures which paral-
lel the valley and are known as “gulls.” Similar features
have been recognized in other parts of England and in Bo-
hemla. The mechanisms by which cambering and valiey
bulging have been formed remain to be established.

Hutchinson (2.70) also pointed out that Sharpe’s defi-
nition of flow (2.146), which requires zero relative dis-
placement at the boundary of the flow (flow adheres to
the stable material), does not fit the observed distribution
of velocities at Beltinge, where a mud flow developed in a
temperate climate on a 30-m-high (98-ft) coastal cliff of
stiff, fissured London clay subject to moderate marine ero-
sion. Here the mud flow was bounded both on the sides
and on the bottom by discrete surfaces along which shear
displacements occurred. For these kinds of movements"
Hutchinson and Bhandari (2.72) proposed the term mud-
slides. These can be regarded as complex movements in
which the internal distribution of velocities within the
moving mass may or may not resemble that of viscous
fluids, but the movement relative to stable ground is finite
discontinuous shear. It would seem that the material of the
sliding earth flow is behaving as a plastic body in plug flow,
as suggested by Hutchinson (2.69, pp. 231-232) and as ana-
lyzed in detail by Johnson (2.75).

Sequence or Repetition of Movement

The term retrogressive has been used almost consistently for
slidesor flow failures that begin at alocal area, usually along
aslope, and enlarge or retreat opposite to the direction of
movement of the material by spreading of the failure sur-
face, successive rotational slumps, falls, or liquefaction of
the material. Kojan, Foggin, and Rice (2.87, pp. 127-128)
used the term for failure spreading downslope.

On the other hand, the term progressive has been used
to indicate extension of the failure (a) downslope (Blong,
2.13;Kjellman, 2.84; Ter-Stepanian,2.170, 2.171; Thomson
and Hayley, 2.177), (b) upslope (but not specifically up-
slope only) (Seed, 2.143; Tavenas, Chagnon,and La Rochelle,
2.168), and (c) either upslope or downslope, or unspecified
(Terzaghi and Peck, 2.176; Bishop, 2. 7; Romani, Lovell,
and Harr, 2,135, Lo, 2.100; Frélich, 2.51; Ter-Stepanian
and Goldstein, 2.173,and many others).

I suggest that the term progressive be used for failure
that is either advancing or retreating or both simultaneously,
that the term retrogressive be used only for retreating fail-
ures, and that failures that enlarge in the direction of move-
ment be referred to simply as advancing failures.

The terms complex, composite, compound, multiple,
and successive have been used in different ways by various
authors. Isuggest the following definitions.

I. Complex refers to slope movements th.t exhibit more
than one of the major modes of movement. This is the sense
of the meaning suggested by Blong (2.14). The term is syn-
onymous with composite, as used by Prior, Stephens, and

Figure 2.28, Blackhawk landslide (2.747), Upsiope view,
southward over lobe of dark marble breccia spread beyond mouth
of Blackhawk Canyoi on north flank of San Bernardino Mountains
in southern California. Maximum width of lobe is 3.2 km (2 miles);
height of scarp at near edgo is about 15 m (50 ft).

Figure 2,29, Main types
of rotational slide o) SINGLE,..._
(268).
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Archer (2.128) to describe sliding mud flows.

2, Compound refers to movements in which “the failure
surface is formed of a combination of curved and planar ele-
ments and the slide movements have a part-rotational, part-
translational character” (Skempton and Hutchinson, 2.154).

3. Multiple refers to manifold development of the same
mode of movement. Asapplied to retrogressive rotational
sliding, the term refers to the production of *two or more
slipped blocks, each with a curved slip surface tangential to
a common, generally deep-seated slip sole [Figure 2.29].
Clearly, as the number of units increases, the overall char-
acter of the slip becomes more translational, though in fail-
ing, each block itself rotates backwards" (Hutchinson,
2.68). Leighton (2.97) distinguished two types of multiple
slide blocks: superposed, in which each slide block rides
out on the one below, and juxtaposed, in which adjacent
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moving units have 3 common basal surface of rupture, as
shown in Figure 2.30. -

4. Successive refers to any type of multiple movements
that develop successively in time. According to Skempton
and Hutchinson (2.159), “*Successive rotational slips con.
sist of an assembly of individual shallow rotational slips.
The rather sparsc data available suggest that successive
slips generally spread up a slope from its foot.” Hutchin.
son (2.67) states,

Below a slope inclination of ab- 1t 13° {in London Clay],
rotational slips of type R are replaced by successive rota-
tional slips (type S). These probably develop by retrogres-
sion from a type R slip in'the lower slope. Each component
slip is usually of considerable lateral extent, forming a step
across the slope. Irregular successive slips, which form a
mosaic rather than a stepped pattern in plan are also found,

Figure 2.31 (2.67) shows the main types of landslides In
London clay.

Landslides that develop one on top of another are called
multistoried by Ter-Stepanian and Goldstein (2.173). Fig-
ure 2.32 shows their illusiration of a three-storied landslide
in Sochi on the coast of the Black Sea.

Rate of Movement

The rate-of-movement scale used in this chapter is shown at
the bottom of the classification chart in Figure 2.1u. Metric
equivalents to the rate scale shown in the 1958 classifica-
tion have been derived by Yemel'ianova (2.190), and these

should now be regarded as the primary definitions. :

TERMS RELATING TO MATERIAL
Principal Divisions

The following four terms have been adopted as descriptions
of material involved in slope movements.

1. Bedrock designates hard or firm rock that was intact
and in its natural place before the initiation of movement.

2. Engineering soil includes any loose, unconsolidated,
or poorly cemented aggregate of solid particlcs, generally
of natural mineral, rock, or inorganic composition and
either transported or residual, together with any interstitial
gasor liquid. Engineering soil is divided into debris and
earth,

a. Debrisrefersto an engineering soil, generally surficial,
that contains a significant proportion of coarse material.
According to Shroder (2.150), debris is used to specify ma-
terial in which 20 1o 80 percent of the fragments are greater
than 2 mm (0.08 in) in size and the remainder of the frag-
ments less than 2 mm.

b. Earth (again according to Shroder) connotes material
in which about 80 percent or more of the fragments are
smaller than 2 mm; it includes a range of materials from
nonplastic sand to highly plastic clay.

This division of material that is completely gradational

is admittedly crude; however, it is intended mainly to en-
able a name to be applied to material involved in a slope
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Figure 230. Twe types of muhtiple slide blocks {2.97).
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Figura 2.31. Main types of landstides in London clay (2.67).
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movement on the basis of a limited amount of informa.
tion. '

Water Content'

By modifying the suggestions of Radbruch-Hall (2.130),

we may define terms relating to water content simply as

(a) dry, contains no visible moisture; (b) moist, contains
some water but no free water and may behave as a plastic.
solid but not as a liquid: (c) wet, contains enough water to
behave in part as a liquid, has water flowing from it, or sup-
ports significant bodies of standing water; and (d) very wet,
contains enough water to flow as a liquid under low gra-
dients.

Texture, Structure, and Spedial
Properties

As amounts of information increase, more definite designa-
tion can be made about slope movements. For example, 8
bedrock slump may be redesignated a5 a slump in sandstons

e N i ..' .
. . . . S
4 Tou ont bk fiturms ":’, » .,
=== -
-
Sustroe,
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Figure 2.32, Three-storied landslide in

Sochi on cosst of Black Sea, USSR

(2,173). Baundaries of three stories o
of sliding are shown in section and Tooe
plan by three types of lines.

4 BLOCKS OF ARGILLITE AND SANDSTONE
% CAUSHED ARGILLITE
@ SLOW EARTH FLOW IN COLLUVIUM

Figure 2.33, Shallow trensiational slida that developed on shaly
slope in Puents Hills of southern California (2. 747). Slide has low
D/L ratio {note wrinkies in surfacs).

over stiff-fissured clay shale, or an earth slide-may be given
more preclse definition as a block slide in molst sensitlve
clay.

TERMS RELATING TO SIZE
OR GEOMETRY

A rather large body of descriptive terms has been built up
relating to the size, shape, and morphology of slope move-
ments and their deposits. Some of these have already been
mentloned, such as the relation of rotational slides to
curved surfaces of rupture and translational slides to planar
surfaces of rupture. The close association between the mor-
phology of a slope movement and its dominant genetic pro-
cess, which is evident in a qualitative way from the forego-
ing text and illustrations, has been tested quantitatively
through the use of refined mzasures of the parts and geo-
metric attributes of landslides by Crozier (2.32) and by
Blong (2.14, 2.15). These authors, t=gether with Snopko
(2.157), Klengel and Pasek (2.85), Shroder (2.150), and
Laverdiere (2.94), have made available a terminology that

is adequate to describe almost any feature of a slump earth
flow. In addition, Skempton and Hutchinson (2. 154) used
the ratio of D/L, where D is the maximum thickness of the
slide and L is the maximum length of the slide upslope.
From Skempton’s figures showing original use of this ratio
(2.152), it seems probable that the intended length is that
of a chord of the rupture surface (L), rather than the total
length (L), as shown in Figure 2.1t. Skempton and Hutchin-
son gave a range of D/L, values of 0.15 to 0.33 for rota-
tional slides in clay and shale, and they stated that slab slides,
which commonly occur in a mantle of weatiered or colluvial
material on clayey slopes, rarely if ever have D/L,, ratios
greater than 0.1. Figure 2.33 illustrates such a shallow slab
slide. In a statistical study of the forms of landslides along
the Columbia River valley, Jones, Embody, and Peterson
(2.79) made extensive use of the horizontal component
(HC) or distance from the foot of the landslide to the
crown, measured in a longitudinal section of the landslide,
and the vertical component (VC) or difference in altitude
between the foot and crown, measured in the same section.

TERMS RELATING TO GEOLOGIC,
GEOMORPHIC, GEOGRAPHIC, OR
CLIMATIC SETTING

The classification of landslides proposed by Savarensky
(2.140) and followed to some degree in eastern Europe
makes the primary division of types on the basis of the re-
lation of slope movements to the geologic structure of the
materials involved. Accordingly, asequent slides are those
in which the surface of rupture forms in homogeneous ma-
terlal; consequent siides arc those in which the position and
geometry of the surface of rupture are controlled by preex-
isting discontinuitics such as bedding, jointing, or contact
between weathered and fresh rock; and insequent slides are
those in which the surface of rupture cuts across bedding
or other surfaces of inhomogeneity. The Japanese have
used a classification of landslides separated into (a) tertiary
type, Involving incompetent tertiary sedimentary strata
(Takada, 2.167); (b) hot-spring-volcanic type, which is in
highly altered rocks; and (c) fracture-zone type, which oc-
curs in fault zones and highly broken metamorphic rocks.
Sharpe (2.146, pp. 57-61) distinguished three types of mud
flows: semiarid, alpine,and volcanic, to which Hutchinson
(2.68) has added a fourth varicty, temperate.

Types of landslides are sumetimes identified by the geo-
graphic location at which the type is particularly well de-
veloped. For example, Sokolov (2.159) refers to block
slides of the Angara type (similar to that shown ir Figure
2.1m2), of the Tyub-Karagan type (similar to that shown
in Figure 2.1m3), and of the 1lim and Crimean “ypes, all
named after localitics. Reiche (2.7/33) applied the term
Toreva-block (from the village of Toreva on the Hopi Indian
Reservation in Arizona) to “a landslide consisting essentially
of a single large mass of unjostled material which, during
descent, hasundergone backward rotation toward the parent
cliff about a horizontal axis which roughly parallels it"”
(Figure 2.1g). Shreve (2.149), it summarizing data on land-
slides that slid on a cushion of compressed air, referred to
these landslides as being of the Blackhawk type, from the
rock fall-debris slide-debris flow at Blackhawk Mountain in
southern California (2.148). Although the use of locality
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terms may occasionally be a conveniency, it {s not recom-
manded as a general practice, for the terms themselves are
pot informative to a reader who lacks knowledge of the
locality.

TERMS RELATING TO AGE OR
STATE OF ACTIVITY

Active slopes are those that are either currently moving or
that are suspended, the latter term implying that they are
not moving at the present time but have moved within the
Iast cycle of seasons. Active slides are commonly (resh;
that is, their morphological features, such as scarps and
tidges, are easily recognizable as being due to gravitational
movement, and they have not been significantiy modified
by surficial processes of weathering and erosion. However,
in arid regions, slides may retain a fresh appearance for
many years.

Inactive slopes arc those for which there is no evidence
that movement has taken place within the last cyck: of sea-
sons. They may be dormant, in which the causes of failure
remain and movement may be renewed, or they may be sta-
bilized, in which factors essential to movement have been
removed naturally or by human activity. Slopes that have
fong-inactive movement are generally modified by erosion
and weathering or may be covered with vegetation so that
the evidence of the last movement is obscure. They are of-
ten referred to as fossil (Zaruba and Mencl, 2.193; Klengel
and Paiek, 2.85; Nossin, 2.118) or ancient (Popov, 2.127)
fandslides in that they commonly have developed under dif-
ferent geomorphological and climatic conditions thousands
O¢ more years ago and cannot repeat themselves at present.,

FORMING NAMES'

The names spplied to slope movements can be made pro-
grestively more informative, as more data are obtained, by
building up a designation from several descriptor words,
each of which has a defined meaning. For example,a slow,
moist, translational debris slab slide means material moving
along a planar surface of a little-disturbed mass of frag-
mented material having a D/L ratio of 0.1 or less, contain-
ing some water but none free, and moving at a rate between
1.5 m/month and 1.5 m/year (5 ft/month or year). Once
all these particulars are established in the description, the
movement could be referred to thereafter simply asa de-
bris slide.

CAUSES OF SLIDING SLOPE
MOVEMENTS

The processes involved in slides, as well as In other slope
movements, comprise a continuous series of events from
cause to effect. An engineer faced with a landslide is pri-
marily interested in preventing the harmful effects of the
slide. In many instances the principal cause of the slide
cannot be removed, 30 it may be more economical to alle-

_ viate the effects continually ur intermittently without at.
®empting to renwve the cause. Some slides occur in aunique
environment and may last only a few seconds. The damage
can be repaired, and the cause may be of only academic in-
serest unless legal actions are to be taken. More often, how-

ever, landslides take place under the influence of geologic,
topographic, of climatic factors that are common to large
areas. The causes must then be understood if other similar
slides are to be avoided or controlled.

Seldom, if ever, can a fandslide be attributed to a single
definite cause. As clearly shown by Zolotarev (2.196), the
process leading to the development of the stide has its be-
ginning with the farmation of the rock itself, when its basic
physical properties are determined, and includes al the sub-
sequent events of crustal movements, erosion, and weather-
ing. Finally, some action, perhaps trivial, s2ts a mass of
material in motion downhill. The last action cannot be re-
Jarded as the only ctuse, even though it was necessary in
the iixin of events. As Sowers and Sowers (2.161, p. 506)
point out,

In most cases a number of causes exist simultaneously and
20 attempting to decide which one finally produced failure
& not only difficult but also incorrect. Often the final fac-
for is nothing more than a trigger that set in motion an
exrth mass that was already on the verge of failure. Calling
the final factor the cause is like calling the match that lit
the fuse that detonated the dynamite that destroyed the
building the cause of the disaster.

In this connection, however, the determination of all the
geologic causes of a landslide should not be confused with
determination of legal responsibility. The interrelations of
landslide causes arz lucidly and graphically presented by
Tetzaghi (2.175). His work, that of Sharpe (2.146), Ladd
(2.92),and Bendel (2.6). and that of more recent researchers,
such as Zaruba and Mencl (2.93), Skempton and Hutchin-
son (2.154), Krinitzsky and Kolb (2.90). Rapp (2.131).and
Legget (2.96) were used in the preparation of this section.
Al slides involve the failure of earth materials under
shear stress. The initiation of the process can therefore be
reviewed according to (a) the factors that contribute to in-
creased shear stress and (b) the factors that contribute to
low or reduced shear strength. Although a single action,
such as addition of water to a slope, may contribute to
both an increase in stress and a decrease in strength, it is
helpful to separate the various physical results of such an
action. The principal factors contnbuting to the sliding
of slope-forming materials are outlined in the following
discussion. The operation of many factors is self-evident
and needs no lengthy description; some factors are only
discussed briefly, or reference is made to literature that
gives examples or treats the subject in detail.

Factors That Contribute to
Increased Shear Stress IR

Removal of Latera! Support o o ) i

The removal of lateral support is the commonest of all fac-_
tors leading to instability, and it includes the following ac-” -
toos: o

1. Erosion by (a) streams and rivers, which produce
most natural slopes that are subject to sliding (Hutchinson, -
2.67; Jones, Embody, and Peterson, 2.79: Eyles, 243;
Fleming, Spencer, and Banks, 2. 48; California Division of
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Highways, 2.19), (b) glaciers, which have deeply cut

and oversiecpened many valleys in mountainous reglons
that have been the sites of Large slides and debris Nlows
(Plafker. Enicksen, snd Femnandez Concha, 2.126), (¢)
waves and longshore or tidal cunients (Wood, 2./89; Ward,
2186 Hutchinson, 2.7/; Koppejan, Van Wamelon, and
Weinberg, 289), and (d) subaerial weathering, wetting and
diying. and frost actson;

2. Previous rock fall, slide (Kenney and Drury, 2.87),
subsidence, or large-scale faulting that create new slcpes;
and

3. Work of human agencies in which (a) cuts, quasries,
pits, and canals (Van Rensbuig, 2.8/ Piteau, 2.124;
Patton, 2J21: Cording, 2.26) a1e established, (b) retaining
walls and sheet plling are semoved, and (c) lakes and reser-
woiss are created and their levels altered (Miller, 2.712;
Jones, Embody, and Peterson, 2.79; Lane, 2.93; Dupree
and Taucher, 2.39).

Surcharge

Surchasge also results from both natunl and huxan sgen-
cies. The surcharge from natural agencies may be

1. Weight of rain, hail, snow, and water from springs;

2. Accumulation of talus overriding landilide materials;

3. Collapse of accumulated volcanic material, producing
svalanches and dedris flows (Francis and others, 2.50);

4, Vegelation (Gnay, 2.53; Pain, 2.120), and

5. Seepage pressures of pescolating water,

The surcharge from human sgencies may be

1. Construction of flll;

2. Stockpiles of ore o7 rock:

3. Waste piles(Bishop,2.8: Devies. 2.35: Smalley, 2.1 56);

4. Weight of buildings and other structures and tnains;
and

S. Weight of water from leaking pipelines, sswers,
canals, and reservoirs.

Traasitery Earth Sireams

Easthquakes have triggered a great many landulides, bith
smali and extriemely Large and disastrous. Their action is
complex, involving both an increase 11 shear stress (hori-
zontal accelerations may greatly modify the state of sirem
within slope-forming matersials) and, in some instances, s
decrease in shear sirength (Seed, 2.143; Moston, 2.110;
Solonenko, 2.160; Lawson, 2.95; Hanen, 2.37; Newmatk,
2117;Simoneit, 2151; Hadley, 2.55. Gubdin, 2.54). Vi
beations from dlasting, machinery, traffic, thunder, and od-
jacent slope failures alio produce transitory earth stresses,

Regional Tilting

A progressive increase in tha slope engle through regional
tilting is suspected as contributing 10 some landslides
(Teraaghi, 2.175). The slope must obviously be on the
point of failuez for such » small sad slow-acting chanpe 10
e affective.

Removal of Underlying Suppert
Exampies of removal of wmiderlying support include

1. Undercutiing of banks by rivers (Californis Divisioa
of Highways, 2.19) and by waves;

2. Subaeral weathering, wetting snd drying. and from
sction;

3. Subterranean erosion ia which soluble material, mach
s carbomates, sall, o1 gypsum i3 removed and granular ma-
ieria) deneath fismer material is worked out (Waid, 2.186;
Terzaghl, 2.174);

4. Mining and similar actions by human sgencies;

3. Loss of surengih of faiture in underlying material; snd

6. Squeezing out of underlying plastic materisl (Zirube
and Mencl, 2.197, pp. 68.78).

Laters! Pressure
Laters] pressure may be caused by

1. Water in cracks and caverns,
2. Freezing of water in cracks,*
u:' Swelling a3 a result of hydntion of clay or snhydrite,

4. Mobilization of residual stress {Bjerrum, 2.9; Krinltraky
and Kolb, 2.90).

Velcanir Processs

Stress patiesns in volcanic edifices and crater walk are mod-
ified by genesal dilation due to inflation or deflstion of
swpma chambers, fluctuation in lava-lake Jevels. and de-
crease in harmonic tremors (Tilling. Koyanagl,and Holcomb,
2.178; Moore and Krivoy, 2.109; Fuke and Jackson, 2.47).

Factors That Contribute to Low or
Reduced Shear Strength

The factors that contribute to low or reduced shesr strength
of rock o¢ 30il may be divided into two groups. The first
poup includes factors stemming from the initial stete or -
Derent charactesistics of the maieria). They are part of the
geologlc setting that may be favorable to landslides, exhibi¢
Mittle or mo change dusing the usefu! Life of a structwre, and
may exist for o Jong petiod of time without faliume. The
mcond group includes the changing or variable factors that
tend 10 Jower the shear strength of the material.

lakial Sate

Factors in the initial state of the materia] that couse low
shear strength are composition, textuse, and gross sructwe
exd slope grometry.

Composision

Materinls are inherently wesk o2 may become wesk upoa
change in water content or other changes. Included espe-
clally are organic materisks, sedimentary cloys ond chales,
decomposed socks, rocks of voicanic 161 that ey weather
1o clayey meierial, snd materisls compond dominently of
ooft platy minerals, such st mics, schist, talc, o serpontine.
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The texture is a loose structurs of Individual pasticles i
masitive materials, such as clays, mail, loess, sands of low
density, snd porous organic matter (Aitchuson, 2.2; Bierrum
and Kenney, 2.11: Cabrera and Smalley, 2./7). Roundness
of gnain influences strength as compressibility and internal
friction increase with angularity.

Gross Structure and Slope Geomery
Tncluded In gross structure and slope geometry are

1. Discontinulties, such a3 faults, bedding planes, folia.
tion in schist, cleavage, joints, slickensides, and brecciated
sones (Skempton and Petley, 2.155; Fookes and Wilson,
249; Komarnitskil, 2.88; St. John, Sowers, and Weaver,
2138, Van Rensbuig, 2.181; Jennings and Robertson,
2.74; Bjetrum and Jérstad, 2.10):

2. Massive beds over weak ot plastic materials (Zirube
and Mencl, 2.793; Neméok, 2.113);

3. Strata inclined toward free face;

4. Altemation of permeable beds, such as sand or sand.
stone, and weak impermeable beds, such as chay or shale
(Henkel, 2.59); and

3. Slope orientation (Rice, Corbett, and Bailey, 2.154;
Shroder, 2.150).

Changes Dus to Weathering and Other
Physicochemical Reactions

The following changes can occur because of weathering and
other physicochemical reactions:

1. Softeningof fissured clays (Skempton.2.153; Sangrey
and Paul, 2.139. Eden and Mitchell, 2.41);

2. Physical disintegration of granular rocks, such as
granite or sandstone, under action of froxt of by theymal
expansion (Rapp. 2.131);

3. Hydration of clay minerals in which (a) water Is ab-
mrbed by clay minerals and high water cantents decrease
cohesion of all clayey s, (b) montmorillonitic clays swell
and Jose cohesion, and (c) loess markedly consolidates upon
sturation because of destruction of the clay bond between
sllt particles;

4. Base exchange in clays, i.2..influence of exchangeable
fons on physical propesties of clays (Sangrey and Paul,
2139, Licbling and Kere, 2.99; Tornance, 2.179);

5. Migation of water to weathering front under elec:
trical potential (Veder, 2.124);

6. Drying of clays that results in cracks and loss of co-
hesion and atlows water to seep in;

7. Dryingof shales that creates cracks on bedding and
shear planes and reduces shale to chips, granules, or smaller
particles; and

8. Removal of cement by solution.

Changes In Iatergranniar Forces Dus te
Wates Content and Pressure in Pores
ond Factues

Buoyancy in saturated state decreaseseffective intergranulae

pressure and friction. Intesgranular pressure due to capillary
sension in moist soil is destroyed upon saturation. Simple
wftening due 1o water snd suffusion and slsking are dis-
cussed by Mamules (2.101).

Chanpes can occur because of natural actioms, such as
nainfall and snowmelt, and because of a host of human ac-
Uvities, such as diversion of streams, blockage of drainage,
irrigation and ponding, and cleating of vegetation sad de-
forestation. . o

Crozier (2.30, 2.31), Shroder (2.150),and Spurek (2.163)
discuss the general effect of climate; Temple and Rapp
(2.169) Williams and Guy (2.188), Jones (2.78), and So
(2.138), catastrophic rainfall; Conway (2.25), Denness
(2.33),and Piteau (2.124}, effect of groundwater; Gy
(2.53), Bailey (2.4). Cleve'and (2.22), Rice, Corbett, and
Bailey (2.134), and Swanston (2./63), deforestation; Peck
(2.123) and Hirao and Okubo (2.60, correlation of rainfall
and movement;and Shreve (2./48), Yoight {2 125), Kent
(2.82), and Goguel and Pachoud (2.52), gaseous entrain.
ment ot cushion.

Chaages in Structure

Changes [n structure may be caused by fissuring of shales
and preconsolidated clays and fracturing and loosening of
rock slopis due to teleasc of vertical or lateral restraints in
walley walls o7 suts (Riciiuin. 2.9; Alsenstein, 2.1: Ferguson,
2.45; Matheson ane, Thorason, 2.102; Mencl, 2. 106). Dis-
turbance or remol:ling can affest the sheas strength of ma-
tetlals composed ¢ 1 fine partic ies, such as loess, dry or sat.
urated loose sand, wnd sensitive clays (Gubin, 2.54; Youd,
2.191; Smalley, 2.1.56; Mitchell and Maria2. 2.108).

Miscellanecous Caunes

Other cauies of low shear strength are (3) weakening due
%0 progressive creep (Suklje, 2.J64; Ter-Siepanian, 2.772;
Teollope, 2.180; Piteau, 2.124) and actions of tres roots
(Feld, 2.44) and burrowing animals.
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233 | Plastic Equilibrium in Soils

'ART. 35 STABILITY OF SLOPES
_ Introduction

The failure of a mass of soil loc.ced beneath a slope is called a slide.
It involves a downward and outward movement of the entire mass of
soil that participates in the failure.

Slides may occur in almost every conceivable manner, slowly or
suddenly, and with or without any apparent provceation. Usually,
slides are due to excavation or to undercutting the foot of an existing
slope. However, in some instances, they are caused by a gradual dis-
integration of the structure of the soil, starting at hair cracks which sub-
divide the soil into angular fragments. In others, they arc caused by an
increase of the porewater pressure in a few exceptionully permeable
layers, or by a shock that liquefies the soil beneath theslope (Article 49).
Because of the extraordinary variety of factors and processes that may
lead to slides, the conditions for the stability of slopes usually defy
theoretical analysis. Stability computations based on test results can be
relied on only when the conditions specified in the different sections of
this article are strictly satisfied. Moreover, it should always be remem-
bered that various undetected discontinuities in the soil, such as systems
of hair cracks, remnants of old surfaces of sliding, or thin seams of water-
bearing sand, may completely invalidate the results of the computations

Slopes on Dry Cohesionless Sand

A slope underlain by clean dry sand is stable regardless of its height,
provided the angle 8 between the slope and the horizontal is equal to or
smaller than the angle of internal friction ¢ for the sand in a loose state.
The factor of safety of the slope with respect to sliding may be expressed
by the equation, T

- tan ¢

tan g (35.1)

No slope on clean sand can exist with a slope angle greater than ¢,
irrespective of its height. o . :

Since very few natural soils are perfectly cohesionless, the remainder
of this article deals with slopes underlain by cohesive materials.

General Character of Slides in Homogeneous: Cohesive Soil
A cobeqive material havipg a sheaying :eeigyggqe

s=c+ptangé
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Fig. 35.1. Deformation associated with slope faflure.

_ can stand with a vertical slope at least for a short time, provided the
Hheight of the slope is somewhat less than H. (Eq. 28.11). If the height
of a slope is greater than H., the slope is not stable unless the slope
angle B is less than 80°. The greater the height of the slope, the smaller
must be the angle 8. If the height is very great compared to H., the
slope will fail unless the slope angle 8 is equal to or less than ¢.

The failure of a slope in a cohesive material is commonly preceded
by the formation of tension cracks behind the upper edge of theslope, as
ghown in Fig. 35.1. The force which produces the tension cracks behind
the edge of a vertical slope is represented by the triangle ace in Fig.
28.3b. Sooner or later, the opening of the cracks is followed by sliding
along a curved surface, indicated by the full line in Fig. 35.1. Usually
the radius of curvature of the surface of sliding is least at the upper end,
greatest in the middle, and intermediate at the lower end. The curve,
therefore, resembles the arc of an ellipse. If the failure occurs along a
surface of sliding that intersects the slope at or above its toe (Fig.
35.2a), the slide is known as a slope failure. On the other hand, if the soil
beneath the ievel of the toe of the slope is unable to sustain the weight of
the overlying material, the failure occurs along a surface that passes at
some distance below the toe of the slope. A failure of this type, shown in
Fig. 35.2b, is known as a base failure.

o (a)
‘__%/f-:';\m fros
Y ad

Firm base

Flg. 352, Position of cﬂﬁul cirde for (a) dope fallure (after W. Fellenim
1627). (b) Bmfallm. S V
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In stability computations the curve representing the real surface of
sliding is usually replaced by an are of a circle or of a logarithmic spiral.
Either procedure is as legitimate as Coulomb’s assumption of a plane
surface of sliding in connection with retaining wall problems (Article 30).
In the following discussions only the clrcle will be used as a substitute
for the real surface of sliding.

Purpose of Stability Computatiom

In engineering practice, stability computations serve as a basis either’
for the redesign of slopes after a failure or for choosing slope angles in ac-
cordance with specified safety requirements in advance of construction.

Local failures on the slopes of cuts or fills are common during the
construction period. Tl.zy indicate that the average value of the mini-
mum shearing resistance of the soil has been overestimated. Since such
failures constitute large-scale shear tests, they offer excellent opportun-
itiesforevaluatingthe real minimum shearing resistance and for avoiding
further accidents on the same job by changing the design in accord-
ance with the findings. The general procedure is to determine the pogi- -
tion of the surface of sliding by means of test borings, slope indicators,
or shafts; to estimate the weights of the various parts of the sliding
mass that tended to produce or to oppose the slide; and to compute the
average shearing resistanc: s of the soil necessary to satisfy the condl--
tions for equilibrium of the mass.

In order to design a slope in a region where no slides have occurred,
the average shearing resistance 8 must be estimated or determined in
advance of construction. Methods for evaluating the shearing resistance
are discussed in Articles 17 and 18. After the value of s hds been de-
termined, the slope angle can be chosen on the basis of theory in such
a manner that the slope satisfies the specified safety requirements, It is
obvious that this method can be used only if the soil conditions permit -
a fairly reliable determination of s on the basis of the results of sonl :
tests. : :

Computation of Shearing Resistance from Slide Data

The method for determining the average shearing resistance. of soils
on the basis of slide data is illustrated by Fig. 35.1. The depth z, of the
tension cracks and the shape of the surface of sliding are ascertained by
field measurements. The line of sliding is then replaced by the arc of a
circle having a radius r and its center at 0. Equilibrium requires that

A VRN
Wil = Wely + srdies , ST
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from which
Wily — Waly
==
r dxe:

where W, is the weight of the slice akfe which tends to produce failure,
and IV, is the weight of slice kbd,f which tends to resist it.

If the shape of the surface of eliding is such that it cannot be repre-
sented even approximately by an arc of a circle, the procedure must be
modified according to the methods described subsequently in connee-
tion with composite surfaces of sliding.

Procedure for Investigating Stability of Slopes

In order to investigate whether or not a slope on soil with known
shear characteristics will be stable, it is necessary to determine the
diameter and position of the circle that represents the surface along
which sliding will occur. This circle, known as the critical circle, must
satisfly the requirement that the ratio between the shearing strength
of the soil along the surface of sliding and the shearing force tending to
produce the sliding must be 8 minimum. Hence, the investigation be-
longs to the category of maximum and minimum problems excmplified_
by Coulomb’s theory (Article 30) and the theory of passive earth pres-
sure (Article 32).

After the diameter and position of the critical circle have been de-
termined, the factor of safety F of the slope with respect to failure
may be computed by means of the relation (Fig. 35.1)

-~
8r des

= Wi — Wi, (85.2)

F

wherein r represents the radius of the critica) circle and dyes the length
of the surface of sliding.

Like the passive eerth pressure of a mass of soil, the stability of a
slope may be investigated by trial or, in simple cases, by analytical
methods. To make the investigation by trial, different circles are
selected, each representing a potential sarface of sliding. For each
circle, the value F (Eq. 35.2) is computed. The minimum value repre-
sents the factor of safety of the slope with respect to sliding, and the
corresponding circle is the critical cirele.

The analytical solutions can rarely be used to compute the factor of
safety of a slope under actual conditions, because they are based on
greatly simplified assumptions. They are valuable, however, as a guide
for estimating the position of the center of the critica! circle and for
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ascertaining the probable character of the failure. In addition, they may
serve as a means for judging whether a given slope will be unquestion-
ably safe, unquestionably unsafe, or of doubtful stability. If thestability
appears doubtful, the factor of safety with respect to failure should
be computed according to the procedure described in the preceding
paragraph.

The analytical solutions are based on the following assumptions:
Down to a given level below the toe of the slope, the soil is perfectly
homogencous. At this level, the soil rests on the horizontal surface of a
stiffer stratum, known as the firm base, which is not penetrated by the
surface of sliding. The slope is considared to be a plane, and it is located
between two horizontal plane surfaces, as shown in Fig. 35.2. Finally,
the weakening cffect of tension eracks is disregarded, because it is nfore
than compensated by the customary margin of safety. The following
paragraphs contain a summary of the results of the investigations.

Slopes on Soft Clay

The average shearing resistance s per unit of area of a potential sur-
face of sliding in homogencous clay under undrained (¢ = 0) conditions
(Article 18) is roughly equal to one-half the unconfined compressive
strength g. of the clay. This value of s is referred to briefly as the cohe-

sion ¢. That ix,

sm g, = (18.5)
If cis known, the critical height H, of a slope having a given slope angle
8 can be expressed by the equation,

H. = N, s (35.3)

In this equation the stabilily factor N, is a pure number. Its value de-
pends only on the slope angle 8 and on the depth factor n, (Fig. 33.2b)
which expresses the depth at which the clay rests on a firm base. If a
slope failure occurs, the critical circle is usually a foe circle that passes
through the toe b of the slope (Fig. 35.2a). However, if the firm base is
located at ashort distance below thelevel of b, the critical circle may bea
slope circle that is tangent to the firm hase and that intersects the slope
above the toe d. This type of failure is not shown in Fig. 35.2. If a base
failure occurs, the critical circle is known as a midpoint circle, because
its center is located on a vertical line through the midpoint m of the
slope (Fig. 35.2b). The midpoint circle is tangent to the firm base.
The position of the critical circle with reference to a given slope de-
pendson theslopeanglegand thedepth factor ng. Figure 35.3 containsa
summary of the results of pertinent theoretical investigations. According
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to this figure, the failure of all slopes rising at an angle of more than 53°
occurs along a toe circle. If 8 is smaller than 53°, the type of failure
depends on the value of the depth factor ng and, at low values of n4, also
on the slope angle 8. If nq is equal to 1.0, failure occurs along a slope
circle. If ny is greater than about 4.0, the slope fails along a midpoint
circle tangent to the firm base, regardiess of the value of 8. If n, is inter-
mediate in value between 1.0 and 4.0, failure occurs along a slope circle
if the point representing the values of ngand g lies above the shaded area
in Fig. 35.3. If the point lies within the shaded area, failure occurs along
a toe circle. If the point is below the shaded area, the slope fails along a
midpoint circle tangent to the firm base.

If the elope angle 8 and the depth factor n, are given, the value of the
corresponding stability factor N, (Eq. 35.3) can be obtained without
computation from Fig. 35.3. The value of N, determines the critical
height H' of the slope.

If failure occurs along a toe circle, the center of the critical circle can
be located by laying off the angles « and 26, as shown in Fig. 35.2a.
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Fig. 333. Relation for frictionless material between slope angle # and stability
factor N, for different values of depth factor n, (after Taylor 1837).
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Values of « and 6 for different slope angles 8 are given in Fig. 35.4a. If
failure occurs along a midpoint circle tangent to the firm base, the posi-
tion of the critical circle is determined by the horizontal distance n, ¥
from the toe of the slope to the circle (Fig. 35.2b). Values of n, can be
estimated for different values of ns and 8 by means of the chart (F ig.
35.4b).

If the clay beneath a slope consists of several layers with different
average cohesion c, ¢s, etc., or if the surface of the ground is irregular
(Fig. 35.5), the center of the critical circle must be determined by
trial and error. It is obvious that the longest part of the real surface of
sliding will be located within the softest stratum. Therefore, the trial
circle should also satisfy this condition. If one of the upper layers is
relatively soft, the presence of a firm base at considerable depth may not
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Fig. 35.5. Base failure in stratified cohesive sofl.

enter into the problem, because the deepest part of the surface of sliding
is likely to be located entirely within the softest stratum. For example,
if the cohesion ¢s of the second stratum in Fig. 35.5 is much smaller than
the cohesion c¢; of the underlying third layer, the critical circle will be
tangent to the upper surface of the third stratum instead of the firm
base.

For each trial circle we compute the average shearing stress ¢ which
must act along the surface of sliding to balance the difference between
the moment Wi, of the driving weight and the resisting moment Wals.
The value of ¢ is

{ = Wi — Wiy

r ab

Then, on the bagi;} of the known values of ¢s, ¢s, ¢3, etc., we compute the -
average value of the cohesion c of the soil along the sliding surface. The .

factor of safety of the slope against eliding along the cifcular trial sur-
face is . :
F= f (35.4)

The value of F is inscribed at the center of the circle. After values of F
have been determined for severa! trial circles, curves of equal values of
F are plotted (Fig. 35.5). These curves may be considered as contour
lines of a depression. The center of the critical circle is located at the
bottom of the depression. The corresponding value Fpuya is the factor
of safety of the slope with respect to sliding.

If it is not obvious which of two layers may constitute the firm base
for the critical circle, trial circles must be investigated separately for
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each possibility and the corresponding values of Fy;, determired. The
smaller of the two values is associated with the firm base that governs
the failure and is the factor of safety of the slope.

Slopes on Soils with Cohesion and Internal Friction

If the shearing resistance of the soil can be expressed approximately
by the equation
s§=c-+ptan¢

the stability of slopes on the soil can be investigated by the procedure
illustrated by Fig. 35.6a. The forces acting on the sliding mass are its
weight W, the resultant cohesion C, and the resultant F of the normal
and frictional forces acting along the surface of sliding. The resultant
cohesion C acts in a direction parallel to the chord de and is equal to
the unit cohesion ¢ multiplied by the length L of the chord. The distance
z from the center of rotation to C is determined by the condition that

Cz=clz = c?er

whence z = de r/L. Therefore, the force C is known. The weight W is
also known. Since the forces C, W, and F are in equilibrium, the force F
must pass through the point of intersection of W and C. Hence, the
magnitude and line of action of F can be determined by constructing
the polygon of forces,

If the factor of safety against sliding is equal to unity, the slope is on
the verge of failure. Under this condition each of the elementary reac-
tions dF in Fig. 35.6a must be inclined at the angle ¢ to the normal to
the circle of sliding. As a consequence, the line of action of each elemen-
tary reaction is tangent to a circle, known as the friction circle, having a
radius

ry =rsein¢
and having its center at the center of the circle of sliding. The line of
action of the resultant reaction F is tangent to a circle having a radius
slightly greater than r;, but as a convenient approximation we assume
that at a factor of safety equal to unity the line of action of F is also
tangent to the friction circle. The corresponding error is small and ison
the safe side.

For a given value of ¢ the critical height of a slope which fails along a
toe circle is given by the equation,

H, = NOE
i 4

i:v;hich is identical with Eq. 35.3, except that N, depends not only on
B but also on ¢. Figure 35.0b shows the relationship between 8 and N,
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for different values of ¢. At a given value of the slope angle 8, N, in-
creases at first slowly and then more rapidly with increasing values of ¢.
When ¢ = 8, N, becomes infinite.

All the points on the curves shown in Fig. 35.6b correspond to failures
along toe circles, because theory has shown that the possibility of a
base failure does not exist unless ¢ is smaller than approximately 3°.
Therefore, if a typical base failure has occurred in a fairly homogeneous
soil in the field, it can be concluded that with respect to total stresses
the value of ¢ for the soil at the time of the slide was close to zero.

Irregular Slopes on Nonuniform Soils

If a slope has an irregular surface that cannot be represented by a
straight line, or if the surface of sliding is likely to pass through several
materials with different values of ¢ and ¢, the stability can be investi-
gated conveniently by the niethod of slices. According to this procedure
a trial circle is selected (Fig. 35.7a) and the sliding mass subdivided
into a number of vertical slices 1, 2, 3, etc. Each slice, such as slice 2
shown in Fig. 35.7b, is acted upon by its weight W , by shear forces T
and normal forces E on its sides, and by a set of forces on its base.
These include the shearing force S and the normal force P. The forces
on each slice, as well as those acting on the sliding mass as a whole,
must satisfy the conditions of equilibrium. However, the forces T and
E depend on the deformation and the stress-strain characteristics of
the slide material and eannot be evaluated rigorously. They can be
approximated with sufficient accuracy for practical purposes.

<<

Fig, 387, Method of slosd'for- avistgaling eiiibetum of iope located sbove
water table. (d) Geometry pertaining to one clrculat surface of dliding. (b)
Foréed 66 typical sllee such as sle 80 (a) =~ - = A4~ T T
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The simplest approximation consists of setting these forces equal
to gero. Under these circumstances, if the entire trial circle is located
above the water table and there are no excess pore pressures, equilib-
rium of the entire sliding mass requires that

rZW sina = rZ8 (3'5.5)
If & is the shearing strength of the soil along I, then

s, 8 b ' ‘
S=F!"Foma 9
r sb BRI
ZWama-- — REIN! (35.7)
Co8 ot Y
o _ Z(sb/cos a)
F = Swena ‘ (35‘8)

Thesheai'mg strength s, however, is determined by
. s=c- ptan¢

where p i8 the normal stress across the surface of sliding I. To evaluate
p e conmder the vertical equilibrium of the slice (Fig. 35.7b), whenoe

W= Ssina+ Pcosa

and
-7 S T - fene @)
Thefefore K _‘ j ,. :
| 8 =i¢ (% = -‘; 8iit a)tan é -;,«_..;+‘. _% "’~F tm a)tau |
o (/D) tan g @san)
- *“THGanatagF G0
iy = (‘ + EE#) cos a @i,
- Y
‘ 2(c+(W/b)tm¢1b 2
F e . { Y

SW siii &
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Equation 35.12, which gives the factor of safety F for the trial circle
under investigation, contains on the right-hand side the quantity m,
" (Eq. 35.11) which is itself a function of F. Therefore, Eq. 35.12 must
be solved by successive approximations in which a value of F = F, is
assumed and used for calculation of m,, whereupon F is then computed.
If the value of F differs significantly from F, the calculation is repeated.
Convergence is very rapid. The calculations are facilitated by the chart
(Fig. 35.8a) from which values of m, can be taken (Janbu et al. 1956),
and by a tabular arrangement of the computations (Fig. 35.8b).
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()

Fig. 35.9. Method of slices for circular surface of sliding if depe is partly sub-
merged. (a) Geometry pertaining to one surface of sliding. (b) Forces acting
on typical slice, such as slice 2 in (a). (c) Force polygon for slice 2 if all forces
are considered. (d) Force polygon for slice 2 if forces T and i on sides of
slice are considered to be zero.

Inasmuch as the calculations outlined in Fig. 35.8 refer to only one
trial circle, they must be repeated for other circles until the minimum
value of F is found.

In general, the slope may be partly submerged and there will be pore
pressures acting along the trial circle (Fig. 35.9a). The magnitudes of
the pore pressures depend upon the conditions of the problem. In some
insiances they may be estimated by means of a flow net (Article 23),
by means of soil tests, or on the basis of field observations. If the level
of the external water surface is denoted by A — A, the weight W of the
slice (Fig. 35.8b) may be written as

We=W.+4Ws+2bye (35.13)
iwhere W, is the weight of that part of the slice above 4 — 4, W, is

) th_e submerged weight of the part below A — 4, and zby, is the weight
" of & voliime of water equal to the submerged portion of the slice. If

the entire slice is located beneath water level, as slice 5 (Fig. 35.9a), the
weight of the water above the slice must be included in zbv.. The pore

Text 2
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pressure at the midpoint 0’ of the base of the slice is 2y, + u, where u
is the excess pore pressure with respect to the external water level.
If the external water level A-4 is located below O’ on the base of the
glice (Fig. 35.90), the pore pressure at O’ is A/v., where A is the height
to which the water would rise in a piezometer at 0. If the pore pres-
sure is due to capillarity, A is negative.

Since the forces acting on the slice are in equilibrium, they may be
represented by the force polygon (Fig. 35.9¢). The normal force P con-
sists of an effective component P’, the force ul caused by the excess
pore pressure, and the force zly, caused by the hydrostatic pressure of
the water with respect to A — A. The shearing stress ¢ along the surface
of sliding is

!-%-%,—(c+ptan¢)-%[c+ -I;-z'r.— )tané] (35.14)

whence ' :

§= i z--[a+(P‘ zl-r. ul)tan¢l--(d+P'tan¢) o
(3515))

Equlhbrium of the entife ehde with reepect to. momenta aboht ihe
centét of the ttial cifcle reqiiifes. that o e

Z(We"'wb"'lb"-)rsma' 23 r+h-d’al

1 : (cl+P'tan¢)r+h-d’ax (35 i6)~

wt,; O

However, the watef below: level A= A i8 in equnhbnum; whence
Sibversine = drediss @ 17),
Theiefore, ' '
E (W + Wiisina = = 2 @+ P tan 4)r "(ﬁé.-‘ié")
and o PR
Z(cl + P’ tan ¢)
Z2(We+ Wi)sina
The valiie of P (Eq 35.19) depends upon P’ which may be determined

for eech alice from theforce polygon (Fig. 35.9¢). If the surface of shdmg
is cifcila#, the influciice of the forces T and E between the slices is

Fom

(35.19)



Compendium 13

Art. 38 Stability of Slope 7

relatively small and P’ can usually be evaluated with sufficient accuracy
on the assumption that the forces T’ and E ure equal to zero. The force
polygon then reduces to Fig. 35.9d, whence

We+ Wi+ zbya = Gelyve + 2 + ul) cora + (P’ tan ¢ CFI) sin @

(35.20)
and . .
- W.+'W.—ub—isma
. . Pj"i’mw“ S, : oo ) e ; (35.2'1) .
B LR R Me B AT BRI
Substicution of Eq: 35.21 into 35:19 gives R

N [cb + (W. + W, — ub) tan ¢]

Ma .
F= T(W. + Wy sina 35.22)

Equation 35.22, like Eq. 35.12, must be solved by successive approxi-
mations because the factor of safety F is contained ia m, which appears
on the right-hand side. It may be noted that the influence of the ex-
ternal water level is fully taken into account by the use of the sub-
merged weight Ws, and that the excess pore pressure u is calculated for
the base of each slice as explained in connection with Eq. 35.13.

The procedure described in the preceding paragraphs may be modified
to take into account the forces T and E between the slices (Bishop 1955,
Janbu 1954a). If the surface of sliding is circular, however, the improve-
ment in accuracy is not likely to exceed 10 to 15% and the additional
effort is not usually justified. On the other hand, if the surface of sliding
is not circular the error may be significant. These circumstances will
be considered in the next section. The procedures that will be developed
may, if desired, be used to take into account the forces between slices
for a circular surface of sliding as well.

Composite Surface of Sliding

In many instances the geometric or geologic conditions of the problem
are such that the surface of sliding may not be even approximately
circular. For these conditions, the method of slices can be extended
(Janbu 1954a, Nonveiller 1965).

A sliding mass with a noncircular surface of gliding is shown in Fig.
35.10. The forces acting on any slice n are represented in the same
manner as those shown in Fig. 35.9b, and the polygon of forces is identi-
cal to that in Fig. 35.9¢.

Text 2
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Fig. 3510, Geometry of method of slices for investigating equilibrium of slope
if m-lm of sliding is not circular.

“The equilibrium of the entire sliding mass with respect to moments
about the grbitrary pole O requires that

vwhence,:from Eq 35 15

NSRRI R

-: E (W. + Wi + tb'r.)z -3 2 (c' + P' tan ")""" 2 e

mg  <::' o f»’ ‘ i LAk ” B o
.F- E(cl+P’tan¢)a
Z(We + Wi + 2hre)z — 2P = {rodiay

'However, the water below level A A is in ethbrmm, whenca

Where . PR E
o P; - P - 2lve
Equatxon 35.24 then becomes

' Z(cl + P’ tan ¢)a

F=

EW. + Woz — 2P (35.26)

This expression can be evaluated if P’ and P, are known. Thesé quanti-
ties may be determined from the force polygon (Fig. 35.9¢). Summation
of vertical components leads to

‘W.+W.+AT.+zb~/.-zzv.coaa+(P'+ul)cosa
+ (cl+P'tan¢)sxna

H "'\“
; P

IWs = 268+ B +inda (3{5;2‘3)‘7
) TRt oo

(35 24)'

Ezb-y.z h.d’a. = za-,.f z(p P.)f . (35 25)f
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whence
P H+Wt AT. — ub — (¢/F)b tan &« 35.20)
Moreover, e
Py Pt ure et Wk aTu + W/F)ubtan ¢ = o) tana

My

(35.28)

By substituting Eqs. 35.27 and 35.28 in 35.26 and combining terms,
we find

Fe Z(cb + (W. + Wi + AT. — ub) tan ¢)(a/m.)

2 (We 4+ Wiz — 2 [W. + W, + AT,

+ (ub tan ¢ — ob) 5= | ¢/
(35.29)

_‘This equation must be solved by successive approximations becauce
the factor of safety F occurs on the right-hand side explicitly as well as
in the quantity m,. Furthermore, the value of F depends on AT,. Asa
first approximation, AT\ may be set equal to zero. The calculations are
facilitated by tne chart (Fig. 35.8a) and a tabular arrangement (Fig.
35.11). Inasmuch as the value of F determined in this manner refers
to only one trial surface, the calculations must be repeated for other
surfaces until the minimum value of F is found.

For most practical problems involving a noncircular surface of slid*ng,
the assumption that AT, is equal to zero leads to sufficiently accurate
results. If the cross section of the surface of sliding departs significantly
from a circular shape, the use of Eq. 35.29 with AT, = 0 is preferable
to the assumption of a circular cross section and the use of Eq. 35.22.
However, if greater refinement is justified, values of AT, may be inserted
in Eq. 35.29 and the factor of safety recalculated. The calculations are
laborious.

If the values of T and E are not zero, they must satisfy the conditions
for equilibrium of the entire sliding mass in vertical and horisonial
directions. That is

ZAT. =0 (35.30)

ZAE, + frud* = 0 (35.31)

Futthetmore, for each slice, AT, and AE, are related in accordance
with the requiremeats of the force polygon (Fig. 35.9¢). By resolving
the forces in the direction of 8, we obtain

S-AE-ema+(Wa+Wb+AT-+tb‘Y-)lind

Text 2
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whence

However, it may also be seen from the force polygon that
§ = gl + (P = sy, = ul) tan ] = i+ Ptang] (35.33)

By substituting Eq. 35.27 into 35.33, we obtain

1 b+ (We+ Wo+ AT —ub)tané M oy
S F Ma F (35.34)
- and, by using Eq. 35.32 and summing for all the slices,
2 [AE.l + zby. tana] = Z %sec a— (W, 4+ W, + AT,) tan a] ‘
. (85:35)
- Biit slice o :
Zzby, tan a = Jyud?

B4 8531 feqiires the left-hand side of Eq. 35.35 to be sefo. Hence thié
forces AT; miist satxsfy not only Eq. 25.30, but also

Z —seca— (W.+ Wi+ AT.) tana| = 0 (35.36)

_Because the problem is statically indeterminate, any set of values
T. satisfying Eqs. 35.30 and 35.36 will assure compliance with all con-
ditions for equilibrium of the slide as a whole and for the horizontal and
vertical equilibrium of each slice. However, not all such sets of values
are reasonable or possible. For example, the values of T. must not
exceed the shearing strength of the soil along the vertical boundary
of the corresponding slice under the influence of the normal force E,.
Moreover, tensile stresses should not occur across a significant portion
of any vertical boundary between slices. In most instances it will prove
satisfactory and expedient to assign arbitrary but reasonable values to
the earth pressure E., and on the basis of these values and Eq. 16.5 to
calculate approximate upper limiting values for T'.. By trial and error,
smaller values of T. are established that satisfy Eqs. 35.30 and 35.36.
A systematic tabular arrangement (Fig. 35.12) is helpful. Values so
obtained are substituted into Eq. 35.29. If F differs appreciably from
the value determined previously, a revision by successive approxima-
tions is indicated. The revision may require alteration of the quantities
T, because of the dependence of M (Eq. 35.34) on F..
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There is, of course, no assurance that the value of F finally deter-
mined by this procedure is correct, because other consistent seis of
T-values lead to other factors of safety. However, the values of F for
different but reasonable sets of forces between the slices are not likely
to differ to a great extent.

It may also be noted that the force polygon (Fig. 35.9¢) presupposes
that each slice is in equilibrium with respect to moments, whereas this
condition will not generally be satisfied by the forces derived from the
solution. This requirement can tu added to those represented by Eqs.
35.30 and 35.36 but the difficulties of calculation are increased sub-
stantially. The use of electronic computation is virtually mandatory
(Morgenstern and Price 1965).

If the subsoil contains one or more thin exceptionally weak strata,
the surface of sliding is likely to consist of three or more sections that do
not merge smoothly one into another. In stability computations such a
surface cannot be replaced by a continuous curve without the intro-
duction of an error on the unsafe side.

Figure 35.13 represents a slope underlain by a thin layer of very soft
clay with cohesion c¢. If such a slope fails, the slip occurs along some
composite surface abecd. In the right-hand part of the sliding mass,
represented by the area abf, active failure must be expected because
the earth stretches horizontally under the influence of its own weight.
The central part bcef moves to the left under the influence of the active
pressure on bf. The left-hand part of the sliding mass cde experiences
passive failure due to the thrust of the advancing central part beef.

The first step in investigating the conditions for the stability of the
slope is to compute the passive earth pressure Pp of the soil located on
the left side of a tentatively selected vertical section ec located near the
toe of the slope. It is conservative to assume that Pp acts in the hori-
rontal direction. The next step is to estimate the position of the right-
hand boundary b of the horizontal part cb of the potential surface of
sliding and to compute the active earth pressure P, on a vertical
section fb through b. The tendency for the mass becef to move to the left

Fig 38.13. Failute of slope underlain by thin layer of very soft clay. '

Text 2
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is resisted by the passive earth pressure Pp and the total cohesion C
along be. If the slope is stable, the sum of these resisting forces must be
greater than the active earth pressure P, which is assumed to act in a
horizontal direction. The factor of safety against sliding is equal to the
ratio between the sum of the resisting forces and the force P,. The
investigation must be repeated for different positions of the points c and
b until the surface of least resistance to sliding is found that corresponds
to the least factor of safety.

Problems

1. A wide cut was made in a stratum of soft clay that had a level surface.
The sides of the cut rose at 30° to the horizontal. Bedrock was located
at a depth of 40 ft below the original ground surface. When the cut reached
8 depth of 25 ft, failure occurred. If the unit weight of the clay was 120
Ib/ft’, what was its average cohesive strength? What was the character
of the surface of sliding? At what distance from the foot of the slope did
the surface of sliding intersect the bottom of the excavation?

Ans. 500 1b/ft’; midpoint circle; 18 ft.

2. The rock surface referred to in problem 1 was located at a depth
of 30 ft below the original ground surface. What were the average cohesive
strength of the clay and the character of the surface of sliding?

Ans, 450 1b/ft’; toe circle.

8. A cut is to be excavated in soft clay to a depth of 30 ft. The material
has a unit weight of 114 Ib/ft* and a cohesion of 700 Ib/ft*. A hard layer
underlies the soft layer at a depth of 40 ft below the original ground surface.
What is the slope angle at which failure is likely to occur?

Ans. B = 69°,

4. A trench with sides rising at 80° to the horizontal iz excavated in
a soft clay which weighs 120 Ib/ft* and has a cohesion of 250 Ib/ft’. To
what depth can the excavation be carried before the sides cave in? At what
distance from the upper edge of the slope will the surface of sliding intersect
the ground surface?

Ans. 9 ft; 8 ft.

5. A bed of clay consists of three horisontal strata, each 15 ft thick.
The values for ¢ for the upper, middle, and lower strata are, respeotively,
600, 400, and 3000 Ib/ft'. The unit weight is 115 lb/ft*, A cut is excavated
with side slopes of 1 (vertical) to 3 (horisontal) to a depth of 20 ft. What
is the factor of safety of the slope against failure?

Ans. 12,

6. To what depth can the trench in problem 4 be excavated without
bracing if the soil has, in addition to its cohesion, an.angle of internal
friction of 20°? o - ‘ o

Ans, 142 ft,

Text 2
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Selected Reading

A detailed discussion of the method of slices and the assumptions on
which it is based may be found in Taylor, D. W, (1948): Fundamentals
of soil mechanics, New York, John Wiley and Sons, pp. 432-441. A condense:)
summary of the method from the point of view of effective stress and the
use of pore-pressure coeflicients i5 given in Bishop, A. W. (1955): “The
use of the slip circle in the stubility analysis of slopes,” Géot., 5, pp. 7-17.

Charts for the solution of many cases of practical importance are contained
in Bishop, A. W. and N. R. Morgenstern (1960): “Stability coefficients for
carth slopes,” Géot., 10, pp. 129-150. Solutions for many other cases are
given by Janbu, N. (1954b): “Stability analysis of slopes with dimensionless
parameters,” Harvard Soil Mech. Series No. 46, 81 pp.

The most general analysis available, not restricted to a circular surface
of sliding and considering the forces between slices, is developed mathemati-
cally by Morgenstern, N. R. and V. E, Price (1865): “The analysis of

the stability of general slip surfaces,” Géot., 15, pp. 79-93. An electronic ‘

computer is needed for the solution.
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CHART SOLUTIONS FOR ANALYSIS OF EARTH SLOPES

John H, Hunter, Department of Civil Engineering, Virginia Polytechnic Institute and
State University; and
Robert L. Schuster, Department of Civil Engineering, University of Idaho

This paper compiles practical chart solutions for the glope stability prob-
lem and is concerned with the use of the solutions rather than with their
derivations, Authors introduced are Taylor, Bishop and Morgenstern,
Morgenstern, Spencer, Hunter, and Hunter and Schuster. Many of the solu~-
tions introduced appeared originally in publications not commonly used by
highway engineers., In addition to the working assumptions and param-
eter definitions of each writer, the working charts are introduced, and
example problems are included, The chart solutions cover a wide variety
of conditions, They may be used to rapidly investigate preliminary de-
signs and to obtain reasonable estimates of parameters for more detailed
packaged computer solutions; in some cases, they may be used in the final
design process.

*THE FIRST to make a valid slope stability analysis possible through use of simple
charts and simple equations was Taylor (9). With the advent of high-speed electronic
computers, other generalized solutions with different basic assumptions have been
obtained and published. Unfortunately, these chart solutions have been published in
several different sources, some of which are not commonly used by highway engineers
in this country. This paper introduces several of these solutions that may prove us¢iul
and deals with how to use these solutions rather than with their derivations.

These chart solutions provide the engineer with a rapid means of determining the
factor of safety during the early stages of a project when several alternative schemes
are being investigated. In some cases they can be used in the final design procedure.
Chart solutions such as these may very well serve as preliminary solutions for more
detailed packaged computer software programs that are widely available (12).

Those chart solutions that appear to be most applicable to highway engineering prob-
lems involving stability of embankment slopes and cut slopes are presented hera., In
addition to introducing some solutions that may be unfamiliar, this compilation pro-
vides a quick means of locating various solutions so that rapid comparisons of advantages
and disadvantages of each solution can be made.

The presentation of each solution includes pertinent references and contains sections
on calculation techniques, working assumptions and definitions, limitations of the ap~
proach, and an example problem, In each case only a sufficient number of curves have
been shown to indicate the scope of the charts and to illustrate the solutions. The
reader should refer to the appropriate references for greater detail.

TAYLOR SOLUTION

The solution found by Taylor (9, 10) is based on the friction circle (¢ circle) method
of analysis and his resulting charts are based on total stresses, Taylor made the fol-
lowing assumptions for his solution: Co T

1. A plane slope intersects horizontal planes at top and bottom. This is called a
simple slope. ST
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2, The charts assume a circular trace
for the fallure surface,

3. The soil is an unlayered homoge-
neous, isotropic material,

4, The shear strength follows Cou-
lomb's Law 8o that 8 = ¢ + ptan ¢,

5. The cohesion, c, i8 constant with
depth as is shown in Figure 1(a).

6. Pore pressures are accounted for
in the total stress assumption; therefore,
seepage need not be considered.

7. I the cross section investigated
holds for a running length of roughly two
or more times the trace of the potential
rupture surface, it is probable that this, a
two-dimensional analysis, is valid.

8. The stability number in the charts
is that used by Terzaghi and Peck (11) in
presenting Taylor's solution. The sta-
bility number, N, is yH¢/c.

9, The depth factor, D, as shown in
Figure 2, is the depth to a firm stratum
divided by the height of the slope.

The following limitations should be
observed in using Taylor's solution:

1, It is not applicable to cohesionless
solls,

submergence case,
3. Tension cracks are ignored.

4, According to Taylor, his analysis

does not apply to stiff, fissured clays.

The charts presented by Terzaghiand
Peck for Taylor's solution consist of the
following:

1. A chart forsoils with ¢ = 0 deg with
depth factors, D, varying from 1.0 toco
and slope angles, B, varying from 0 to
90 deg (Fig. 3),

2. A chart for materials having colie-
sion and friction with ¢ varying from 0 to

35 deg and B varying from 0 to 90 deg -

(Fig. 4), and

3. A chart for locating the critical ’,

circle of a slope failure (not presented in
this paper),

Examples of use of Taylor's éoltﬂon
follow:

1, A cut is to be excavated in soft clay
to = depth of 30 ft. The soil has a unit
weight of 115 pct and a cohesion of 550 psf,
A hard layer underlies the soft layer at a
depth of 40 ft below the original ground
surface, What is the slope angle, if any,
at which failure is likely to occur?

2, It may not be applied to the partial o

Text
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Figure 1. Comparison of assumptions for
coheslon, ¢, as made by various investigators. ’
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Figure 3. Relations between siope angle, 8, and sta-
bility. number, N, for different vatues of depth fector,
.. - D [after Torzaghi and Peck (11)].
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7
. Bolution: Because the soil is a soft n 7
clay, ¢ isassumedto be zero and the chart " / / / A
of Figuro 3 is applicable: "I , / / /
r.“ y A1/
D = 40/30 = 133 WIS
| AR
I failure is to occur, the critical § SV AV s
height, He, 18 30 ft: . ; . / '/ / /,
N = (Hc)c = (115) (30)/550 = 6.28 3 '[7F 4 1
« , y.
From Figure 3,for D=133 and N= 5 VA 7 [l ot
6.28, B may be read as 30 dog, which is g 4[LA Aot
the unknown that was to kave been de- £ // [~
termined. LY}
2, A cut is to be excavated in a ma-
terial that has a cohesion of 250 psf, a T T T T T T T T AT A
unit weight of 115 pcf, and an angle of Values of Slope Angle, 8

shearing resistance of 10 deg, The de-
sign calls for a slope angle of 60 deg.

Figure 4. Relations between siope angle, 8, and sta-
What is the maximum depth of cut that can bility number, N, for materials having cohesion and

be made and still maintain a factor of
safety of 1.5 with respect to the height of friction, for various m’:ﬁ;f [after Terzaghi and

the slope?
Solution: Becausethe soil hasboth co-
hesion and angle of shearing resistance,
the chart of Figure 4 is applicable, The
factor of safety (with respect to height) of
1,6 is the critical height, He, divided by the actual height, H. The depth factor, D, does
not enter into the solution if the soil is a c, ¢ type of soil,
From Figure 4, for ¢ = 10 deg and B = 60 deg, N may be read as 7,25, From the

definition of stability number,
N = (y) (H.)/e '
or He = (c) (N)/y = (250) (7.25)/115 = 15,75 ft

H = Ho/1.6 = 16.75/L.5 = 10,6 ft

Thus, it would be possible to make a 60-deg cut at any depth up to 10,5 ft and still
maintain a factor of safety that is equal to or greater than 1.5, R

BISHOP AND MORGENSTERN SOLUTION

Bishop's adaptation of the Swedish slice method (1) was used by Bishop and Morgen-
stern (2) for their solution. Their charts are based on effective stresses rather than
total stresses. Consequently, it is necessary to take pore pressures into consideration,

Bishop and Morgenstern made the following assumptions:

L The geometry of the slope is simple, as was the cxse for Taylor's solution. The
potential sliding curface 18 assumed to be cylindrical; tiie trace of the sliding surface
18 assumed to be a portion of a circle.

2, The pore oressure is accounted for by use of the pore pressure ratio, ry., This
ratio 18 defined as being equal to u/(yh), where h = depth of point in soil mass below the
soil surface, y = unit weight of the soil (bulk density), and u = pore pressure of water
in the soll. The pore pressure ratio is assumed to be constant throughout the cross
section; this is called a homogeneous pore pressure distribution, If there are minor
variations in r, throughout the cross section, an average velue of ry can be used,

3. For steady-state seepage, use a weighted average of r, over the section,

4, The factor of safety, FS, is defined a8 m - (n) (r), where m and n are determined
by using charts in Figures 6 through 7,
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8. Depth factors, D, of 1.0, L.25, and
1.5 are used in this solution where the
depth factor is defined as Taylor defined
it: The depth to a hard stratum is the
depth factor multiplied by the embankment
height.

8. The solution implies that the cohe-
sion is constant with depth as shown in
Figure 1(a). An interesting feature of
this solution is that pore pressures can
»e changed to see what effect this will
have on the stability of the slope.

Bishop and Morgenstern's solution
has the following limitations:

1. There is no proviasion for inter-
mediate water table levels,

2, The averaging technique for pore
pressure ratio tends to give an overesti~
mation of the factor of safety, In an ex~
treme case, this overestimation will be
on the order of 7 percent.

In using this chart solution it is con-
venient to select the critical depth factor
by use of the lines of equal pore pressure
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ratio, rue, on the charts of Figures 5 and 6. The ratio, rye, is defined as (ms - m,)/
(na - B2)where ny and m, are values for a higher depth factor, Dy, and n, and m, cor-
respond to a lower value of the depth factor, D,.

If the design value of pore pressure ratio is higher than rye for the given section
and strength parameters, then the factor of safety determined with the higher depth fac-
tor, Dy, has a lower vzlue than the factor of safety determined with the lower depth fac-
tor, D This is useful to know when no hard stratum exists or when checking to see if
a more critical circle exists not in contact with a hard stratum. The example problem
will clerify this concept.

To determine the minimum factor of safety for sections not located directly on a
hard stratum, enter the appropriate chart for the given ¢ /(yH) and, initially, for D =
1,00, Note that c’is the effective stress value of cohesion and H is the height of the
slope while y is the unit weight of the soil. 'The values of 8 and ¢’ define a point on the
curves of n with which is associated a value of rye given by the dashed lines. If that
value is less than the design value of ry, the next depth factor, D = 125, will yield a
more critical value of the factor of safety. If, from the chart for D = 1,25, the values
are checked and ryg is still less than the design value for ry, move to the chart for
D = 1,50 with the same value of ¢ /(yH). :

Bishop and Morgenstern (2) show charts for values of ¢ ‘/(yH) of 0.00, 0,025, and
0.05 with depth factor, D, values of 1.00, 1,25, and 1.50. Only enough charts are shown
here to illustrate the solution,

An example of Bishop and Morgenstern's solution follows:

A slope is cut so that the cotangent of the slope angle, 8, is 4.0. The cut is 140 ft
deep. A hard stratun exists at a depth of 60 ft below the bottom of the cut. The soil
has an effective angle of shearing resistance, ¢', of 30 deg. The effective cohesion, ¢’,
is 770 psf. The unit weight is 110 pcf, and it is estimated that the pore pressure ratio,
ru, i8 0.50 for the slope.

From the given conditions, c’/(yH) = 770/(110)(140) = 0.050. From Figure 5, for
D = 1.00 with ¢’/(yH) = 0,050, ¢’ = 30 deg, and cot 8 = 4,0, it is seen that rye < 0.5.
Therefore, D = 1.25 is the more critical value for depth factor, Using Figure 6, with
the same value of c’/(yH) and with D = 1.25, it is found that rye > 0.5. In this case the
maximum value that D could have is (140 + 60)/140 = 1.43, Therefore, within the lim-
itations of the charts, D = 1,25 ig the critical depth factor. From Figure 6 it is seen
that m = 3.22 and n = 2,82 for the given values of ¢’/(yH), ¢, and cot . Accordingly,
the following factor of safety is obtained:

FS = m~- (n) (ry) = 3.22 - 2,82(0,50) = 1.81

The chart for D = 1.50 for ¢’/(yH) = 0,050 (Fig. 7) is not necessary for the solution
to this example problem, but it is given to indicate the range in this particular sequence
of charts.

MORGENSTERN SOLUTION

Morgenstern (8) used Bishop's adaptation of the Swedish slice method of analysis 1)
to develop a solution to the slope stability problem that is somewhat different from the
one he developed with Bishop, His solution is, again, based on effective stresses rather
thantotal stresses. His solution is primarily for earth dams, but there are highway cuts
and fills that nearly fulfill his assumptions. Morgenstern made the following assump-
tions:

1. The slope 18 a simple slope of homogeneous material resting on a rigid imper-
meable layer at the toe of the slope.

3. The soil composing the slope has effective stress parameters ¢’ (cohesion) and
¢' (angle of shearing resistance), bcth of which remain constant with depth,

3. The slope is completely flooded prior to drawdown; a full submergence condition
exists.

Text 3
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. 4, The pore pressure ratio 8, which is Au/Aa,, 18 assumed to be unity during draw-
down, and no dissipation of pore pressure occurs during drawdown.

5. The unit weight of the soil (bulk density), y, is assumed to be constant at twice
the unit weight of water of 124.8 pcf.

6. The pore pressure can be approximated by the product of the height of soil above
& given point and the unit weight of water.

7. The drawdown ritio is defined as L/H where L is the amount of drawdown and H
is the original height of the slope.

8. To be consistent, all assumed potential sliding circles musi be tangent to the base
of the section. This means that the value of H in the stability numver, c//(yH), and in
L/H must be adjusted for intermediate levels of tangency (see the 2xample problem for
clarification).

Morgenstern's solution is particularly good for small dams and consequently might
be particularly applicable where a highway embankment is used a8 an earth dam or for
flooding that might occur behind a highway fill. Another important attribute of the
method is that it permits partial drawdown conditions.

This method is somewhat limited by its strong orientation toward earth dams, If a
core exists, it is noted that this violates the assumption of a homogeneous material,
Another limitation is the assumption that the unit weight is fixed at 124.8 pcf. Atten-
tion is also called to the assumption of an impermeable base.

Morgenstern's charts cover a range of stability numbers, ¢’/(yH), from 0,0125 to
0,050 and slopes of 2:1 to 5:1. The maximum value of ¢’ shown on his charts is 40 deg.
Following are some example problems using Morgenstern's method:

1. An embankment has a height, H, of 100 ft. 1t is composed of a soil with an effec-
tive cohesion, c’, of 312 psf and an effective angle of shearing resistance, #’, of 30 deg.
The unit weight of the soil must be assumed to be equal to 124.8 pcf. The embankment
is to have a slope so that the cotangent of the slope angle is 3.0. What is the minimum
factor of safety for the complete drawdown condition?

Solution: The stability number, c’/(yH) = 312/((124.8)(100)] = 0.025. Withthis value
and with cot 8 = 3.0, ¢' = 30 deg, and the drawdown ratio L/H = L0, the factor of safety
ig directly obtainable from Figure 9 as FS = 1,20, By examining the charts in Figures
8 through 10, it can be seen that the critical circle is tangent to the base of the slope;
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if any other tangency is assumed, H would have to be reduced. X H is reduced, then
the stability number is increased and this will, in all cases, result in a higher factor
of safety.

2, It is now required to find the minimum factor of safety for a drawdown to mid-
height of the section in the prior example,

Solution a: Considering slip circles tangential to the base of the slope, the effective
height of the section, Hy, i8 equal to its actual height and the stability number remains
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unchanged as 0,024, With this value of stability number and L/Hg = 0.50, and with other
conditions remaining the same, the factor of safety may be read from Figure 9 as FS =
1,52,

Solution b: Considering slip circles tangential to mid-height of the slope, the effec-
tive height is equal to one-half the actual height so that Ho = H/2 = 100/2 = 50 ft. Thus
c’/(yHe) 18 twice that of the previous solution or 0,05, and L/Hp = 1.00. The minimum
factor of safety, as determined by Morgenstern's solution, can be read directly from
Figure 10 as FS = 1,48, .

Solution c: Considering slip circles tangential to a level H/4 above the base of the
slope, He becomas 3H/4 = 75 ft. ‘Thus the stability number c’/(yHe) = 0.033, and L/Hg =
0.67. The minimum factor of safety for this family must be obtained by interpolation,
From Figure 9 with c/(yHe) = 0,025, the factor of safety is 1.31, and from Figure 10
with c/(yHe) = 0.05, the factor of safety is 1.61. Interpolating linearly for ¢'/(yHe) =
0.033, the mizimum factor of safety for this family is 1,31 + 0,30/3 = 1,41,

These ex: aples demonstrate that for partial drawdown the critical circle may often
lie above the base of the slope, and it i8 important to investigate several levels of tan-
gency for the maximum drawdown level. In the case of complete drawdown, the mini~
munmn factor of safety is always associated with circles tangent to the base of the slope
and the factor of safety at intermediate levels of drawdown need not be investigated,
This may not be the case if the pore pressure distribution during drawdown differs sig-
nificantly from that assumed by Morgenstern,

SPENCER SOLUTION

Bishop's adaptation of the Swedish slice method has been used by Spencer (8) to find
a generalized solution to the slope stability problem. Spencer assumed parallel inter-
slice forces. His solution is based on effective stresses. Spencer defines the factor
of safety, F8, as the quotient of shear strength available divided by the shoar strength
mobilized,

Spencer made the following additional assumptions and definitions for his solution:

1. The soils in the cut or embankment and underneath the slope are uniform and
have similar properties.

2, The slope is simple and the potential slip surface is circular in profile,

3. Ahard or firm stratum is at a great depth, or the depth factor, D, is very large,

4. The effects of tension cracks, if any, are ignored,

5. A homogeneous pore pressure distribution 18 assumed with the pore pressure
coefficient, ry, equal to u/(yh), where u = mean pore water pressure on base of slice,
y = unit weight of the soil (bulk density), and h = mean height of a slice.

6. The stability number N is defined as c’/{(FS)yH).

( 1. l')l}he mobilized angle of shearing resistance, ¢, is the angle whose tangent is
tan ¢)/FS,

Spencer's method does not prohibit the slip surface from extending below the toe,
His solution permits the safe slope for an embankment of a given height to be found
rapidly. ’

Although the limitations of Spencer's method are few, it is noted that a simple trial
and error solution is required to find the factor of safety with the slope and soil prop-
erties known, In addition, it is difficult to vse his method for intermediate levels of
the water table. Spencer provides charts for a range of stability number, N, from 0,00
to 0.12 with mobilized angle of shearing resistance varying from 10 to 40 deg and slope
angles up to 34 deg. Charts are provided for pore pressure ratio, ry, with values of
0.0, 0,025, and 0.50. Only one of these charis (Fig. 11) is shown for use in the example
problem, Spencer furnishes charts for locating the critical surface,

An example of Spencer's solution follows:

An embankment i8 to be formed with a factor of safety of 1.5 and a height of 100 ft,
The soil has an effective cchesion of 870 psf and aneffec'ive angle of shearing resistance
of 26 deg. The unit weight of the soil is 120 pci ard the pore pressure ratio is .50,
Find the slope that corresponds to this facior of safety.



Compendium 13 Text

85
41 311 31 18:1
[ 11 ! | 1
r,=0s ! i . a5
M\ LT
[ Nyl e
't-E AN ) ol A
E NA X VA
T A XA XA T
VDIV 215777 2%
RRRNYI4 /0% 7777 AR
T
. (paizizz | [
[ ] 4  } 11 10 n L) n n

Slope : Dugroes

' Figure 11. Relationship between stabilit Lo
gure elationship ynumbor[‘Fs,m]
and slope angle, 8, for various values of O [ofter,

Spencer (8)].

Solution: The stabllity number, et

N = ¢/L(FBHH] = 870/((L.5X120(100)] - 0.048

P FER i :X" q —
tan ¢y = (tan ¢')/FS = tan 26 deg/L5 = 0.488/15
tan ¢y = 0,325 or ¢ = 18 deg.

Referring to Figure 11 for ry = 0,50, the slope corresponding to a stability number -
of 0.48 and #m = 18 deg is B = 18.4 deg. This corresponds approximately to a slope of
3:, - L ) » »

Linear interpolation between charts for slopes for ry values falling between the chart

values is probably sufficiently accurate,

HUNTER SOLUTION

In 1068, Hunter (3) approached the slope stability problem with two assumptions that
are different from the solutions previously presented in this paper. He assumed that
the trace of the potential slip surface is a logarithmic spiral and the cohesion varies
with depth, His charts are based on total stresses, Hunter's working assumptions
and definitions follow:

1. 'The section of a cut is simple with constant slope, and top and bottom surfaces
are horizontal. . .

2. The soil is saturated to the surface through capillarity.

3, The soil is normally consolidated, unfissured clay. ,

4, The problem is two-dimensional, ' o

5. The shear strength can be described as s = ¢ +p tan ¢ where ¢ varies linearly with
depth, as is shown in Figure 1(b). It is assumed that the ratio c/p’is a constant, where
p’1is the effective vertical stress, Note that p’increases with depth.

6. If ¢ > 0 deg, the potential slip surface is a logarithmic spiral, If ¢ = 0 deg, the
potential failure surface is a circle because the logarithmic spiral degenerates into a
circle for this case.
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7. The effective stresses immediately after excavation are the same as those before
excavation. This describes the end-of-construction case,

8. The water table ratio, M, is defined as (h/H) (yw/y’), where h = depth from top
of slope to the water table during consolidation, H = height of cut, ¥y = unit weight of
water, and ¥’ = submerged or buoyant unit weight of soil,

9, While c increases linearly with depth, the angle of shearing resistance, ¢, is con-
stant with depth,

10, A stability number, N, i8 obtained so that the factor of safety,

C
RN

l‘ =g + h(7) : ;,.’.j'. - .1\ -
and £= depth below t.he orlglnal ground surface of cut to polnt swhere coheslon, c, lada- :

termined, .-
An equlvalent and perhapa moro convenlent relauonshlp is:.

1 . . R e o

()

because often (c/p‘) can be estimated from Skempton's (1) tdrintlﬁ;' ar e

where

(x%) a 0,11 +0,0037(P1) |

where PI = plasticity index of the soil in percent.

11, The depth ratio, D, is defined the same as in the description of Taylor's work.,
H ¢ > 0 deg, the effects of a firm layer at any depth are negligible. If # = 0 deg, the
depth factor can have a significant but small influence on the factor of safety, as is
shown in Hunter's (3) work and also by Hunter and Schuster (4). Only when the stabllity
number, N, is greater than about 25 and the slope angle, B, is less than about 15 deg is -
the small reduction in N important enough to be tuken into account.

Hunter's solution permits realistic variation in the values of cohesion, ¢, for normally
consolidated soils, It can easily handle the situation for the water table at any of a
wide range of elevations, This solution should be used only for normally consolidated
materials,

Numerous charts are furnished by Hunter. The charts show the slopeangle, 8, vary-
ing from 5 to 90 deg, and the angle of shearing resistance ¢ varying from 0 to 35 deg
in steps of 5 deg. The water table ratio, M, is varied from 0.00 to 2,00 in steps of
0.25. In addition, many tables and graphs are shown that are useful in locating the
critical fallure surface. In this paper only one chart (Fig. 12) is shown to illustrate
Hunter's solution, An example of Hunter's solution follows:

A 25-1t slope of 30 deg is to be cut in normally consolidated material wlth a unit
weight of 112 pcf and the water table at a depth of 10 ft. The material has been tested
(on a total stress basis) and found to have a ¢ of 10 deg with a plasticity index of 25 -
percert, It is required to estimate th» factor of safety cf this slope.

Solution: Using Skempton's relaticonship,

c/p’=0.11 + 0,0037(PI) = 0.11 + 0.0037(25) = 0.2026

- ()6)- () ) () om
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Using M= 0.50, 8 = 30 deg, and ¢ = 10deg, »
find the stability number from the chart in Fig- - |-
ure 12, Read N = 17.1. Thus, the factor of 1
safety, "
N EAY LS - "
i (»')(v)“ ]
49.6 g L]
= (0.2025) (17.1) = 152 £l (11
112 3
- 2 / / / /
! _ HUNTER AND SCHUSTER SOLUTION 3 / 1/ ,[ i 7’
Bmd on some of Hunter's original work (3), = ..‘) / / 7 ,!
Hunter and Schuster (4) published a solution WSV XY
for the special case of ¢ = 0 deg in normally A Vel
consolidated clays. This solution is a total w| L ,/// ZaPaf®
stress solution. =11
The assumptions are the same as those made

by Hunter in the previous section, except that
the potential sliding surface is a circular arc
rather than a logarithmic spiral. In particular,
this solution permits the cohesion, ¢, to in-
crease linearly with depth, and the saturated ~ Fieure 12 Relationship befwesn siops
soil may have a water table that can be any- :":g"':f':'; ity ":'"m f"”i; ?or various
where within a wide range. The depth factor, unlimited depth of soil,

. I
D, is taken into account. The method ignores ::,,"xf.ﬁd m"'rm:n?x;?d::

tension cracks,

The charts furnished by Hunter and Schuster surfaces [from Hunter (21
show the water table ratio varying from 0.00 to
2,00 in steps of 0.25, and the depth ratio, D,
varying from O to 4, Only those charts (Figs. 13 and 14) necessary to illustrate
the example problem are shown. Some example problems using Hunter and Schuster's
solution follow:

1, A cut 15 ft deep is to be made in a normally consolidated clay with a slope angle
of 30 deg. The water table is 5 ft below the original ground surface. The soil weighs
104 pcf, and the ¢/p’ ratio is 0,24 for the soll, What is the factor of sa.!ety for this
cut?

Solution: The water table ratio M is

T S

#

In Figure 13, with M = 0, 50 and. B=30 deg, N=89(a possible shallow tailure). Cal-
culate the tactor of safety, FS, as

T T T T T
Slepe Angle 8 (Deg.)

i, TN I
[T LA RILEE

| F.sf(;%) (y'y-) = (. 24)(“ 6)(8 9) = 0.865 <100 B
[ T .

It can therefore be concluded that this cut is impossible without failure occurring. :

2. ‘A cut at a slope angle of 10 deg 18 to be made 15 ft deep in & normally consolidated
.clay with the water table 15 ft from the surface. Underneath the clay at a2 depth of 30 ft
is a harder, stronger stratum. When tested, the soil showed ¢ = 0 deg on a total stress
basis. The ratio c¢/p’ for this soll is 0.24, and its unit weight is 104 pcf. Find the fac-
tor of safety for this proposed cut.
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Solution:

)-8

!‘rom Figure 13, with 8= 10degandu== 150, the valuoo!Nplotaup l.ntha deep .
failure zone with a value of approximately 23.9. Bocauso it u in the deep failure zono,
D = 30/15 = 2,0 may be important.

From Figure 14, for M = 1.50,D =2.0, and 8= 10 deg, it is seen that N reduces
slightly to 23.2. Thus, the factor of aafety s ‘

FS = (F“,) (1-) N = (0. 24) (3%) (za:;) = 2.23

Note that the depth ractor, in general, has only a negugible or quite small effect on
the factor of safety.

One set of generalized solutions that should be mentioned is that developed by Janbu
(5). His solutions are extensive and do not lend themselves to simple presentations as
has been the case with the other solutions. Janbu's solutions are useful in analyzing
the influence of drawdown conditions and the effect of water-filled tension cracks and
surcharge. Janbu implies thgt both the cohesion, ¢, and the angle of shearing resistance,
¢, are constant with depth. ough not reviewed here, Janbu's solutions are recom-
mended to the engineer who frequently deals with stability anslyses of slopes.

Text 3
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SUMMARY

The chart solutions developed by Taylor, Bishop and Morgenstern, Morgenstern,
Spencer, Hunter, and Hunter and Schuster can be applied to a number of types of slope
stability analyses. Some of the methods presented were originally developed only for
cuts; some were developed especially for embankments or fills such as earth dams.
Each solution presented, however, is applicable to some highway engineering situation,
References have been given indicating more couiplex chart solutions not illustrated
here, and an entry into the literature on computerized solutions has been given. Of the
solutions introduced, those of Taylor, Hunter, and Hunter and Schuster are best suited
to the short-term (end-of-construction) cases where pore pressures are not known and
total stress parameters apply. The other methods are intended for use in long-term
stability (steady seepage) cases with known effective stress parameters,

The methods make similar assumptions regarding slope geometry, two-dimensional
failure, and the angle of shearing resistance being constant with depth, However, they
vary considerably in assumptions regarding variation of cohesion, ¢, with depth, posi-
tion of the water table, base conditivns, drawdown conditions, and shape of the failure
surface, Altogether, a wide range of conditions can be approximated by these available
generalized solutions.

Each author has attempted to reduce the calculation time required to solve stability
problems., The chart solutions alone may be sufficient for many highway problems; in
other cases, chart solutions may save expensive computer time by providing a reason-~
able estimate as a starting point for computer programs that solve slope stability
problems,
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.50 - MATERIALS ENGINEERING

: l. Slope Design Guide., This guide provides general
values for maximunm excavation and embankment Glopsratios
'-based on a combination of goneral field description and
the Unified Soil Classification of the material, Standard
enetration test values (AASHO T 206) and in-place density
frelative compaction) are used to further define the ma-
terials,

Explanution of common field conditions and the appropriate
use of the following sections, together vith sample problema
-are;described in the  follovwing aectionaz : a

Section-l-

s

”nonogeneoua loilsﬂ

Section 2 ,utrutified deposit:?

~v8ection;3:-fﬂesidual aoils”
Section b eaCemented and bnecial soils

Section 5 = Embankment: (Tahle 1)

A Dgr

Bectibn‘G - Benching

Design charts and tubles"ire given fbr»fhe fdl;éﬁing;
naterials: R I T

'tdon T = Coarse grained aoils (less? ﬁhcn 50 pereent
passing the 1200 sieve).;, :

a. Sands and gruvels vith nonpla:tic tines (PIV
or less)

Table II

Unified Soil Classification:
GW, GP, sw, sr GH’ and .,u. ,

b.

‘?::GM, i, cc sc and: dualqclns:got&thele'nhdﬂ;bofeié‘

: -Pebruury 1973 o
! 'R+6 Supplement ko, 19-
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®. = Bection 8 - Fine grained soils (greater'than Sb jércénﬁ '
e '~ passing the #200 sieve) . - . 0

Charts III and IV

Unified Soil CIassirtcatidn:
<MLy  MIl, CL and CH. .

“7§§é£i25‘9 ~ Unveathered rock (Table III)

gl. JGu1dei1nea for Use and Limitations

.“'a. General., The followving preliminary steps are
necessary in order to most effectively use this guide.
"First, all published and file sources of soils, geologic,
-hydrologic and climatic information pertaining to the
area should be revieved., Certain of these reports are
frequently quite specific in identifying, describing
and characterizing the various kinds and properties of
materials in that area. Maps are often available indi-
cating general or specific location of troublesome or
trouble~free areas., This information will greatly help
in the next step of identifying and describing, the
various soil, geologic and ‘bedrock conditions in detail
in the field. Caution must be exercised to characterize
the entire cross section of cut or fill area--surface
sanples are generally not representative. In addition,
the depth to wvater table and locations of seeps and
springs and possibility of ponding water against or
above slopes should be noted since water is one of the
major factors relating to stability. Such study shouid
also recognize seasonal changes in ground vater and
runoff patterns. This study in most cases would benefit
from multi-discipline review including engineering,
geologic, soil and hydrologic backgrounds. '

Any guide such as this should not be folloved indis-
criminately as a precise anaver to all situations that
vill be encountered in the field. It is offered as a
guide to be used in connection with engineering judgment
and analysis. Too many variables and unusual conditions
exist that cannot be properly accounted for by this
guide. This guide must be used in connection with local
experience to arrive at reasonable values for slope
ratios. Additional information and discussions of un-
-‘usual situations can be found in many of the publica-
tions listed in the References.,

Y Special Limitations. The higher the cut or

itill;the,moqupritical the need becomes for accurate
investigation. - The folloving limitations for cuts or
fills apply to the charts and tables of this guide:—®

P;februifjfl973’:'*5" ' .+ Forest Service Handbook
' R-6 Supplement No. 19-* ' ‘
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'-0 to 50 feet in vertical height.only a minimal in-
vestigation 1s necessary in noncritical areas, This
would include soil classification, some excavation
by hand or backhoe, seismic information, and obsere
vation of nearby slopes of similar material to idente
ify various soil layers and existing stability condi=-
tions. This renge in height is indicated by the solid
lines on the charts.

50 to 100 feet in vertical height a more intensive
iavestigation is necessary. This would include all
of the requirements listed in the 0 to 50 feet situ-

~_ation and may also require test borings in the form
.of auger or drill holes to definitely identify
"various layers and the location of wvater. In most
cases an experienced technician or engineer would
‘be required for interpretation of the results.

- This range in height is indicated by dashed lines
.on the charts,

. Over 100 feet in vertical height the slope should be

. designed by specialists in soil mechanics using more

.. refined methods than are indicated in this design
guide. If specialist assistance is not available

. at the Forest level, the Regional 0ffice should be

. consulted., In no case should this design guide be
used for slopes over 100 feet in vertical height.

- 8pecial investigation is essential where serious loss

~of property, extensive.resource damage, or loss of life

;might result fronm the slope failure or vhen crossing
-known areas of slope instability such as existing slides.
Sone eapeeially troublesome soils may also require
speeial investigation, these would include organic
‘material and soils, swelling clays, layers of veatlered
schists or shales, talus deposits, pockets of loose,
'water-bearing sands and silts, fissured clays, and

: layered geologic deposits. where subsurface conditions

' ‘are impossible to determine fron viaual or seiemic ine

' formation. - S :

Nt * ' e ;

LR -1 Agglication. Once the soil types have -been de-

- seribed, ‘the water sources located, and the limitations

"of‘the ‘guide observed, then refer to the appropriate
explanation section of the guide (Sections 1 to 6).

. These sections will indicate hov to use the various

;cherts end tables in Sections .7 to 9. Once the proper

Z,chart or table ds” indicated ‘then the maximum height-slope
relationship can be deternined. In nost cases the depth-*

#roiestESerfxce&ﬁgddbook ~ ®-Februsry 1973
o ~ R=6 Supplement lo. 19-*
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of cut or fill will be known, thus the chart or table
vill give the maxinum slope ratio (horizontal to vere
tical) that can be-used under the given conditions.
This may requir: a trial and error solution in the case
of sloping original ground. If the maximum slope ratio
is fixed then the hipghest cut or fill that can be con-
structed vill be deternined from the charts. Obviously
the slope ratio will not apply if the recommended slope
is equal to or flatter than the slope of the natural
ground. Thls situation would require special investiw
gation as to possible modifications of the ratio or
alternate schemes such as structures or relocation.

Revegetation problems are also a necessary consider-
‘ation in the selection of slope ratios. Hormally it

is very difficult or impossible to revegetate slopes
steeper than 1l:1. Generally the steeper the cutbank,
the more intensive will be the measures needed to ade-
quately revegetate the slope and protect it from surface
erosion. Leaving cut slopes rough will improve the op-
portunities for seed, mulch and fertilizer to catch,
This can improve the chances for erosion control while
reducing planting costs.

&. PFactor of Safety. The factor of safety is

generally expressed as a dimensionless number, with

) A value greater than one being safe and a value less’
than one indicating failure. Typical design factors
of safety against slope failure are between 1.1 and -
2.0, with the lover values used for inexpensive and
less pernmanent construction. The following valuea .
are used in the design guide:

(1) Table II, sands and gravels with non-
plastic fines, is based on the factor of safety
vith respect to sliding (translation) of approx=-
inmately 1l.1. This factor is proportional to the-
tangent of the slope angle for a given soil density.

~ (2) Charts I, II, III and IV, plastic soils,
are based on a factor of safety with respect to
rotation of 1.5. This assumes the natural ground
at the top of the cut to be horizontal. Since
this is normally not the case, the factor will be
less than 1.5 dependirg upon the steepness of the
ff”_ natural slope but still above l.1. The factor cf
' safety is dependent upon the cohesion, height of
cut,. . soil density and slope angle. In Charts I
~"and II it is also dependent upon the angie of

¥
e
i

'-Pebrua;yv1913_ L Forest Gervice Handbook
;. R=6 Supplement No, 19-*
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L internal ‘friction.and :in. Charts. III and: IV upon the

depth 10 a dense layer.

ls .Section l--liomogeneous So0ils. liomogeneous soils are

{those that do ‘not exhibit layering or stratification of ‘
~various materials. They have the same properties (gradation.:

strengtn,.etc.,) throughout, though there may be a.slight in=-

.creage-in.density with depth due to the weight af the over=- C
‘lying material. -

It the soil rits this category, then the description can be
matched with the appropriate chart or table in Sections 7

to 9, and the answer used directly, tempered only vith engi- :
neering Judgment and local experience, - e ‘

_Probleu solils vould be loose. saturated sands and sort clays. "
.Loose, saturated sand will liquefy and flow.“.shock, vibra=-
.tion from construction equipment.or a. rapid change ° in the

vater table will cause a liquetaction failure. Densirying
the sand prior to construction will. often solve ‘this problem.

Soft clays will often fail in very shallov cuts, thus their
naxinum height is limited as indicated by soils #4 and #5 =
in Charts III and.IV. Clays underlain by seams of, ,fine. vaters
bearing sand will ‘often fail by lateral spreading, even though
the slope-in the clay ‘has been.stable  for long periods of .o
tine. bpecial investigation is required in this case,

Example Problem 1. .. igf"' R

Field conditions. A proposed cut through anjold'stream
deposit consisting of a well graded sandy gravel (non=-
,plastic) The in-place natural density is, 115 pef which
is approximately 95 percent of maximum density as detera
nined by AASHO T 99. The cut is to be 40 feet deep with '
ground water expected to be one fourth the vay up the.

cut during the wettest period.

’.Reconmended slove. The materiel is best ‘described by
... Section TA, soil #1 of Table II.; The density is some=-
.what in between the loose and dense state. By inter-

- polation this would.give a slope of 1:1 for low ground

Q@( vater and 2-1/3:1 for high ground water conditions.

- .Since the ground wvater will be only a quarter of the way
up the final slope, (actually the final seepage path will
vary), a value. of 1.3:1 would. normally be recomnended
(graphical.. solution. ‘table II), however a value of 1.4:1
should be used to account for the lowver unit weight of
‘the granular soil.-

Forest Service Handbook C - ®aFebruary 1973
‘ R-6 Supplement No, 19-%
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.. of .clay and sand or silt.and underlain. by bedrock, and are

-

#.Exanple Problem 2, .
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.Fleld conditions., A proposed cut in a transported
‘elayey. sand (SC) with a plasticity iandex of 15 and

. a l1iquid limit. of 20. The soil is of intermediate
‘density (90 percent relative compaction weighing
‘approximately 125 pcf) and can be dug fairly easy

with a shovel. The cut is to be L0 feet deep with

the vater table estimated at 20 feet below the surface.
llo evidence of stratification is present.

Recommended slqp;. Thewsoil is best described in: . .
Section 73, soil #3. Chart I gives a maximum slope
{0f:1.5:1 and Chart II a value of 3.2:1. By interpola=-
tion a value of 2.3:1 is recommended as the water table
is approximately -half way up the proposed slope., .

2. Section 2--Stratified Deposits. These are deposits

that consist of layers of various materials usually trans-

..ported by vater or wind action and deposited in horizontal
or dipping lsyers, They may consist of alternate layers.,

typical in former lake basins, strean velleys. glecisl R
.regions, etc. .- : L

,MThe send or silt layers in meny ceses are sources of vster,

".resulting -in seepage on the face. of the . final cut, These
layers are likely to wvash out and are affected by frost
action .resulting in sloughing. They may also .bring ahout
hydrostatic pressure from water that is trapped in then
during vet weather, resulting in failure of the entire

- -slope. .Horizontal drains by means of- perforated pipes.
are a possible solution to this problem. .Spacing and the
location of these should be based on more extensive in-
vestigation and  analysis by specialists.”

JSort or fissured clay leyers vill slso ceuse etebility
.problems .due to their low: strength.~ Special investigstion
-is also wvarranted in this situstion.;ﬁlig.,< :

The design height of stable slopes in stratified deposits
using the design guide are based on the height from the -
top of the cut to the bottom of the exposed layer in
,question. .Thus 'in the:case .of.a.sand.layer over.a clay.
:layer, the clay slope will. be based not on the thickness
.0f7clay-exposed, but. on the total. height of -the cut.,; o
;Refer .to:example: problen #3 in.Section-3.on. residual soils
ror specific cslculstions or a similar situetion.-’

-Februery 1973‘“”"25“5 e ‘l' : ﬁGﬁchrestQService Handbook




Compendium 13 Text 4

o ~ 50==T
rnAuSsdnTArzouﬁsucrussntnc HALDBOOK

L Stratified dcposits that dip more than 20° to 309 tow=
i ‘ward the cut will present additional stability problens.
"as they nay ‘fail along the boundaries. betwcen layers.
"These . slopes will require special stabilization tech-
“niques such as drainage, or retaining walls of rock,
vood or metal. : .

3.' Scction 3-~Residual ooils. Residual soils have been’
“tormed by rock weathering in place thus retaining mich of the
original structural and bedding plane ‘orientation of the . .
parent rock. They are usually composed of three fairly vell
detincd layers" T ) ‘ “vm;;“;;m,wn SR

Layer lf Residual soil (A and d horizon material)..

ISV

Layer 2-“'Weathered rock (c horizon material).

Layer 3z Unveathered rock (D horizon material)-“

Peoa A R

Cuts in residual naterial ‘are’ otten stable vith slopes steeper
than ‘transported soils dnd thusi‘can‘be as steep 'as L5° to 80°
‘(there are exceptions). The main requirement is“that 'the dip
of bedding planes towards -‘the proposed cut be ‘less. ‘than'“the .
residual angle of shearing resistance. This is- approximately
20° to 30° for weathered rock and 30° to 45° for unveathered
roack. For rock dipping at 'steeper angles the shearing ‘re-
sistance along the contacts becomes the controlling factor.

For nost cases the rolloving guidelines ‘are suggested-*‘”

Layer lf Use the descriptions Lhat apply to Charts'I
* and ‘Il for coarse grained -80ils in'Section* 7B
- ‘or Charts IIT and IV for rine grained soils
“dn. Section 8.<

Layer 2: Use soil il on Charts I and II if the material
"'* "is‘dense ‘with no complete Joint system. :‘Use:
-soils #2-or:#3 for 'all other casee. (The de-
scriptions in:Section 7, 'item b. ‘may ' not apply).

g Layer-3:  Use “the- appropriate rock type in Table III
oY W . section 9. DRI ! N

IR \“; S St e ‘.“._! TN ,/ e

Besureto account for highvater table “or - poor internal drain-,;
age” in the coarse grained ‘soils- by using Chart II. Section TB. -
In any ‘case-'the’ ‘height of: cut for any‘layer-is- ‘measured:fronm
‘the‘top ‘of - the excavationfand nothustVthe'thickness of the
individual layer.- LR - R

v Forest:Service:-Handbo -February 1973
R-6 Supplenent ‘No. 19-
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uously due to weathering, filling ditch lines.
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Flattening .

Text 4

.the 8lope usually does not control this problem unless vege=

tation can be established.

A successful solution is to step

.the slope in small benches, say two feet wide and with height
'determined by the slope. The material will then ravel,
:£1lling the benches and at the same time protecting the

- underlying naterial, aiding plant growth to start and pre=-

venting further raveling. This procedure can be epplied to

neny types of material (rererences 9 and 10).

In bsdly Jointed or veathered rock some means or removing

‘the

St Grouting o

hazerd must be provided. This can’: be donc by.uﬁJ

- Roek bolting.

fissures.

- uorizontalvberns or a vide diteh to esteh :slling
rock, RS . {=&uﬁé“" ﬁjﬁn:

- Fenees, vire nesh, or. valla to eateh rsllins rock.,

ERY R S SV Poobs amrieey ey

°- Pneumetically epplied noter to prevent rsveling. ni

5oEn

In addition, the prevention of vater pressure buildup in
seams must be prevented by the, proper drainage or sesling
of the entrances. . Any design must start with a complete
picture of the Joints. fissures, and bedding plsnes of the
area of concern.

Example Problem 3. .! ..

i

Field conditions: A residual soil on the west side of
the Cascades has an A and B horizon! ‘of 25 feet of

:plestic clay of firm consistehcy (less’ than 10 percent
"rock particles are evident in this layer); a' C horizon

of weathered shale 20 feet thick and then unweathered

shale bedrock. The bedding-planes in the veathered
_and unveathered ‘shale dip approximately 5° toward the

proposed cut. . No ‘ground water is evident; however,

‘the clay soil is moist. The shale is somevhat frac-

tured.‘ The proposed cut is to be 55 feet deep.
Recommended slope. First the appropriate soil charts

‘must’ be deternined. Sections 8, Chart III, soil #3 .

described the clay A and B horizon soil; Section 7B,

“Chart I, soll #2 applies to the weathered shale (even

‘though ‘the description in Section T, item b. does not

apply) and the unweathered rock values in Section 9,
stle IIX, applies to the shale bedrock.-*

w -Februe‘i 1973 AL ““Forest Service Handbook
AL RSG Supplenent uo. 19-0
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8 a?rom chart III. soil ﬂ3 a slope of 1l:1 is recommended
“for:the: 25 foot clay portion. The total depth to the
“bhottom.of the weathered shale portion of the cut is
45 . feet, thus & slope of 0.85:1 is recommended from
..Chart. I,‘soil #2,. Table III reconmends a slope between
t1/2:1 and 3/4:1 for: shale bedrock. Since the bedrock

is fractured and the dip angle is flat, a slope of
‘3/h l is chosen. :

TA compound slope ot 3/4:1 - 0,85:1 - 1:1 may be cone
;structed, however since the three slopes are relatively
“close to . the sane value, a totul slope ratio of 1:1 may
be selected for construction ease. In the case of com=-
pound slopes, benches at each soil change are somectimes
recommended. ZExtreme care is essential if a lower layer
is to be constructed at a slope ratio flatter than an
overlying layer. Such designs should be reviewed by

~a materials engineer due to the denger of overloading
the lover layer.

4, Section L--Cemented and Special Soils. Soils such .
as cemented loess (wind blown 511*5, glowing avalanche pumice
(nuee ardente), volcanic tuff, caliche, etc., will often . -
stand near vertical (1/b4:1). Sloughing results when water
(rain or surface runoff) dissolves or softens the eementing
agent or weathering dislodges individual particles. Near
vertical cuts will minimize this problem. Local experience

is the beat indicator.

Do not place partially saturated sands or silts in this
category (noncementedx as they will slough and eventually
stabilize with slopes indicated in the section on granular
material with nonplastic fines (Table I). This condition
can: be identified by drying a sanmple of the soil and ob-
serving iT ‘the structure collapses when slightly disturbed.

S, 'Section 5--Lmbankments., Embankment strength can
he defined with a reasonable degree of certainty when they
are placed vith molsture and density control. Those with
no. compaction control (an undesirable procedure) should be
placed to eliminate potential failure planes, seepage chan=' -
nels, large voids and other stability hazards. .

The rolloving table is based on Section T and 8. SIOpes

subject to periods of inundation are those that might pond

‘water, act' as reservoir-slopes or back up water around a
‘c¢ulvert entrance.  The table indicates maximum allowable
.Qslopes.-"*b'f\¥7s,1?x9;::';er;x~¢ar«r : G

;foieotféoificQTHgndoook -Februlry 1973
T e - R=6 Supplenent No. 19-8
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*-TABLE 1

UnlfiedClasa - Slope not subject Slope subject to  Minimum percent

. -rer . to inendation inundation compaction
;... Description , o o (AASHO T 99)
Nard angular )
blasted or .
rippcd rock o le2ed.
W IS 15

cP, S!'lf'"‘ i :'. .3.,'9'1.'5::'1 e g V v ,2.1‘

a, 6, sr 1.3 1_ ,. DY

su,'jc;;’_f; ) , 60413 ‘,ﬂcxmr: n, soil’
e Char: I, soil 4. . ,;;.Charc 11, aoil 4
5 :
i, CLJ Chart X, soil 4  Chart II, soil lo
aanh 1 : Chnrc 1, soil.5. Chart: II, soil 5, . mo, control‘f' '
i, cir” f " Chart 11, s0il'3 cha::‘m, safl 4 . 90 .

Chart IIT, soil'4  Chart I1I, soil 5~ no cénfrdi: )

In. certn:l.n cases’ tl‘e dinplncemen: or m.t:tlctzcnt: of tha Eoundntlon mate: tal
upon uliich the ecbaniiment is to be built +il) be the critical design
consideration, In th2se sictuations the slope of the ecbankment way be
based on the allowable baaring capacity of the foundation material, Soft ‘
or organic layezs should be cnalyzed tc preveat these feilures, A materials]
engincer siiould be ‘consultad in these cases. - . %

N

_I \'u:h no comrac:ion control 'lacten slopﬂs apptoximntel; 25 percem:.

/ Do r.ot us'- n-:y ..)ope stecpor than 1 1I2 1 fm.' t!*eac so!.l t}pel. -8

*-February 1973 ,
; R-6 Supplement No. -;,l
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-Exenple Probleu h

Fleld conditiona. A £111 is to be constructed from a
8ilty soil vith 1iquid limit of b0 (ML). ,The final fil1
- may impound vater due to a critical culvert placed under
the middle of the fill., At this point the £ill will be
30  feet high. Ninety percent relative compaction (AASHO

T 99) is proposed for construction. v

Recommended slope. Section 7B, Chart II, Soil h 13 the
-appropriate chart since the soil will be subject to in-’
undation due to the culvert entrance conditions. A slope
of 3.8:1 is recommended for this critical condition at’

90 percent rclative compaction, if vater vill be im~ .
pounded to the top of the fill, . . .v»‘““

Under normal conditions (no 1mpoundnent ‘of vater) th%‘“"
recommended fill slope would be 1,8:1 (Chart I, Soil - h). -
If the wvater: vas' only expected to'be 1mpounded halfway
Up “the slope, then an interpolated value ‘of 2.8:1 could W
be used. _ . ‘ A A :

K : iy '."‘
K . A g

"6y Beection 6--Benching. Benching of ‘cit’ slopes is done
to reduce erosion, catch ravel, provide a berm to install
drainage,’ ‘atc. They generally have no - advantege over rlat-‘
tening-the slope in providing slope stability. The quantity
of earthwork and the factor of safety for stability are ep-
proximately ‘the sane 1f the 1ocetion of the top of the cut
13 the snne. ' ‘ ” ‘
e y Ty NOncoheSive soila.' Since stability ot alope 1- ‘

“not height dependent, it is not possible to use benches ‘

wvithout increasing earthwork volume since theé slope of
each section cannot be steeper than the maximum allowable !
for the composite slope. It is possible to reduce ;
erosion because velocity of flowv is reduced by shortening .
the flow path, hovever ravel can generally be handled i
‘"cheaper by using a widened ditch section. Since these
soils are free-draining, midslope drainage for stability
i3 seldom required unless layering or stratification

"exists eaueing concentration of water in a- layer.

L,

b Cohesive soils, The etab!lity of slopes in these
solls are height dependent. The height of each bench must
be designed individually for stability. The conposite
slope must also be checked, This can be done by using
the appropriate chart to determine the required slope
for each bench section individually and then checking
the overall composite slope measured along a line from
ditch to cltch point.-*%

?oreet Serviee Handbook ®~February 1973 .
' R-6 Supplement No. 1
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- Benching in cohesive soils may be done for any of the
reasons discussed in the previous sections. - Since earth-
~work quantities do not increase as ccmpared to flate
“tening the slope, it is easier to justify than with
noncohesive soils. In erosion control it should be .
“kept in mind that steepening the slope makes revegetation
‘nore difficult. 1

- .. ¢cs Rock., Benches in rock slopes should be designed
‘by a specialist. If not properly designed benches will.
,/not catch. rock fall but cause them to bounce into the,
‘roadway, creating a hazard for traffic. ' :

;.- de Maintenance. Benches, particularly insloped :
_benches, require maintenance. Designed access for
equipment is nmandatory for insloped benches, It Yearly
maintenance is not feasible, benches should always be
outsloped. . Outsloping is important vhere impounded
vater may cause stability problems in fine grained or
~plastic material. - -’

;. . @ Design, Vertical spacing between benches -depends
upon the material, with 20 to 50 feet a minimum spacing.
Minimum width should be 8 to 10 feet to allow room for
equipment to operate effectively for maintenance. A
more detailed discussion appears in references #3,
pages 122-12h, 162-169 and #l1, pages 11-36 to 11-40.

7. Section T--Coarse Grained Soils.

a. Sands and Gravels with Nonplastic Fines.
These are soils with less than 50 percent passing the
#200 sieve and nonplastic (PI 3 or less). Slopes in
these naterials are determined by the angularity and
interiock between grains, and thus are independent of

height. Lowv ground water conditions will probably be
most common, hovever springs, heavy rainfall, etc,,
will cause the high ground water condition..®

e D
f ' LT T b
! NOTE: Use Table II in Graphical Fomlfacl)r'_e_ :
) solution of slopes in Section 7.a. materials. -
b » Tt e

AR LR I A N S L O

g #i
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e Max{mum Slope Ratio" (hv) -

Low’ ground water
" (belov bottom of
excavation)

“"Ioose g/ dense 3/

High ground vater 1/ R
(Seepage from entire -
slope) :

loose 2/ ,. dense j/ e

,gravels ' GW ) ‘GP) 1

e

: .85.1; A

I AU /T S
- _..',,Sand, angular grains, » )
Y yell: sra.ded (sw):

2 silty gravels (GM)J o
"-*uniform sands (SP): a,nd Lo
o :silty sands’ (SM)

_]_./ Based on mterial of saturated density approximately 125 pct‘. SR

Flatter slopes should be used for lower density material and steeper .
; slopes can be.used for higher density. material. For every 5% change
gt 1n density change tbe ratio by auproximately S,a. CE o

.......

ELTLN N BRI, ',,:g,.-'fv.

j/ Approximtely 100 percent of maximum density relative to AASHO 99. -‘

(Cont'd on next printed page)

‘Forest Service’ handbook #-February 1973
- R=6 Supplement No., 19-%
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(nonplastic)

ABLE TIIN GRAPHICAL Fokil o
COARSE GRAINED sost '

S lope Ratxo (combined)

z o 3.0 4.0

| exam

; (%0£.T 99) .-

.*-February 1973

Re latxve Compactlon

.R-6 Supplement No.r ¥
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Haterial vith intermediate density and/or ground vater
condition can use interpolated values for the slope
ratio.,v» :

The stsndaru penetration test blow. count per foot is

-a good indicator for. tbe above slope ratios. Coarse
grained soils (+3/4") will give high reading, especially
if large gravel or boulders are encountered. bLe sure

to allow for these variations.: The following ranges
from loose to dense for each soil type can_ be expected
(generslly independent or moisture content)

Ty

Loose Dense

1, 25 to 60. (refusal) blovs per foot
'2}‘ 20 to 50° blovs per root '

3. 5 to 25 blovs per foot
S b " Sands and Gravels with Plastic Fines. These, are B

soils vith plasticbinder (PI greater than 3’, ‘thus: naking
the: factor of safety height. dependent (i.e. the higher

. the cut the flatter the maximum stable slope).~ Five.
general soil types have been selected. Based on these
descriptions, Charts I and II are then: used to determine
the maxinum height~slope relationship.' Soils that do

. not directly fit these five types should be based on an

) interpolated value. .

"Chart I is based on lov vater table (belov the bottom ;»"
of the final excavation) even though the soil may be
noist from capillary rise. :

‘Chart II is based [ igh vater table or'a completely
saturated condition-which' ‘may . occur' during periods of |
heavy rainfall or where water is ponded, behind the slope
(typical of rapid construction where no drainage has
taken place). ! \

“Soils with intermediate vater table or vith steady
seepage such as from. springs and seeps should use i
values interpolated betveen the tvo tabl

Soil classification vill be GM,_

cc su, sc'anu dual
elasses ineluding-these'sueh as:GW=GC, -8

_id%ést?sgétiééVEEAASaékf -February 1973 © HEIRERN
T ‘R-6 Supplement No. 19-
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*.8o0il hunyer?§§¢;dggcr§pxipq; 1/, 2/ Use with Charts I end II.

‘.. le Wellegraded material with agular granular particles.
Extremcly dense and compact (in excess of 100 percent of
" AASHO T 99 relative compaction) with fines that cannot be
- molded by hand vhen moist. Difficult if not impossible to
" "dig with.a shovel. May need to be ripped during construc-
. tion. Standard penetration test blow count greeter than
‘f?O-blovs per foot. : o

. -2. Poorly graded material with rounded or lov percentage
~-of granular particles., Dense and compact (approximately
.100 peréent of AASHO T 99 relative compaction) with fines
being difficult to ‘mold by hand vhen moist. Difficult to
.dig with a shovel, Standard penetrhtion”test‘approximately
.30 blowvs per foot. ' o ‘

: 3. Fairly vell graded material vith subangular granular
particles. Intermediate density and compactness (approxi-
mately 90 to 95 percent of AASHO T 99 relative compaction) -
vith! fines that can easily be molded by hand when moist
(PI greater than 10). TIasy to dig with a shovei. Standard
penetration test blow count approximately 20 blows per foot.

L, Well graded material with angular granular particles, -
. Loose to intermediate density (approximately 85 to 90 per= '
cent of AASHO T 99 relative compaction). Low plasticity .
fines (PI less than 10), &Extremely easy to dig. Standard:
penetration test blow count less than 10 blows per foot.

5. Poorly graded material with rounded or low percentdgb o
(50-60 percent) of granular particles. Loose density (less’
than 85 percert of AASHO T 99 relative compaction)., Low . =
plasticity fines (PI less than 10). Extremely easy to dig: -
even vith the hands. Standard penetration test blow count i’ i

below 5 blows per foot.

My
L
2
Ly

™

- A

|
3
¢
i
M
R 4

l/ Based on material with a noist density of 125 get.: -
Flatter slopes should be used wvith heavier soils,. For.:
every 5 percent increase in density reduce the islope " .
ratio or height approximately 10 percent. b e

y ool

+. 2/ Large gra#gl and boulders will give n;sléading&reaﬁlts
"...88 to _the ease of digging and standard penetration-test
results,-# A SE T e

R T L RN PR

*_February 1973 . - - . .  Forest. Service Handbook
" R=6.Supplement lio. 19-% .
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*-CHART I

Coarse Grained Soils with Plastic Fires
(Low Water Conditions)
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*- CHART 1T

' Coarse Grained Soils with Plastic Flnes
{High Water Conditions)

-
:

Each curve indicates the maximum cut height or the steepest siépe
that can be used for the given soil type. v

. uelght limltauons: I .
. 0-50 !eet! m:l.nimal 1nvestj.gauon' f |

50-100 feet: “*—‘"31"9'1nvest19at1'09'-j"ii;

'over 100 feets . lnvestiaauon by
- specialist. T

K Normal 1init Eor auccesszul
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C a8, Section 8--Fine -Grained Soils., These are solls,

with grueier ‘than 50 percent passing the #200 sieve. Soil
elessification vill be ML, MH, CL and CH. 1/

' Five soil types have been selected based on consistency or
_the ability to be molded when moist (field conditions).
‘Complete saturation with no drainage during construction
is assumed. Under these conditions the main variable to

. be considered is the depth to a hard underlying layer such
as bedrock or an unveathered residual material. Charts III
and IV are used to determine the maximum height-slope rela=-
tionship. Solutions far stability analysis for soils that
do not directly fit these types or bedrock depth should be
based on an interpolated values.

In general ‘the .deeper a hard layer exists in- a cut, the"
flatter the maximum allowable slope in the overlying naterial,
‘A hard layer is’ identitied as one having at least one soil
number lower on .the chart than the overlying msterial.;mkumg
rock ledge is always considered a hard layer. ‘ 'g,
Chart III assumes & hard lsyer at the bottom of the pr0posed
‘excavation, 2/ This chart can also be used for a hard layer;.
part way up the slope. : bee section 2 for: more information.y

Chert IV assumes a hard layer st great depth belov ‘the botton
of the proposed excavation (at a depth greater than three .|~
times the depth of excavation as measured from the bottom or
the excavation). For intermediate depths to a hsrd leyer, i
interpolste ‘betveen the two charts. - :

Soil number snd description:. 3/ . ; ' f l’J;

‘v,
S

1. Very stife consistency. ! The soil: can be dented
,only slightly by finger pressure. Ripping mey”be necessery
during construction. Standard penetrstion ‘test blow countl
greeter than 25 blows per root. I . ' Eae §

&

2. Stirr consistency. The soil can be dented by strong
pressure of fingers. Might be removed by speding. Standard
'penetretion test blovw count approximstely -20. blovs per root.

1/ For ML-soils with. PI 3 or less. use slopes as defined by
Tsofl #37in: ‘Table II, : » } e -
v”éjnbesed on material vith a mont density of 125 pcf' tletter
" 'slopes should be used with heavier soils. For every 5
percent change in density change the slope ratio or height

© approximately 5 percent.

‘f:j"uoisture should not be adjusted when checking consistency..
An undisturbed sample shall be used taken at a depth great
enough to represent constant moisture content throughout

the various seasons.-*%

Forest Service Handbook *_Februsry 1973
R-6 Supplement No. 19-%
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*- 3« Firm consistency. The soil can %e molded by strong
pressure of fingers. Standard penetration test blow count
approximately 10 blows per foot.

‘ b, Sort consistency. The soil can easily be molded by
o gingers. Standard penetration telt blow count- approximately
~ 5 blows per foot.

B 5. Very soft consistency., The soil squeezes bétweén"
» fingers When fist is closed. Standard. penetration tent
“blow. count less than 2 blovs per: foot.=% R

d;réﬁ;d;Qy”ISéifb 3 » FRO}ept Service Handbook
R-6 Supplement No. 19=-%
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" ovez 100 feet: 1nvestxgatzon by
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fo-so feetszianal investiaation.;;viﬂ

”50-100 feet: 1ntenszve 1nvestigation..x:i*'

_ ..CHART ITI

ained Soils

Norral

AR AN

TRANSPORTATION ENGINEERING HANDBOOK .

(Dense Layer at Bottom of " Cut)
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for
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¥-CHART TV
. Fine Grained Soils
- (Dense Layer at Great Depth)
'neilpt
" grester than T
... 3 times height
T S R S dense layer
Soil Tyre Maximum ‘l!eAi‘ght = Slope Ratio (h:v)
1 . 8O 0.5:1
2 _y 40 L, 0e531
32 20 0531
5.3 [3

1/ 1If it 1is necessary to excead this'height consult with a materals engincer.
*  Benching will nct improve atatiiity as these slopes are practically ' .- . -

independent of the slope ratio.

2/ 1If the slope of the natural ground exceeds 20°, the:nff‘t}he naturaf blc;pe:.
sary -to:check:

may- be .unstable. " A detailed field investigation is neces
t!lis condition prior to any design or construction. i

é/,..ulf.,.the\,slope,.of the nacuralug.r‘:oundiéxceeds 100,"*"chen,"che'AActﬁ:ﬁiji"SIgi;é‘ff
may be unstable. A detailed field investigation is necessary to check

chis condition prior to any design or construction,-% .. . ..

¥.February 1973 .
R-6 Supplement No. 19-% -

" Forest Seﬁice Handbook
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®.9, Section 9--Unweathered Rock. The stability of rock
slopes 1is dependent upon the material type, the dip of the
bedding planes, joints, fractures or faults towards the
proposed cut, the type and condition of material in these
openings, and the weathering of newly exposed-'material. 1If
these planes of weakness dip greater than approximately 30°
tovards the excavation, then the shearing resistance along
these planeu becomes the critical factor. The exception is
vhen the dip is steeper than the cut slope. If this is the
case use the table values. The excavation method can also
cause stability problems, especially excessive blasting.

Average values for bedrock excavation with planes of weakness
dipping less than 30° are given belov. Use the guidelines ﬁ
- 1isted'under residual material for weathered rock (Section 3).
-Consult vith a materials engineer for a special investigation
vhen the dip exceeds 30° towvards the excavation or if the i
‘contact between layers contains plastic.or clayer material. |

TABIE I R
Average Slope Values ror Bedrock Excavation '

Description h ‘ Maximum S1o

, Vassive _;us_tge_d .
1. Igneous

Granite, trap, basalt, and.

volcanic tuff

2. Sedimentary
Massive sandstone and limestone. 4
Interbedded sa.ndstone, shale and lime- .
stone ‘ =
Massive clay stone silt stone

3. Metamorphie
Gneiss, schist and ma.rble ) i
Slate - P S
Serpentine R

foré;tiéeiéfég'ﬂdhhﬁpiif -Februlry 1973 . o
T e T R=6 Supplenent Ho. 19-
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#_References for Additional Background Information
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9.
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Terzaghi, Karl and Ralph B. Peck, Sotl Mechanics in Engineering
Practice, John Wiley & Sons, Inc., New York, 1957.

Art. 17. Shear:lng Resistance of Cohesionless Soils
Art. 18. Shearing Resistance of Cohesive Soils
Art. 35. Stability of Slopes

 Art. 9. Stability of Hillsides and Slopes in Open Cuts
- Art. 52. Stability of Base of Embankments

i .Taylor, Donald W., Fundamentals of Soil Mechanics, John Hﬁey & ‘ ;‘,,1'..7; :

" ..'Sons, Inc., New York, 194&. ER T
 Chapter 16, Stability of Slopes (especially. pp.-u63-h73)"'  ‘f"‘
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vay Research Board Record No. 223, 1968, pp. 1-3.

Hunter, John H. and Robert L. Schuster, "Chart Solutions for
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Determining Corrective Action for

Highway Landslide Problems

’R.' F ﬁAKER, Eﬁgineer of s'oivl AMecharvncs
' State Road Commission of West Virginia

- THE PROBLEM of landslides has plagued
“ highway departments throughout the
country for many years. For some states,
and particularly West Virginia, the dam-
agecaused by earth movements represents
a major expenditure, one that involves
hundredsof thousands of dollars annually.
Over 80 percent of the area of West
Virginia is located in a landslide-sus-
ceptible area. The total number of
landslides on the state highways has
never been established. However, the
writer estimates that this total will
approach 1,000 on the 31,000 miles of
primary and secondary roads in the
state.

. The complexities of the landslide prob-
lem have very few parallels in highway
engineering. The literatureon the subject
carries numerous references to case
histories, but none outlines a systematic,
complete approach to the solution of a
given problem. The recent bibliography
published by the Highway Research Board
(1) offers a complete summary of the
publications relative to mass movements.
The work of geologists on landslides has
been and is of considerable value. The
classification systems suggested by
Sharpe (2) and Ladd (3) assist tremen-
dously in understanding the complicated
variety of movements that occur. From
the viewpoint of corrective actions, the
report by Ladd is perhaps the most com-
prehensive contained in the landslide
literature. Numerous engineers (4, 5,
6,7,8,9,10, 11, 15) have discussed the
application of the theories of Soil Me-
chanics to the analysis of the stability
of a landslide, but there are few details
concerning the determination of the effect
of a correctiveaction intermsof stability.

The study that led to the following
theory was designed to prepare an ap-
proach to the analysis and correction of

highway problems, dealing with land-
slides in unconsolidated materials. The
primary emphasis was to be towards the
correction of existing problems. How-
ever, it was felt that the principles
should be applicable to the problem of
design.

The basis for the study was the writ-
er's experiences in West Virginia, com-
bined with general theories from geology,
so0il mechanics, and highway engineering.
The analysis as advanced is for consider-
ation in the study of ail landslides in
unconsolidated material, with the ex-
ception of those of the nature of fluvial
transported - material, i.e., the water
present is far in excess of normal soil
mojsture, and the debris is a "relatively
?gau proportion of the flowing mass"

Since one of the primary aims of the
study was to consider the applicability
of the various corrective measures, the
investigationcould have been accomplish-
ed by a study of existing landslides that
have been treated. Such an approach
was used by Price and Lilly (12) in 1942,
However, a direct study was impossible
since as a routine department function
there were requests to investigate over
100 landslides during the past three
years. Due to a personnel shortage,
the demand necessitated superficial
analyses but it was decided that the
program lent itself to the development
of aprocedureto evaluatethe movements.
In addition, it became possible to study
the applicability andusefulness of various
corrective methods. The theories ad-
vanced in the following are not complete
for three vital factors remain in the
evaluatio: (1) observation of those
landslides that have been corrected by
the methods outlined herein; (2) a more
comprehensive study of flow movements,
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Figure 1. Differentiation between slide
and flow (after Sharpe). A slide is a
movement “of a block of material, whereas
flov xa entu'ely mternnl defomauon.

and (3) investigation of less cosuy meth-
ods’for ' correcting landslide problems.
* The writer - is aware that the analysis
is an over-simplification. Extensive
study and evaluation is still very nec-
essary, but for the immediate future a
working tool is available.

DEFINITIONS

The ‘following definitions will be used
throughout. Some of the terms may be
argumentative and general, but it is the
opinion of the writer that the following
are most applicable to the engineering
phases of the landslide problem.

Landslides have been defined by
Terzaghi (3) as follows: "The term
landslides refers to a rapid displace-
ment of a mass of rock, residual soil,
or settlement adjoinirg a slope in which

.! - the center of gravity of the moving mass
""" advances in a downward and outward

direction.' It will be noted that the time
element is involved in the definition only
by the term "'rapid displacement. "

The terms slip-plane, slip-surface,
and surface of failure will be synonymous
and will refer to .the surface that sepa-
rates the mass in motion from the under-
lying stable material.

Permanent solutions will be defined
as corrections with an anticipated life
of at least 50 years. 'An expedient solu-
tion will be considered adequate for a
period of a few months to 5 to 10 years.

All corrective actions will be classed
as one of two types, elimination or con-
trol. The actions involving elimination
depend generally upon avoiding or re-
moving the landslide. Control methods
are defined as corrections which produce
a static condition of the landslide for a
finite period of time.

While there have been many classifica-
tion systems proposed, the bases for the
classifications have most generally been
related to cause and effect of the move~
ment rather than the mechanics. One
notable exception is the system proposed
by Hennes (7). For a quantitative analysis
of a design or correction for a given
landslide, the most satisfactory classifi-

Figure 2. A definite slip-plane, identifying the movement as a slide.
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cation is one which differentiates on a
basis of the effect of the forces and
resistances at work. Thus, the major
primary classification would appear to
be landslides in consolidated materials,
and those in unconsolidated materials.
A second primary differentiation would

divide the movements into those witha

slip-surface and those without a slip-
surface. This latter grouping was out-
lined by Sharpe (2), who termed the
former as slides and the latter as flows.
The principle is pictured in Figure 1.
The movements in flow conditions are
the result of internal deformations.

Figure 3. Typical flow movement.

stressed. beyond. - their 'fundamental
strengths, ' and as a result, slow but
constant -internal deformations . -occur.

BASIC FUNDAMENTALS
IN LANDSLIDE ANALYSES

From the observation of landslides
in West Virginia, and from a review of
the literature on landslides and soil
mechanics, the following statements
have been outlined by the writer (13) as
being fundamental to the analysis of a
landslide relative to its correction as a
highway problem. It should be empha-

I

4
pot NMAE

Note the characteristic rol]l of the material at the

toe, Some movements originate as a flow and develop into a slide.

For the purpose of the following
analyses, the term slide (Fig. 2) will be
defined as all landslides which involve
unconsolidated material in which the
movement is along a slip-surface. The
terms flow and creep will be defined as
those movements which do not have a
slip-surface, the movement resulting
from internal deformation. A flow (Fig.
3) will be further defined as being caused
primarily by excessive water. The term
creep will be differentiated in accordance
with Terzaghi's concept (3) that failure
occurs at a considerable depth due to
the load of the overlying material. The
layers at the deeper elevations are

sized that the statements apply prima-
rily to highway problems and may not be
of value from an academic viewpoint or
for landslideanalyses for other purposes.

1. There are numerous instances
where the control of the landslide will
not be the best solution. For instances
that involve the use of an eclimination
corrective action that avoids the land-
slide, halting the movement is not gen-
erally a factor in the solution (Fig. 4).

2. Determination of "the" cause of
a landslide is not always essential to an
accurate solution to a highway landslide
problem, and is always secondary in
importance to an understanding of the
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Figure 4. -The slide involved in the pictured location is at the right. The problem
was solved by shifting the roadway into the stable bedrock at the left of the picture.

mechanics of the movement. The
cause of a landslide is often argumenta-
tive even after all the available facts
have been determined. In many cases,
one cause or another may have been the
straw that broke the camel's back. Of
more importance than the cause, is the
realization that increased stability will
result by eliminating or minimizing the
effect of any contributing factor, par-
ticularly that of the effect of the force
of gravity.

3. The works of man can measurably
accelerate or decelerate the rate of
movement of a landslide toward the
topographic bottom of the area. Land-
slides are recognized by geomorpholo-
gists as being a major landforming proc-
ess. The most permane:x! solutions to
control the mass movement will be those
of a type thatpermanently (from a geologic
viewpoint) assist nature's resistance.

4. Failure occurs in the soil when
the slip-plane is at the contact with the
underlying stable bedrock. This obser-
vation is valid for all of the instances
studied in West Virginia, and was men-
tioned by Forbes (14) as having been
noted in California. Thus, the shear
characteristics of the soil at the slip-

surface become of primary interest
(PFig. 5).

5. For a given landslide problem
there is more than one method of cor-
rection that can be successfully applied.
A common misconception that should be
clearly dispelled is that for a given land-
slide there is one and only one solution.
The inference that is undoubtedly intended
is that for any given landslide, one meth-
od isthe most desirablefrom a considera-
tion of economics, appearance, construc-
tion problems, etc.

6. The decision as to the corrective
action to be used for a given highway
landslide problem is eventually reduced
to a problem of economics. This isa
statement of an obvious fact, but it is too
often subjugated to other considerations.
An example that illustrates the point in
question would be the case of retaining
walls. A wall can bedesigned sufficiently
large to withstand any given landslide,
However, a wall design that will be
successful may be outside a reasonable
range of the economics for a given land-
slide.

7. Water is a contributing factor in
practically all landslides, particularly
those involving unconsolidated materials.
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Aside from the force of gravity, no
factor is more generally present as a
contributing factor. The damaging ac-
tion results from the added weight to the
mass, the reduction of shear charac-
teristics of the soil and underlying bed-
rock (14). Some investigators also state
that water produces a lubricating action
on the slip-plane. This latter would
appear to be a rather unlikely explana-
tion, at least insofar as the mechanics of
lubrication are generally accepted.

8. The force of gravity is the sole
contributing factor that is common to
all landslides. The most obvious basis
for a rational analysis is the fact that the
force of gravity is the sourceof all forces
tending to cause movement. Until these
forces are understood and evaluated,
empirical methods are the only available
approach.

9. In all mass movements, and just
prior to movement, the reactions tending
to resist movement are for all practical
purposes equal to the forces tending to
cause movement. The foregoing state-
ment is an irrefutable fact if the laws of

mechanics are valid. Failure to satis-
factorily apply a theoretical formula
merely means that the method for eval-
uating the force and the resistance is
inadequate. This fact is important since
it clearly. defines the troublesome fea-
tures in a rational approach to the me-
chanics of landslides.

10. The determination of the location
of the slip-surface is the most critical
factor in the use of a rational or semi-
rational approach. Experience has
shown that one of the principal limita-
tions on the use of a theoretical approach
is the accurate determination of the
location of the slip-surface. The prob-
lem is {involved in both a theoretical
office approach and in field examina-
tions. The latter prcblems are largely
due to the lack of a reliable tool that witl
rapidly, accurately and . inexpensively
produce the desired subsurface data.

CLASSIFICATION OF
CORRECTIVE MEASURES

In order to clarify the analysis, a

Figure 5. The slip-plane developed approximately 1 in. sbove & layer of stable shale.
The scar st the left of the picture developed as the thin layer of clay dried and
cracked,
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classification was suggested for various
corrective measures commonly used in
highway landslide problems. It will bere-
called that thefundamental difference lies
in whether the method involves elimination
or control. The following is a detailed
classification of the most common cor-
rective measures currently in use. The
basis of the classification is the similarity
of the analyses within a given group.
More details on the methods are given
in Appendixes B, C, and D.

1. Elimination methods
A. Relocation of structure -
complete
B. Removal of the landslide
1. Entire
2. Partial at toe
C. Bridging
D. Cementationof loose material -
entire
II. Control methods
A. Retaining devices
1. Buttresses
a. Rock 4
b. Cementation of loose
materizal at toe
¢. Chemical treatment -
flocculation - at toe
d. Excavate, drain and
backfill at toe
e. Relocation - raise grade
at tce
f. Drainage of the toe
2. Cribbing - concrete, steel or
timber
3. Retaining wall - masonry or
concrete
4. Piling - steel, concrete or
timber
a. Floating
b. Fixed - no provision for
preventing extrusion
c. Fixed- provision for
preventing extrusion
- 5. Tie-rodding slopes
B, Direct rebalance of the ratio
o between resistance and force
1. Drainage
a8. Burface
(1) Reshaping landslide
surface
(2) Slope treatment
b. Subsurface (French drain
type)

¢. Jacked-in-place or drilled
- =-in-place pipe
d. Tunnelling
e. Blasting
~ f. Sealing joint planes and
open fissures
Removal of material -
partially at top
Lightweight fill
‘Relocation - lower grade at
top
Excavate, drain, and backfill
- entire
. Chemical treatment -
flocculation - entire

e o »

PRELIMINARY ANALYSIS
OF A LANDSLIDE

The foregoing is & lengthy list of
methods that have been used success-
fully incontrollingor avoiding landslides.
Ladd (3) suggested most of those that
appear in the classification. The com-
plete list of possibilities should be con-
sidered for each landslide at the start of
the analysis.

Four factors are required before one
can obtain an understanding of the me-
chanics of the stability of a landslide.
These are:

1. The type, character, and topo-
graphic description of the underlying,
stable bedrock or soil.

2. The location of any seepage strata
that are leading into the landslide area.

3. The topography of the ground
surface on and adjacent to the land-
slide. This would include the accurate
locationing of the moving area.

4, The types, characteristics, and
condition of the soil in and adjacent to
the moving area.

Beforebeginning adetailed field study,
a preliminary analysis will be helpful.
The principal objectives of these initial
field and office studies are to classify the
movement, to determine the extent of the
movement, to determine the need and
scope of additional study, and to deter-
mine the probable methods of correction
that will be feasible.

Fortunately for the highway engineer,
numerous landslides can be handled by
elimination methods, i.e., the landslide
can be avoided or removed In such
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Figure 6. Drilling will occasionally pro;
duce excellent evidence of the location of
the slip-plane.

cases, a rapid estimate of the costs
involved will show clearly the relative
economics and general desirability of an
elimination method. For those landslides
that cannot be typed as one to be elim-
inated, an estimate is necessary as to
what types of control methods are within
reason. With experience, it will become
increasingly easier to estimate the cor-
rective methods that will be most eco-
nomical andotherwise desirable. A study
of the appendixes that follow will give
some indication of the most desirable set
of conditions for the various types of
corrective measures. The advantage to
this initial estimate lies in the savings
that can be realized in future field and
office analyses.

FIELD STUDY

Where the situation permits, the
field study should extend over several
months and, in some cases, years.
Unfortunately, many highway problems
will require an early decision, and ex-
treme effort will be required to delay
action until even a superficial analysis
can be made. A study that extends over
several months differs primarily from
a short study in that continuous obser-
vations are made of the direction and
the extent of the movement, and of the
fluctuation of the ground-water table.

The detajls to be obtained from the
field study will depend upon whether a
complete analysis has been decmed
necessary. For instance, for certain
types of landslides and retaining de-
vices, only the foundation conditions of
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the retaining device will be needed. As
a general rule, however, if a stability
analysis is necessary, it will be desir-
able to obtain the complete information
indicated in the preliminary analysis.

In obtaining data concerning the sub-
surface conditions within the moving
mass, various types of drilling as well
as geophysical surveys have been used.
The most important data to be obtained
from this subsurface work are: (1)
evidence of the location of the slip-sur-
face (Fig. 6); (2) the condition of the
soil as to moisture, density, and struc-
ture (for future shear tests); and (3)
information that indicates direction and
type of movement.

STABILITY ANALYSIS

The following stability analysis is a
composite of numerous methods that
appear in the literature, and is proposed
for use in all landslides involving un-
consolidated material. It should be
pointed out, however, that applicability
of the stability computations to flow and
creep movements will require more
study, particularly with regard to the
location of the potential slip surface.
However, by increasing the over-all
stability (as indicated by a stability
analysis), the actual tendency for flow
movement should be lessened.

It is relatively easy to select a cor-
rective measure that will produce a
beneficial effect on the landslide area.
The purpose of the following analysis is
to estimate the degree of stability pro-
duced by a given method. In addition,
the relative merits and costs of several

mth.l-llw“ﬂm

Figure 7. Slide that developed when the
toe was cut. Core-drilling located under-
lying bed-rock. Curves 1 and 2 were estab-
lished by theoretical formulae. Curves 3,
4, and 5 were adjusted due to layers of
underlying stable material.

m
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methods are studied. It is assumed
that the resistance to movement equals
‘the force causing movement at the in-
stant of failure. Formulas developed
for use in the theoretical soil mechanics
are used in the evaluation. SinceYall of
the corrective measures which are
considered are analyzed by the same
method, the same relative stability
should be obtained. The major point of
concern is whether the analysis pro-
duces an over-design or occasionally
an under-design.

Stability analyses of landslides have
been applied in two principal ways. If
the shear characteristics of the soil are
determined, it is possible to estimate
the safety factor of the slope. A second
procedure is the determination of the
average cohesion, or c of the 'soil at the
slip-surface. With the latter method,
laboratory tests are not used to deter-
mine the shear characteristics of the
soil. In either method, it is most de-
sirable to evaluate the landslide under
the conditions which existed before the
most recent movement. After the de-
termination of the safety factor or the
estimation of the shear characteristics
of the soil mass, sufficient data are
available to estimate the influence of the
corrective action.

The method used in West Virginia con-
sists of the procedure involving the
estimateof the averagec and the foliowing
discussion deals primarily with this type
analysis.  The first step in the stability

[ b
Cwwn

Figure 8. With homogeneous soil, the slip-
-plane..would tend to develop along Curve A.
If-the area is underlaid by bedrock (as
.shown in the shaded area) the slip-surface
would tend to be as indicated by Curve B,
+1f the bed-rock lies as shown in the solid
line, the slipeplane will lie approximately
in the position of Curve C.
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Figure 9. The presence of a weak s0il lay-

er will tend to produce a failure within

its limits. On occasions, the actual slip-

surface will be asclose to the theoretical

position indicated, and th= circle can be
used in the computations.

computations is to prepare typical cross-
sections parallel to the direction of
movement (Fig. 7). The sections should
be continued above and below the land-
slide. On these sections should be plotted
all drill information, results of labora-
tory soil tests, data concerning seepage
strata, location of underlying bedrock,
surface cracks, structures, and any in-
formation considered descriptive of the
slide movement. The ground lines both
before and after recent movements are
very desirable. If the before-movement
ground surface is not known, a reason-
able estimate will be helpful. The most
dangerous sections should then be se-
lected for the initial study. This section
will generally be near the middle of the
slide, will have the greatest over-all
slope (from toe to top), and the greatest
mass of unconsolidated material.

Thenext step is the most troublesome,
and perhaps the most vital.- The slip-
plane must be drawn in its most probable
location. The top and bottom of the slide
are generally easily identified, but the
intermediate portion will call for careful
interpretation of the drill data. Observa-
tions throughout the past years have led
soil engineers to the conclusion that
slopes in homogeneous soils fail along
surfaces that can be approximated by a
circle (in a two-dimensional analysis).
Having the top and bottom of the land-
slide, two points near or on the slip-
surface are known. The third, and con-
trolling, point must be estimated. The-
oretical formulas (5) suggest a method
for the initial approximation. These
formulas are for slopes without sur-
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Figure 10. Solution by graphical integra-

tion.” The total area is divided into in-

‘crements of the same width as AB(D. Weight

of the soil is computed and graphically

resolved into its tangential and normal
e components.

charge and for homogenous materials.
However, for the initial approximation,
the formulas will be of assistance. The
presence of an underlying, firm layer
may effect a change in the location of the
slip-surface. The change might result
in a circle tangent to the layer, two
circles connected by a third circle, or
two circles connected by a straight line
(Fig. 8). -‘The shape of the slip-surface

Text

will also be affected by the presence of
weak ‘layers (Fig.: 9). Taylor (8) has
suggested that a circle that approximates
a series of curves will be sufficiently
accurate.

The drill data will indicate the pres-
ence of underlying bedrock or stable soil
layers that are in a position to affect the
slip-surface. In addition, layers of
particularly weak soil can be identified.
If there is a question as to the position of
the slip-surface, a complete design
should be made for each possibility, and
the slip-surface that produces the most
conservative result should be used.

When the landslide is extensive, slip-
planes must be checked for various points
up and down the slope (Fig. 7), in addi-
tion to the over-all stability. In some
cases, several slip-planes will appear
reasonable. [Each of these should be
checked as outlined in the {following.

With a reasonable estimate as to the
location of the slip-surface, the cross-
section of the landslide should be divided
into increments, parallel to the direc-
tion of movement. Referring to Figure

- Figure 11, Photogrﬁph of roadway in Kanawha County near Charleston, West Virginia.
Note bresk at right edge of picture.

113
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10, ABCD is a typical increment. The
width of the ircrement is dependent upon
the irregularities of the ground surface.

_ Generally, an increment width of 10 to

30 ft. will produce results well within
the accuracy of the remainder of the
analysis. The weight of the soil in the
increment is computed, keeping in mind
that the section is assumed to be 1 ft. in
width (perpendicular to direction of
movement). The weight should be com-
puted for both the original ground surface
and the ground surface after movement.

The weight may then be represented
by a vector, i.e., a scaled length rep-
resenting the weight (Line EG). Graph-
ical resolution of this force is accom-
plished by drawing a line tangent to the
centerpoint of the segment of the slip-
surface (Line EF). Another line is

drawn perpendicular to the tangent at

the) midpoint of the slip-surface (Line
FG).

The intersection of the two lines de-
fines their length. The parallel force
is the shear, and the perpendicular force
is termed the normal. The resolution

RS

Figure 12. Same slide as that in Figure 1l.

“Text -5

of the forces is accomplished for each
increment of weight, and the sums of the
shear forces (ZT) and the normal forces
(N) are computed.

The forces tending to hold the soil
mass in place are (1) the frictional com-
ponents of the normal forces and (2) the
cohesion ¢ of the soil. The forces
tending to cause movement are those of
shear, seepage, and hydrostatic pres-
sures. There is a diversity of opinion
as to the validity of neglecting these
latter two forces. Under certain con-
ditions, the hydrostatic forces can be
very significant, particularly in cases
where cohesionless layers or pockets
are present. The effect of the hydro-
static pressure is to reduce the normal
forces, and in cohesive soils with a low
¢ value, the change may be insignificant.
The seepage forces tend to decrease the
normal force as well as to increase the
shearing force and the result is signifi-
cant in the opinion of Taylor (8). Ia the
initial stability analysis, that follows,
hydrostatic and seepage forces are neg-
lected, except in their combined effect at

The toe of the movement is in the middle

: of the picture.
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the time of failure.

A formula that has been proposed for..-. .
estimating the stability of a slope is the'™

following:

Safety factor =N tan ¢ + cL . -
- 2T .

wheresN = the summation EIIIt}‘i.e ‘normal |

forces in pounds e
2T = the summation of the shear forces
in pounds o
¢ = the angle of internal friction . | .-
¢ = cohesion in pounds per foot . .
L =)ength of the slip-surface in feet
Wip-plene loceted by:

(1} Open crecks in grmnd surtace of line 15,
nmmmuuo..

Core dilling recerded bodreck of lines 4,12, 00 5. -
o Gt k- we s
Ground woter lina . = 0o
] i1 23 4 8 678 ! — 0 @
-1 e w —03
= —T08
- A A Nn

Z—’ -— 50
Apsrosinate hae of Dodrack sincidos with sllp plune Detwoen nes 3 ang 18,

Figure 13. Cross-section of the slide
pictured in Figures 11 and 12. The slide
has been divided into increments and the
computation of ZT and 3N is given in Table 1.

Assuming the landslide is at the point
of equilibrium between movement and
stability (safety factor = 1.0), the follow-
ing form of the equation is useful:

Shearing force = shearing resistance
or ‘
IT=INtan¢+cL -  (2)

It will be noted that the left side of
Equation2 represents the shearing forces
causing movement, and the right side is
the shearing resistance to movement.

*-Thus far, the method for obtaining T
and IN have been indicated. The values
of ¢ and c can be determined by shear
or unconfined compression tests in the
laboratory if desired. Except in rare
instances, the laboratory values will not
‘produce a value of 1.0 for the safety
factor (Equation 1). This will be true due
to irregularities in the soil, to the diffi-
culties in obtaining undisturbed samples,
to the problems of laboratory technique,

Figure 14. Method for computing the forces
acting at a given point in a slide. The
valueof T and N is determined for the area
desired .{from X-X to top in this sketch).
The difference between the forces cnusing
movement (ZT) and the resistance to move-
ment (3N tan ¢ + cL) is designated as Ry.
The resistance that will produce a safety
factor of 1.5 is designated as Rp.

and probably to the effect of hydrostatic
and seepage forces. Slopes in nature
have been known to be stable even though
the safety factor was computed as 0. 75.
This latter figure would indicate that the
shearing resistance was only 75 percent
of the shearing force. If the safety factor
for a stable slope is less than 1.0, or if
greater than 1.0 for an unstable slope,
it appears certain that some factor has
been disregarded. Numerous examina-
tions have been made of landslide areas,
and the computed safety factor was great-
er than 1.0. Indications were that such
computations were based on conditions
after the movement. Quite obviously, an
area that has moved to a temporarily
stable position will show a higher safety
factor than 1.0 in its new position. It
would appear to be practically impossible
to measure the conditions that exist at
time of failure. However, if the start-
ing point for the analysis is the ground
line prior to movement and Equation 2 is
used, the effects of these troublesomé
variables are accounted for as a part of
¢orec. -

For the following analysis of the sta-
bility an estimate is made of the value of
¢. From Equation 2 it is then possible
to compute the average ¢ value needed
to obtain an equality between the shear-
ing forces and the shearing resistance.
If possible, computations should be
carried out for the ground surface co:
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Figure 15. Resistance offered by a rock

buttreu. The design resultant indicated

in F:gure 14 must be produced by the shear-

ing reaistance of the rock. If the base

of the buttress is not bed-rock, s poasible

shear failure under the buttress must be
investigated.

ditions that existed prior to recent move-
ment. From these calculations, the
average c value is determined for use in
the estimate of the effect of the various
corrective measures. The assumption
of the ¢ should not lead to serious dif-
ficulties. While the c¢ value is very
susceptible to varying conditions, the ¢
is relatively constant for a given mate-
rial. Some investigators have recom-
mended the assumption of ¢ =0 for
saturated clay soils. This would lead to
a more conservative design, since the
resistance offered by the normal forces
would not be included.

At times it will be necessary to get
the range of values for the average c.
This will result due to the possibility
of various slip-surfaces, and to a range
of ¢ values.

APPLICATION OF RESULTS

At the conclusion of the stability a-
nalysis the nefit step is to estimate the
change in the safety factor (or in the
ratio represented by Equation 2) that is
affected by various corrective measures.
The definition of the permanency of a
correction was made on the basis of the
life of the structure. The importance of
a differentiation is in the estimate of the
economics involved, i.e., whether or not
the structure may have to be replaced.
Therefore, to be apermanent correction,
the safety factor should be increased by
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0.5. This increase can be accomplished
by increasing the resistance or decreas-
ing the force. The type of correction
governs which of the two (or both) should
be changed. Increasing resistance is
illustrated in Figure 14 for a retaining
device. Unless a significant change can
be made in the safety factor, the method
is not likely to be helpful on a permanent
basis. The use of a corrective action
that produces a change of less than 0.5
in the safety factor must be classed as a
calculated risk or an expedient. On the
basis of Equation 2, a permanent correc-
tion should result in the shearing resist-
ance being 1.5 times as great as the
shearing force for a permanent correc-
tion. If the ratio is less.than 1.5, the
solution should be considered as an
expedient.

The principal difficulty in the follow-
up of the stability analysis is the esti-
mate of (1) the additional resistance or
(2) the reduction in force that is derived
from a specific correction. For elim-
ination methods there are, of course,
no problems. Recommended procedures
to be used for the control measures are
included in the Appendixes C and D. The
results thus obtained should not be class-
ed as anything more than an estimate.
The degree of accuracy is dependent
upon many variables thusfar not too well
evaluated. In leu of no other quantita-
tive method, however, the values will be
helpful and on the conservative side.
In Figure 15, the resistance offered
by a rock buttress is illustrated.

In the method involving an estimate
of ¢, it will be interesting to note the
relative sizes of the corrections re-
quired by applying the upper and lower
limits of the range of ¢ values. In many
instances, there will be a rather insig-
nificant change in the size of the cor-
rective action needed. For example,
a range of 10 deg. in the wvalue of ¢,
made a difference of only 8 percent in
the size of a rock buttress. (See Ap-
pendix C).

For a given landslide if more than
one corrective measure has been in-
dicated as a permanent solution, the
final step is an estimate of the costs
involved. The decision as to the cor-
rective measure to be employed will be
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made on the basis of economy, appear-
ance, effect of the change on driver-
safety, or by such other means as es-
tablished as the policy of the organiza-
tion concerned.

SUMMARY AND CONCLUSIONS

(1) For highway engineers, the basis
for the clasgification of landslides should
be on the mechanics of the movement
rather than on cause and effect.

(2) For a given highway-landslide
problem there are numerous solutions
that can be satisfactorily applied, and
the problem can be reduced to a prob-
lem in economics.

(3) While the detrimental effect of

water has been repeatedly emphasized,.
the fact that has not been sufficiently. .:

emphasized is that the force of gravity
is always present as a contributing
factor.

(4) By classifying the types of cor- .

rective measures in common use, it
is possible to clarify the method of
analysis of a given landslide. ‘

(5) A preliminary analysis of a land-
slide should lead to an estimate of the
types of corrections to be used. This
should reduce the cost of investigating
some problems.

(6) The field work should produce all
possible data on the location of the slip-
surface. The critical factor in the office

analysis is the accuracy of the delinea-

tion of the slip-surface.

(7) At the moment just before fajlure,
the force tending to cause movement is .

equal to the resistance to movement.

The problem is to determine theseforces.

(8) The analyses of a landslide should
.. be governed by the -basic principle of
" _obtaining a more stable slope than ex-
_isted prior to failure. At the present
" time, the best method for estimating
quantitatively the relative stability is
the formula:

IT=:Ntan ¢ +cL @
© - 10. Krynine, D.P., "Landslides and Pile

)

(9) The forces acting agalnst a re-
taining device can be estimated as can
" the resistance otfered by the retainlng
‘ device.

(10) The beneficial ‘effect of any cor-
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rective action can be estimated in terms
of Equation 2.

" (11) The procedure suggested may be
an over-simplification in its present
form. ' Observations and evaluation of
the corrective measures thus far effect-
ed will be necessary.

(12) Considerable research work is
pecessary to better determine the actual
shearing forces and shearing resistances
at work in a landslide.

(13) Extensive research is needed to
determine an inexpensive method for
solving highway landslide problems.
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APPENDIX A
TYPICAL STABILITY ANALYSIS

- To:present an example of the typical computations in a stability analysis, a landslide
in Kanawha County, near Charleston, West Virginia, was selected. Two photographs of
the area are included as Figures 11 and 12. The area was core-drilled and cross-sec-
tions were taken. The slip-surface was relatively easy to locate. The core shown in
Figure 6 was taken from this slide. The underlying bedrock and the obvious extent at
the top and at the toe limited the possible position of the slip-plane. ‘

After locating the slip-plane, the area was divided into increments. Referring to
Figure 13, the slide area was divided into 16 increments. The width of the increments
from lines 1 to 15, inclusive, was ten feet. The two end increments were not an estab-
lished lehgth. These latter two division lines were set s0 that the weight of one incre-
ment (between lines 1 and 2) would not require a resolution of forces.

The areas of the increments were determined by planimeter. The predetermined unit
weight of the soil was multiplied by the area and the total weight of the increment com-
puted. It will be recalled that the cross-section is considered to be 1 ft. in width (per-
pendicular to the direction of the movement).

The weight of each increment was graphically resolved into a component parallel and
another perpendicular to the slip-surface at the midpoint of the width (parallel to the
movement) of the increment. Table 1 is a summary of the areas, weights, tangentials,
and normals for each of the increments. The =T and =N for the entire slide area are
also shown in Table 1. .

The length of the slip-surface was determined to be 180 ft. The range of ¢ values that
was considered reasonable was 0 to 10 deg. Referring to Equation 2, all of the variables
are now available except the cohesion of the soil. The following summarizes the computa-
tions involved in determining c. :

IT =INtan ¢ +cL, or @
c=3IT - N tan ¢
RIS T @

& ‘Asﬁuming’ @ =0deg.
‘¢= Ss;mo='§gas,m X 0.0) = 299 Ib. per ft.
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Assuming ¢ = 10 deg.’ .
. g 119
c =53, 800 %85 800 x 0. 1763) 18 lb. per ft. ‘ ”
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The relatively low c value for this sllty-clay soil indicates that ¢ is probably smaller
than 10 deg., or that there were strong hydrostatic or seepage forces existing at the time
of movement,

For the particular sude in quesuon, ‘assume that the ground water lies as shown in
Figure 13. The equation which can be used to account for the hydrostatic pressure is as

- follows: - , o
' o IT=3(N-u)tan ¢ +cL, or 4)

= 3T - 5(N -u) tan ¢ )
[ LI‘ n l(s) ’

Where u h'r 1= water pressure m 1b. at the slip-plane
hs= depth in feet from ground water line to slip-plane
= unit weight of water = 62. 4 lb. per cu. ft.
Y length of increment in feet along slip-plane

The values for (N - ) are listed in Table 1 as intergranular forces.
For ¢ = 0 deg. , there is no change in ¢ due to hydmstatic pressures alnce

tan ¢ = 0.

" For ¢ = 10 deg. , the following is indicated:

c = 53. 800 - (155. 530 x 0, 1763)
180

c = 147 ]b. per ft.
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APPENDIX B

ELIMINATION METHODS

- The five methods included in this classification are:
1. Relocation of structure - complete
2. Removal of landslide
a. Entire
b. Partial at toe
3. Bridging
4. Cementation of loose material - entire
e factor common to these methods is the lack of a requirement for a stability anal-
ysiB. All of the methods depend upon complete avoidance of the landslide or a complete
. change of the landslide area. The exception may appear to be the partial removal of the
landslide at the toe. Ultimately this will lead to near complete removal. In any event,
when carried on as an expedient, no stability analysis is used.
As a very general guide, the following is a list of the elimination methods in order of
increasing costs.
1. Removal of landslide - partial at toe
. Relocation of structure - complete
Removal of landslide - entire
Cementation of loose material - entire

Bridging

O D

1. RELOCATION OF STRUCTURE - COMPLETE

Description - The structure is moved to a location where the foundation is of known sta-
bility, either bedrock or stable soil. The grade may or may not be changed, depending
~ upon exlsung conditions.

Principle Involved - A firm foundation is obtained for the structure

Best Application - The method {s readily applicable to every type of mass-movement. In
many ¢ases, the method may prove prohibitive due to excessive cost. The ideal applica-
tions are those cases where movements have undermined the structure, and bedrock is
located immediately adjacent on the uphill side.

Disadvantages - The cost is usually high if the pavement is of permanent type. Further-
more, the line change may result in poor and unsatisfactory alignment, and finally, the
movement is not controlled in event liability is involved.

Method c;f Analysis - Routine location problem, except particular care should be taken to
insure that adequate foundations are available. A complete cost estimate should be made
for comparison purposes.

Principle Items in Cost Estimates -
1. Excavation .
2. Pavement replacement

3. Right-of-way damages

II. REMOVAL OF THE LANDSLIDE - ENTIRE

Description - All of the slide material is excavated and wasted. This solution applies
- primarily to movements coming down onto the structure.
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Prlnclplé' Involved ~ The moving mass that is causing the problem is completely removed.

Best Application - Ideally suited to shallow soil profiles (10 to 20 ft. Jand small moving
areas (100 to 150 ft. from structure to top of slide). The area above the slide should
be stable or worthless, or the question of additional fajlures should be considered.

Disadvantages - May be too costly for extensive movements. Design care must be taken
to insure against undermining the area above, particularly with regard to rockfalls.

Method of Analysis - Normally, the only analyses necessary are for the computations of
quantities involved. In cases of questionable stability above the slide area, a stability
analysis of the slope above may be required.

Principle Items in Cost Estimate -
1. Excavation
2. Right-of-way damages

II. REMOVAL OF LANDSLIDE - PARTIAL AT TOE

Description - The debris is moved from the area affecting the structure in order to re-
lieve pressure, remove obstacle, ‘etc. Bince part of the toe is removed continued move-
ment is inevitable. The method should rarely be used except as an emergency measure.

An immediate follow-up with a permanent solution is necessary to prevent future movement.

Principle Involved - The moving mass is excavated 50 as to permit passage of vehicles,
to temporarily relieve pressure against a structure, etc. : 121
Best Application - Very rarely applicable except when movement is down onto structure
from above. The method will most often be necessary in instances where the mass has
moved against a structure or has blocked a roadway. In instances involving valueless
land above, removal of the toe with space provided for future movement may be an eco-
nomical solution.

Disadvantagejs - This expedient metiiod does not produce a permanent solution.

Method of Analysis - No analysis is hecessary except for quantities involved in a cost
estimate. For determining follow-up or permanent correction, a stability analysis of
the type required for the permanent solution will be necessary.

Principle Items in Cost Estimate -
1. Excavation
2. Right-of-way damages

IV. CEMENTATION OF LOOSE MATERIAL - ENTIRE

Description - In order to obtain stable material, cement grout is injected into the moving
area. This produces a material that has higher shear resistance. In cohesive soils
vertical columns are obtained and their effect is that of a system of piling. The same
principle is applied when only a portion of the moving mass near the toe is stabilized

to produce a buttress.

Principle Involved - The shearing resistance is increased by improving the shear char-
acteristics of the moving mass. In cohesive soils the resisting forces are increased by
a transference of load from the moving mass to the underlying stable material.
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Best Application - Complete stabilization of the area will not be possible unless the mov-
ing mass consists entirely of granular material.

Disadvantages - The principle disadvantage lies in the fact that the method is still ex-
perimental and relatively expensive. There is no clear-cut method of estimating the
amount of cementing material that will be required. In areas of extensive subsurface
seepage, hydrostatic heads may produce flow of entire area unless the pressure is

relieved.

Method of Analysis - From a viewpoint of a buttress at the toe, the tone of resistance
required can be estimated from a stability analysis. The advantages produced by the
cementation will consist of increased shearing characteristics of the soil. The latter
values can be estimated by laboratory tests. In instances where hydrostatic heads are
involved, the uplift would be a factor in the stability analysis.

The cementation of an entire moving mass is in the category of an elimination method
and no analysis is necessary. From a viewpoint of a column action in cohesive soils,
the resistance offered by each column can be estimated. Knowing the tons of resistance
required for stabilization, it is possible to compute the number of columns required.

Principle Items in Cost Estimate -
1. Equipmental rental
2. Drilling
3. Cement

V. BRIDGING

Description - The slide area is avoided by a bridge between the two solid extremities ‘
of the moving area.. Generally, no direct effort is made to control the movement.. . -

Principle Involved ~ The xpdvllig areawlllnotprovideastable foundatlon for even a .f".;
part of the roadway or structure. Therefore, firm, unyielding foundations are selected
and the area completely bridged. )

Best Application - The method is applicable to all fypesf"of fmass movements. It is par-
ticularly suited to steep hillside locations with deep soil profiles, or with bedrock or .
stable soil at a considerable depth below the desired grade line. ,

Disadvantages - The main disadvantage is the relatively hlgii cost of the corrective
action. In addition, the movement is not controlled in the event liability is involved. .

Method of Analysis - Standard bridge design is followed. In most instances, a single
span will be desirable due to the lateral thrust that would be applied to a pier construct-
ed within the moving area. Particularly thorough foundation examina