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Overuiew
Background and Scope

Slope stabilization is the prevention of slope
movement, Compendium 13 considers thiee
lypes of slopes-natural slopes, cut slopes, and
fill slopes.

Landslide is the term most commonlv used to
describe the failure of a natural slope. Â lanO_
slide is the downward and outward movement of
the.glgqe;forming materials - natural rock, soils,
artificial fills, or combinations of these materials.
ln fact, the term landslide is generic and is used
to describe different types oimovements, such
as slides, flows, and falls, by various types of
materials, The stabilization of slopes, éiiher natu_
ral or man-made, first requires the identification

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

The. gut slope that remains after some existing
material has been removed is the second type õf
slope considered. These slopes fajl for theïame
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
ot 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 estabilización de taludes es la prevención de
sus movimientos. El Compendio 13 considera
tres tipos de taludes - naturales, de corte y de
relleno.

El término deslizamiento es el que común_
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 podría decir que el término de_

s,lizamlento es genérico, y que se utiliza para
describir distintos tipos d-e desplazamientos,
tales como deslizamientos, flujos, y caídas, þorparte de varios tipos de materiales. En la es_
tabilización de taludes naturales o hechos por el
hombre, lo que primero se necesita es la iden_
trtrcación de (a) el tipo de material de que se
trata, (b) el tipo de movimiento que ha ocurrido
o gue se anticipa, y (c) la causa o causas de la
pérdida de estabilización que precede la falla
misma.

Exposé
Historique et description

La stabilisation des talus est la prévention de
leurs déplacements. Dans le recueil no. 13, tr:ois
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 l'extérieur des maté_
riaux qui composent le versant_soient_ils des
roches, des sols, des remblais de terrains dap
port, ou certaines combinaisons de ces maté-
riaux. En fait, le terme "glissement de terrain" esl
un terme générique, et est utilisé pour la des_
cription de différentes sortes de mouvements:
glissements, fluages e't chûtes de différents ty_

pes de matériaux. La stabilisation des talus, na_
tureis ou artificiels, demande tout d,abord I'iden_
tification: {a) du type de matériau en question,
(b) du type de mouvement quì a lieu ou qui est
1nti9iqQ, eJ (c) de la ou tes causes de ta perre
de stabilité qui précéde la rupture même.

Le talus de déblai qui reste après que I'on a
enlevé une certaine partie du matériau, est le
second type de talus que nous allons considé_
rer. Les mêmes raisons techniques sont la
cause de la rupture de ces talus et de la rupture
des versants naturels. Ces ruptures, d,une iaçon
générale, peuvent être designées comme glis_
sements de terrain. Les ruptures des talus áe
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 embankments 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 fil,l failures are due
to the same technical reasons as those for natu-
ral or cut slopes.

These 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; all material is in a state of unstable
equilibrium when it lies on a slope. An under-
standing of the basic mechanics of 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. lt will
assure that the road is constructed at a minimum
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 algún material. Estos taludes fallan por
las mismas razones técnicas que los naturales,
En términos generales estas fallas también
pueden llamarse deslizamientos. Ocurren más a
menudo que aquellos de taludes naturales, ya
que la acción 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 cor-
tados. Generalmente fallan a causa de (a) ero-
sión, (b) el drenaje natural obstruído por un re-
lleno impermeable colocado sobre un talud de
deslizamiento sin subdrenaje, (c) la falla del ma-
terial blando sobre el que se construyó el terrap-
lén desplazando éste hacia abajo, o (d) el re-

lleno mismo, que empieza a deslizarse sobre un
talud natural. Las 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 combinación de ambos.

Por lo tanto, la consideración 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 Íuerza de impulso
para todo deslizamiento; todo material se en-
cuentra en estado de equilibrio inestable
cuando está sobre una pendiente. Un enten-
dimiento de la mecánica básica para analizar
los materiales a mano ayudará 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 à bouleverser
l'équilibre du sol dans son état naturel.

Le talus de remblai, le troisième genre de ta-
lus que nous allons examiner, est artificiel.
Quand les conditions sont normales (c'est à 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) l'érosion, (b) le
drainage naturel qui est bloqué quand on cons-
truit un remblai imperméable 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-même
commence à glisser le long d'une pente natu-
relle. Les ruptures des talus de remblai, et des
remblais eux-mêmes, sont dûes aux mêmes
conditions techniques que celles des talus de
déblai et des versants naturels.

Ces mêmes raisons contribuent à I'effondre-
ment des tranchées (les murs s'effondrent) soit
de remblais, de sol naturel, ou de la combinai-
son des deux.

L'étude de la stabilité des talus donc inclut
tous les sols et roches qui se trouvent sur une
route économique, ou à 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 drainage design. Texts that are related
to the problem of slope stabilization appear in
Compendium 2, Drainage and Geotogicat Con-
siderations in Highway Location; Compendium
3, Small Drainage Structures; Compendium 5,
Road si d e_Drai nag e ; Com pe nd i u m 6, I nvestig a-
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 ä 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 correction 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 compendium. 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 o aumentos en el esfuerzo
cortante. Este tipo de análisis se deberá utilizar
para una correcta ubicación del trazado y
selección de los materiales y paa determinar el
método correcto de construcción. Asegurará
que el camino se construirá a costo mínimo, o
que se podrá encontrar la solución más eco-
nómica para los taludes que fallan durante o
después de la construcción.

Una de las causas principales de falla es el
agua. El tema completo de control de la erosión
es una parte íntegra de la estabilización de
taludes, al igual que muchos de los aspectos
del diseño de drenaje. Por lo tanto, el Compen-
dio 2: Consideraciones de drenaje y geotôgicas
en la ubicación del camino, el Compendio S:

Pequeñas estructuras de drenaje, èl Compen-
dio 5: Drenaje del borde de la carretera, el
Compendio 6: lnvestigaciôn y desarrollo de re-
cursos de materiales, y Compendio g: Control
de erosiôn, contienen textos que se relacionan
con el problema de estabilización de taludes.
Por lo tanto, el Compendio 13 subraya otros
problemas y soluciones en la estabilización de
taludes, envez de presentar métodos detal-
lados para la prevención de la erosión de la
superficie. Aunque este compendio no intenta
repetir la información sobre suelos presentada
en compendios previos, esta información tam-
bién es importante para el análisis de la es-
tabilización de taludes.

Este compendio se dirige al ingeniero vial
general. El desplazamiento de taludes es un
fenómeno complejo y muchas veces el que no
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compréhension du mécanisme de base de I'ana-
lyse des matériaux qu'il a sous la main, aidera
I'ingénieur routier de routes à faible capacité à
déterminer quelles actions, preventives ou cor-
rectives, sont nécessaires pour parer aux chan-
gements d'équilibre du sol dûs aux réductions
des valeurs de résistance, ou aux augmenta-
tions des tensions de cisaillement. Ce genre
d'analyse devrait être utilisé pour le cfrõix 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 à un coût minimal, ou qu'on trouvera
la solution la plus économique à la rupture des
talus, pendant ou après la construction.

L'eau est l'une des raisons majeures de rup-
ture de talus. Tout ce qui comprend le contrôle
de l'érosion et beaucoup d'aspects du drainage,
font partie intégrale de la stabilisation des talus.
C'est pourquoi les recueils no.2, Considêrations
sur /es facteurs de drainage et de gêotogie qui

influencent le choix de I'emplacement d'une
route: no. 3, Petlfs ouvrages de drainage; no. S,
Drainage des bas-côfés de la route: no. 6, /n-
vestigation et dêveloppement des grsemenfs de
matériaux routiers; et no. 9, Contrôle de t'êrosion
contiennent des textes qui sont apparentés au
problème de la stabilisation des talus. Dans ce
recueil no. 13, on porte une attention spéciale à
d'autres problèmes de stabilité des talus et à
leurs solutions, plutôt que de s'étendre en détail
sur les méthodes de prévention de l'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 le fait qu'une bonne connaissance
de ceux-ci est cruciale pour analyser correcte-
ment la stabilité des talus.

Ce recueil est écrit à I'intention de I'ingénieur
routier généraliste. Le déplacement des talus est
un phénomène très complexe, qui n'est souvent



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 stabilization 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 lnvestigations: A Field Hand-
book for Use in Highway Location 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 later 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 determíned 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
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sea especialista no lo comprende perfec-
tamente. Los textos fueron seleccionados para
presentar los principios básicos de estabiliza-
ción de taludes y para proveer métodos
generales para la corrección de los problemas
más comunes de estabilización. La correcta so-
lución para los problemas de estabilización más
complejos requiere un conocimiento profundo y
experiencia extensa que están más allá del al-
cance de este compendio. El ingeniero vial
prudente, al enfrentarse con el análisis de un
problema de estabilización que es caro, peli-

groso, o poco común, consultará con un
experto en la materia.

Exposición razonada para este
compend¡o

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

pas très bien compris de ceux qui n'ont pas
reçu 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 à la correction des pro-
blèmes les plus communément rencontrés. La
solution correcte de problèmes complexes de
stabilisation demande une connaissance pro-
fonde de ce sujet, conjuguée avec une longue
expérience pratique-et ceci dépasse I'enver-
gure de notre recueil. L'ingénieur routier prudent
demandera I'aide d'un expert en la matière s'il
doit analyser des problèmes de stabilisation
de talus qui sont inhabituels, très onéreux, ou qui
risquent de metre en danger des vies humaines.

Objectif de ce recue¡l

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

tière. Pour pouvoir résoudre ce problème il faut
d'abord être capable d'identifier les types de
matériaux avec lesquels on va devoir travailler et
leurs modes de rupture. Une fois que l'on a bien
saisi la technique d'évaluation des problèmes
de stabilisation des talus, la résolution de ces
problèmes, potentiels ou actuels, devient une
question économique. Les évaluations de la
stabilité des talus devraient être 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 première évaluation du problème devrait
prendre place au moment où I'on va décider le
tracé initial de la route (voir Recueil no. 2, Texte
choisi 9: Etudes de glissements de terrain: Un
manuel pour le dimensionnement et I'emplace-
ment des routes). C'est à 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 arbitrary "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 under-
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 f inished -

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 ralher 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 weight
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 while after the fill has been

dido la mecánica de evaluación de los prob-
lemas de estabilización, la solución de fallas in-
dividuales, potenciales o actuales, se vuelve
asunto de costo. No sólo se deberán llevar a
cabo evaluaciones de estabilidad de taludes
durante la ubicación preliminar del camino, sino
también durante el diseño actual, durante la
construcción del camino, y cuando sea
necesario durante la vida útil del camino.

La primera evaluación de problemas de esta-
bilización deberá ocurrir como parte de la deci-
sión inicial de ubicación del camino (véase
Compendio 2, Texto Seleccionado 9, lnvestiga-
ciones de derrumbes: Un manual de campana
para uso en el diseito y ubicacion de carrete-
ras). Es en esta etapa que la sensatez econó-
mica de evitar áreas inestables es más atractiva.

Evitación también podría ser la alternativa más
económica durante fases posteriores (es decir,
durante el diseño o por fallas durante o después
de la construcción). Es obvio que el beneficio
ecclnómico más grande ocurrirá cuando la solu-
ción de evitación se evalúa y selecciona lo más
pronto posible.

La segunda evaluación de los problemas de
estabilización de taludes deberá ocurrir durante
el diseño 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 contención, pueden ser
planeadas en forma más económica. Deberá
notarse que se pueden realizar más beneficios

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

La seconde évaluation du problème devra
prendre place au moment du dimensionnement
detaillé de la route. C'est en effet à cette période
que I'on peut évaluer localement la stabilité des
talus. Les pentes correctes peuvent être déter-
minées en fonction des matériaux en place, et
des mesures de contrôle, telles que les murs de
soutènement par exemple, peuvent être proje-
tées beaucoup plus économiquement. llfaut
bien remarquer aussi que le prix de revient peut
être encore plus diminué si I'on a soin, pendant
cette évaluation, de calculer les angles des pen-
tes en se basant sur les critères de stabilité, plu-

tôt qu'en acceptant des "normes" arbitraires
basées sur des "sections transversales
typiques".

La troisième évaluation des problèmes de
stabilisation des talus devrait avoir lieu lors de la
construction elle-même. Les matériaux peuvent
être 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-
tôt que possible après leur identification, car il

est beaucoup moins onéreux de résoudre ces
problèmes potentiels avant que le dommage ne
soit fait, que de réparer les ruptures.

La quatrième évaluation des problèmes 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 nouveau, il est
beaucoup plus économique de résoudre ces
problèmes dès l'apparence des premiers



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

económicos durante este período de evaluación
del diseño, determinando correctamente los án-
gulos de talud lateral basados en criterios de es-
tabilidad, envez de taludes laterales "norma"
recomendados a menudo en "secciones trans-
versales típicas".

La tercera evaluación de problemas de estabi-
lización de talud se deberá llevar a cabo du-
rante la etapa de construcción. Podrá ocurrir
que los tipos de materiales son distintos de Io
anticipado, y que se descubren flujos estaciona-
les de agua subterrânea o fluctuaciones del
nivel freático. Estas condiciones deberán eva-
luarse tan pronto como se identifiquen porque el
costo de resolver tales problemas potenciales
de estabilidad de talud antes que ocurran sería
mucho menos que el de corregir la falla sr.lbse-
cuente,

La cuarta evaluación de problemas de estabi-
lización de talud ocurre después de terminarse
la construcción-cuando aparecen señales de
tensión o realmente falla el talud. Se reitera que
es más ecónomico y seguro resolver estos pro-
blemas cuando aparezcan las primeras señales
en lugar de después de la falla subsecuente.

Se hace la evaluación de estabilidad determi-
nando el factor de seguridad de un talud (es
decir, la razón de la resistencia al esfuerzo cor-
tante al peso de la masa 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-
Íuerzo cortante o reduciendo el esfuerzo cor-
tante. El período de más inestabilidad para casi
todo talud es inmediatamente después de que
se haya realizado el corte, pero puede fallar en

signes, plutôt que de différer les réparations
jusqu'à la rupture complète.

L'évaluation de la stabilité des talus se calcule
en déterminant le coéfficient de sécurité d'une
pente (c'est à dire le rapport de la résistance au
cisaillement au poid de la masse interessée par
le glissement). Le facteur de sécurité est égal à
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 déblai sont
stables juste après le déblaiement mais peuvent
se rompre d'un moment à I'autre si les condi-
tions d'humidité deviennent plus sévères que
I'on avait anticipé. Les talus de remblai, d'ordi-
naire, n'ont tendance à la rupture qu'après un
certain temps, sauf si la cause en est la rupture
de la fondation et, dans ce cas, le remblai s'af-

faisse très tôt après qu'il soit construit. Norma-
lement, la rupture des talus de remblai est cau-
sée par leur propre poids, plutôt que par le
poids des véhicules circulants sur la route. ll y a
fondamentalement deux sortes de problèmes 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 à un angle plus plat que I'angle de frotte-
ment interne sera stable quelle que soit sa hau-
teur. Toutefois si dans un materiau grossier l'eau
phréatique est élevée, la moitié de l'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 w¡tfr¡n
the soil mass itself that reduces shear strength,
(c) the additional weight of the \4/ater in the soil
mass that increases shear stress, and (d) the
reduction in strength of cohesive soils with in-
creasing rnoisture content.

Slope stability analyses are best made by
specialists because there are so many un-
knowns involved that require subjective evalu-
ations. ln 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-
zalion have been omitted to allow 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.

Discussion of Selected Texts

The first Texl, Chapter 2 - S/ope Movement Types
and Processes, is excerpted from Landstides:
Analysis and Control (Special Report 126,
Transportation Research Board, lgZB). lt re-
views afairly complete range of slope-
movement processes. lt identifies and classifies
them according to features that are also to some

cualquier momento si las condiciones de hume-
dad se vuelven más graves de lo anticipado.
Los taludes de relleno normalmente 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 razon de su propio peso, en vez de por
el peso de los vehículos que utilizan el camino.

Los problemas de estabilización en suelos in-
genieriles pueden dividirse en dos tipos bási-
cos, dependiendo de la influencia de la altura
deltalud sobre su estabilidad. El material no
cohesivo depende de resistencia mecánica que
aumenta con el componente normal del peso
(una de las razones para la compactación de re-
llenos granulares), Por lo tanto, un talud de ma-
terial no cohesivo es estable, cualquiera sea su
altura, siempre que el ángulo del talud sea
menor que el ángulo de fricción interna. Sin em-
bargo, si hay agua freática cerca de la superfi-

cie en material de granulación gruesa, la mitad
del ángulo de fricción interna normalmente se
considera como el límite de estabilidad. por otra
parte, el suelo cohesivo depende de la atrac-
ción entre las partículas 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 más 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 intersección del plano de desliza-
miento con la superficie ocurre más allá de
dicho pie. Estos tipos de falla de talud han sido
rlustrados en la página 36 de los textos selec-
cionados. Los taludes en suelos mixtos, es de-

xvil

d'un autre côté, dépendent de I'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 à une surface résjstante
au dessous du pied du talus, dans ce cas la sur-
face de glissement coupe Ie talus au-delà de
son pied. Ces sortes de rupture sont illustrées
dans les textes choisis, à la page 36. Les talus

en sols mixtes, c'est à dire en sols qui ne sont
pas complètement non-cohérents, ni complète-
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 à cause des problèmes d'érosion su-
perficielle que nous avons discutés dans des
textes précédents, mais aussi à cause de:
(a) problèmes d'érosion interne (renards); (b) ta
pression hydrostatique introduite dans la masse
de sol, qui abaisse la résistance au cisaillement,
(c) le poids additionnel de I'eau dans la masse
de sol, qui augmente la contrainte de cisaille-



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 subterrânea
son factores importantes en la estabilidad de ta-
ludes, no sólo por los problemas de erosión de
la superficie sobre los que se habló en textos
previos, sino también por'(a) problemas de ero-
sión interna (es decir, tubificación), (b) la pre-
sión hidrostática introducida dentro 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 disminución de la resistencia
en suelos cohesivos cuando va aumentando el

contenido de humedad.
Es mejor que un especialista realice el análisis

de estabilidad de taludes, ya que existen mu-
chas incógnitas que requieren evaluaciones
subjetivas. Sin embargo, hay muchos casos
donde la disponibilidad o costo de tal especia-
lista hace impracticable su participación en la

ubicación, diseño, y construcción de caminos
de bajo volumen. Aunque este compendio pre-
senta información que puede ayudar al inge-
niero vial general, se han omitido algunos de los
aspectos más teóricos de estabilización para
permitir que se incluyan algunos métodos gene-
ralizados y simplificados para resolver un pro-
blema complejo. Cuando un análisis incorrecto
de estabilización de talud puede provocar posi-
bles pérdidas de vida o de grandes cantidades
de dinero para la comunidad, se deberá consul-
tar con un especialista.

Presentaciôn de los textos selecc¡onados

El primer texto, Chapter 2- Slope Movement
Types and Processes (Capítulo 2-Tipos y pro-
cesos de movimiento de taludes), fue extraído
de Landslides: Anaþrs and Control (Desliza-
mientos: análisis 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 à 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 être justifié dans la
conception, location et construction de routes
économiques. Bien que dans ce recueil nous
présentons un ensemble de documents qui de-
vrait être utile à I'ingénieur routier généraliste,
nous avons omis certains des côtés les plus
théoriques de la stabilisation des talus, afin de
nous permettre d'inclure quelques solutions
simples et générales à ce problème complexe.
Mais aussitôt 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
même causer de gros dommages économiques

à la communauté, on devrait consulter un ex-
pert.

Discussion des textes choisis

Le premier texte est le deuxième chapitre, S/ope
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 contrôle, 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 contrôler ou
les corriger. Le critère principal de cette classifi-
cation est le type de mouvement de terrain. Le
genre de matériau est le critère secondaire. Les
types de mouvements de terrain sont: (a) les
chûtes, (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, Ad. 35, Stability of S/opes, is
excerpted from So/ Mechanics in Engineering
Practice (2nd ed., John Wiley and Sons, lnc.,
1967). lt 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 to 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 características que también a
cierto grado son aplicables a su reconocimiento,
evasión, control, o corrección. El criterìo princi-
pal utilizado en la clasificación es el tipo de mo-
vimiento. EI tipo de material es un criterio se-
cundario. Los tipos de movimiento incluyen
(a) caída; (b) derribo, (c) deslizamiento, rotatorio
o de traslación; (d) desparramo; (e) flujo; y
(f) movimientos de talud complejos que incluyen
combinaciones de dos o más de los primeros
cinco tipos. Los materiales se dividen en dos
clases-roca y suelo ingenieril. Además 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-
cluída 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 acción del es-
fuerzo cortante y factores que disminuyen la re-
sistencia al esfuerzo cortante. Los análisis de fa-
llas de taludes y las medidas correctivas nece-
sarias para impedir o reparar estas fallas-(es

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

El segundo texto, Art. 35, Stability of S/opes
(Art. 35, Estabilidad de taludes), fue extraído de
Soil Mechanics in Engineering Practice (Mecá-
nica de suelos en la ingeniería práctica,2d. ed.,
John Wiley and Sons, lnc., 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 Ia resistencia
al esfuerzo cortante son iguales. La razón 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 mayor que 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 cinq premiers désordres
décrits ci-dessus. Les matérraux sont divrsés 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 l'encart de
ce recueil).

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

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) l'augmentation de
la résistance au cisaillement du matériau sujet
au mouvement de talus.

Le deuxième texte, Art. 35, Stability of S/opes
(Stabilité des talus), est extrait de Soi/ Mecha-
nics in Engineering Practice (Mécanique des
sols appliquée,2i"^" édition, John Wiley and
Sons, lnc., 1967). On introduit le concept que la
rupture d'un talus se produit au moment précis
ou Ia 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 ll est
question. Juste avant la rupture Ie poids et la ré-
sistance au cisaillement sont égaux. Le rapport



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 cohesionless material, the factor
of safety is found by dividing the tangent of the
angle of internal friction by the tangent of B, 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. ln 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 B 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 fricción interna para su es-
tabilidad. El ángulo de fricción interna Ø es el
ángulo sobre el horizontal en el que el material
suelto, no cohesivo puede soportarse. (Este es
el ángulo donde F: 1.) Dado cualquier talud de
material no cohesivo, se encuentra el factor de
seguridad dividiendo la tangente del ángulo de
fricción interna por la tangente de B, el ángulo
deltalud que se está investigando (se deberá
medir este ángulo 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 más complicada y se basa en la teoría de
Rankine del empuje de tierras. Por lo general, un
suelo homogéneo cohesivo tallarâ sobre una
superficie curva, El texto describe las caracterís-
ticas generales de los deslizamientos en este

tipo de suelo. No se ha incluído en el compen-
dio su justificación matemática; la información
final se ha reducido a diagramas que se han in-
cluído en el texto. Se puede localizar el centro
de la superficie curva por donde fallará un suelo
homogéneo cohesivo, utilizando la información
presentada en los diagramas. Se puede averi-
guar por medio de gráficos el tipo de falla po-
tencial (de talud o por la base) y el centro del
círculo crítico de falla de talud, si se utiliza el
ángulo de talud ß y la relación 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 evalúa los taludes de suelos
con cohesión y fricción 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, à I'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 p est
l'angle au dessus de I'horizontale auquel le ma-
tériaux non-cohérent et non-compacté reste sta-
tionnaire (l'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 f rottement interne par la tangente de B,
I'angle du talus en question (l'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 général la
rupture d'un matériau cohérent homogène sera
le long d'une surface courbe. Dans le texte on
décrit les caractéristiques générales des glis-
sements de sol cohérent homogène. La justifica-
tion mathématique de ceci n'est pas incluse
dans le texte reproduit pour ce recueil, nous
avons inclus le résultat final, en forme de tables
de calcul. Le centre de la surface courbe de
rupture d'un sol cohérent homogène peut être
déterminé en se servant des tables de calcul. En
utilisant I'angle du talus B 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 être 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 à
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 B and the angle of internal fric-
tion ø is presented. Failures in soils with both
cohesion and internal friction will occur along toe
circles unless S is smaller than approximately 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 So/ufions for Analysis of
Earth Slopes, appeared in Highway Research
Record 345 (Highway Research Board, 1971). lt
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 text described the development for
the figures presented under the 

-laylor 
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 solución en diagrama que
utiliza el ángulo de talud ß y el ángulo de fric-
ción interna p, Las fallas en los suelos cohesivos
y con fricción interna ocurrirán a lo largo de los
ckculos que pasan por el pie de talud al menos
que ø sea menor que aproximadamente 3.. En el
próximo texto seleccionado se han incluído más
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 investigación de una superficie
de deslizamiento compuesta (un plano de desli-
zamiento no circular). Ambas investigaciones
utilizan el método de tajadas, la teoría del cual
es presentada en este texto. Una soluçión prác-
tica utilizando este método se incluye en el
quinto texto seleccionado.

El tercer texlo, Chart So/utions for Analysis
of Earth S/opes (Soluciones gráficas para el
análisis de taludes de tierra), apareció en el
Highway Research Record 345 (Registro de in-
vestigación 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,
más que con sus derivaciones. El texto previo
describe como se desarrollaron las figuras
presentadas en la sección de la Solución de
Taylor en este texto. También se incluyen en
este artículo (a) la Solución de Bishop y
Morgenstern, que se basa en una adaptación
del método sueco de tajadas; (b) la Solución de
Morgenstern, que se puede utilizar para los ter-
raplenes de carreteras que a veces actúan
como presas; (c) la Solución 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 B et l'angle de frottement
interne / est présentée. La rupture des maté-
riaux décrits ci-dessus se produira au pied du
talus, à moins que ø soit plus petit qu'à peu près
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 enquêtes 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 troisième texte, Chart So/uflons for Anatysis
of Earth S/opes (Tables de calcul pour I'analyse
de talus en terre) a été publié dans l'Highway
Research Record 345 (Highway Research
Board, 1971). On y présente des solutions au
problème de la stabilité des talus à I'aide de
tables de calcul, et on met l'emphase sur l'ap-
plication pratique de ces solutions plutôt 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-



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, S/ope Design Gulde, is ex-
cerpted from Transportation Engineering Hand-
book (Region 6, U.S. Foreign Service, 1973). lt
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.
Rather, 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.) lt
is usable without conducting laboratory soils
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es una solución más generalizada de la adapta-
ción de Bishop del método sueco de tajadas;
(d) la Solución de Hunter, que toma en consid-
eración fluctuaciones del nivel freático; y (e) la
Solución de Hunter y Schuster, que es un caso
especial de la Solución de Hunter.

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

El cuarto texto, S/ope Design Guide (Guía
para el diseño de taludes), fue extraído de
Transportation Engineering Handbook (Manual
parala ingeniería de transporte, Region 6, U.S.
Forest Service, 1973). Fue preparado para los
ingenieros y técnicos que son encargados del

diseño de caminos, pero que no son especialis-
tas en la ingeniería de suelos ni en la geología
ingenieril. Trata de utilizar los principios de la
ingeniería de suelos durante el diseño 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 investigación y análisis
descritos en los dos textos previos ni el texto
siguiente. Se han diseñado para ayudar cuando
investigaciones más detalladas no serían facti-
bles por razón de factores como costo, valor del
camino involucrado, mano de obra, y los niveles
de habilidad disponibles.

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

ches, (b) la solution de Morgenstern qui peut être
utilisée pour des remblais routiers devant servir
de digue à 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 à un cas spécial de la solution
de Hunter,

Dans ce texte on trouvera un aperçu des
tables de calcul développées pour effectuer
plusieurs sortes d'analyse de stabilité de talus.
Pour une série plus complète de tables de cal-
cul pour chacune de ces solutions, le lecteur est
invité à lire les références qui suivent ce texte.

Le quatrième texte, S/ope Design Guide (Ma-
nuel de dimensionnement des talus), est extrait
de Transportation Engi neering, Hand book (Re-
gion 6, U.S. Forest Service, 1973). Ce livre a été
écrit à I'intention des ìngénieurs et techniciens

qui doivent concevoir et dimensionner des
routes, mais ne sont ni specralistes de la techni-
que des sols, ni géologues. On essaie de traiter
des principes de la technique des sols pour le
dimensionnement normal des talus routiers de
remblai ou de déblai, et de ce fait, le texle as-
sume et simplifie beaucoup de choses. Ces
procédés ne devraient pas remplacer les inves-
tigations et les analyses décrìtes dans les deux
textes anténeurs et dans celui qui va suivre.
Nous les avons incluses pour les cas où il n'est
pas possible de faire des analyses plus appro-
fondies, à 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 système de la Classification
Unifiée (voir le recueil no. 6, texte choisi no. 1,
pour la comparaison de différents systèmes de
classificatron des sols). On peut l'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 from 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 (Qlz) 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 /f Sands and Gravets with Nonplastic
Fines (page g0) are as follows:

Sol/ Soil Type
Number

Angle of lnternal Friction
(degrees)

Loose Dense

1 Sandy gravels A4 S02 Well-graded sands, 32 45
angular grains

3 Silty gravels 27 A4
and sands,
uniform sands

3. The soll strength values used for the de-
velopment of Charts I and lt: Sands and Gravels
with Plastic Flnes are as follows:

porque se basa en parte en la identificación de
suelos, como se describe en el Compendio 2.
Texto Seleccionado 4; identificación 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 guía se desarrolló de
valores típicos de resistencia del suelo utilizando
soluciones gráficas parala estabilidad de
taludes, estudios en que se utiliza el método
convencional de tajadas, relaciones empíricas
publicadas, y las experiencias de los autores.

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

1. El efecto de filtración en los materiales de
granulación gruesa fue determinado utilizando
la mitad del ángulo de fricción inlerna (þ12)
como e! ángulo efectivo de fricción interna para
la condición de agua subterránea cerca de'la
superficie.

2. Los ángulos de fricción interna utilizados
para el desarrollo de las razones máiimas de
talud en la Tabla ll: Arenas y Gravas con Finos
No Plttsticos (página g0) son como sigue:

lVo
(grados) Tipo
de suelo de suelo

Angulo de fricc¡ón ¡nterna

Sue/fo Denso xxill

1 gravas arenosas 34 50
2 arenas bien 32 45

graduadas, granos
angulares

3 gravas y arenas 2l A4
fangosas, arenas
uniformes

3. Los Valores de Resistencia del Suelo que
se utilizaron en el desarrollo de los Diagramas I
y Il: Arenas y Gravas con Finos p/ásficos son
como sigue:

puede ulilizar 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-ldentification des roches - dé-
crite dans le texte no, 6 du même recueil; et les
essa¡s simplifiés décrits dans le texte no. 3 du
recueil no. 7. Le manuel a été développé à 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
qur ont été publiés, et de I'expérience person-
nelle des auteurs.

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

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 (f,/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-



So/
Number

So/ Angle of Internal Cohesion
Type Fr¡ct¡on (degrees) (lblft'?)

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

The fifth lex|, Determining Corrective Action
for Highway Landslide Problems, taken from
Highway Research Board Bulletin 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

1 (See page 93
2 for description
3 of these soils.)
4
È

1 (See pages 96-97
2 for description
3 of these soils.)
4
5

20
ti)

15
10

1 000
750
500
250
250

3000
1 500
750
400
200

4. The soil strength values used for the de-
velopment of Charts lll and lV: Fine Grained
So/s are as follows:

Sol/ Angle of lnternal Cohesion
Type Friction (degrees) (lblft2)

Soi/
Number

0
0
0
0
0

No
de suelo

1

2
a

4
5

T¡po
de suelo

véase Ia página 93
para la descripción
de estos suelos

Angulo de fr¡cciôn
¡nterna (grados)

No Tipo
de suelo de suelo

1 véase las
2 páginas 96-97
3 para la descripción
4 de estos suelos
Ã

Anguto de fricciôn CohesiÔn
interna(grados) (libraslpiê2)

3000
1 500
750
400
200

0
0
0
0
0

20
'I 5
13
I5
10

Cohesiôn
(libraslpié2)

1 000
750
500
250
250
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4. Los Valores de Resistencia del Suelo
utilizados en el desarrollo de los Diagramas llly
/V: Sue/os de Grano Frno son como sigue:

Deberá subrayarse que esta guía no deberá
seguirse indistintamente como respuesta pre-
cisa para toda situación. Deberá utilizarse en
conex¡ón con la experiencia local para llegar a

lus de la table ll: Sables et graviers avec fines
non plast¡ques p. 90 sont les suivants:

4. Les valeurs de résistance des sols utilisées
dans les tables lll et lV: Sols à grains fins sont
les suivantes:

/v0
du sol

Type
de sol

Type
de sol

Angle de frottement interne
(en degrés)

non tassé dense

Angle de frottement Cohés¡on
interne (en degrês) (livreslpied2)

Type Angle de frottement Cohêsion
de so/ interne (en degrês) (livreslpied2)

No.
du sol

1 graviers sableux 34 50
2 sable à 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 I et ll: Sables
et graviers avec fines plastiques sont les suivan-
tes:

iVo.
du sol

'1 voir pages 96-97 0 3000
2 pour la description 0 1500
3 de ces sols 0 750
40400
50200

Remarquons de nouveau que ce guide ne doit
pas être utilisé sans discrimination, et oomme
ayant une réponse précise pour toutes sortes de
situations. On doit I'utiliser en conjonction avec
I'expérience locale, pour arriver à des valeurs
raissonables de pentes de talus.

Le cinquième texte, Determining Corrective
Action for Highway Landslide Problems (Déter-
mination des mesures correctives pour résoudre
les problèmes de glissements de terrain en

1 voir page 93 20 1000
2 pour la 15 750
3 description 13 500
415250
5 10 250



literature and is recommended for use in all
landslides involving unconsolidated material. lt
involves the determination of possible slip sur_
faces and their investigation by graphical inte_
gration (i.e., the summation of tañgential and
normal forces of a set of incremental areas mea_
sured on a scaled section of the slide). ln 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. Add¡_
tional computations from thetame 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 oi 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) removat, (b) conirot, or (c) di_
rect rebalance of the ratio between resisÌance
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) principte invotved, (c) 6esi
application, (d) disadvantages, ie) meinôO ot
analysis, and (f) principal items in the cost esti_
mate.

The text concludes that, for a given highway_
landslide problem, there are numerous sblutions
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 (Cenlral Road

valores razonables para razones de taludes.
- El quinto texto, Defermining Corrective Action
for Highway Landstide probtems (Determinación
de la operación correctiva para pioblemas de
deslizamiento vial), de Highway Research
Boap Bylletln 49 (Boterín 49 d-et Consejo de tn_
vestigación Vial, Highway Research Boárd,
1955), presenta los principios básicos del
análisis de deslizamientos y clasifica las
medidas correctivas que comúnmente se utili_
zan para controlar o evitar problemas de de_
slizamiento de carreteras. Describe el análisis
preliminar de un deslizamiento, la investigación
detallada de campo del área del deslizañiento,
y un anáiisis de estabilidad de un deslizamiento
verdadero en suelo arcilloso sedimentoso sobre
roca basal.

El análisis 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. lncluye la determinación de
posibles superficies de deslizamiento y su inves-
tigación por medio de la integración gráfica (es
decir, la suma de fuerzas tangenciales y nor-
males de un grupo de áreas incrementáles
medidas sobre una sección graduada del de-
slizamiento). En los apéndices que se incluyen
con el informe, el análisis de estabilidad se de-
muestra y luego se modifica para la evaluación
de la presión hidrostática debida a agua subter-
ránea. Cálculos adicionales de la misma
muestra demuestran la técnica para computar el
tamaño de un contrafuerte de roca cerca del pie
del deslizamiento para contener el material.
También se anotan las computaciones que se

construction routière) tiré du Highway Research
B9?ld Bulletin 49 (Highway Resèarch Board,'1955), présente les principes fondamentaux de
I'analyse des glissements de terrain, et classe
les mesures correctives habituellement prises
pour éviter ou contrôler les problèmes de glis_
sements de terrain en construction routièrõ. On y
décrit I'analyse préliminaire d'un glissement de
terrain, l'étude détaillée, sur le teriain, de ce
glissement, et une analyse de stabilité d'un glis_
sement de terrain actuel, dans de I'argile limã_
neuse posée 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 déterminô les sur_
faces de glissement potentielles et leur investi_
gation, en utilisant l'intégration graphique (i e ,

l'addition de forces tangentielleé et noimales
d'un groupe de surfaces différentielles mesu_
rées sur une section divisée du glissement).
Dans les annexes on fait la démónstration de
I'analyse de stabilité, et ensuite on la modifie
pour évaluer la pression hydrostatique dûe à la
présence- d'eau phréatique. D,autres calculs, ti_
rés du même 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 I'emplacement et le nombre de pieux



Research lnstitute, New Delhi, lndia, 1966), was
written as a compilation 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 problems.

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

tures of landslides peculiar to different soit types
and the field and laboratory investigations of
landslides. lt lists the techniques of prevention
and correction of landslides, which is an expan-
sion of the list 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 landslides with a
view to planning control and corrective mea-
sures. The listing of the above rules contains
much practical advice and also refers the reader

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

Los diversos métodos para resolver prob-

xxvi lemas de deslizamiento por (a) remociÓn,
(b) control, o (c) un rebalanceo directo de la
razon entre resistencia y luerza han sido col-
ocados en orden de costo dentro de cada
categoría. Se han notado los siguientes factores
para cada uno de los varios métodos en cada
categorla: (a) descripción, (b) el principio in-

volucrado, (c) la mejor aplicación, (d) desven-
tajas, (e) método de análisis, y (f) partidas prin-
cipales en el cálculo 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, extraído de Handbook on
Landslide Analysis and Correcfion (Manual
sobre el análisis y corrección de deslizamientos,
Central Road Research lnstitute, New Delhi, ln-
dia, 1966), fue escrito como una compilaciÓn de
información utilizable, condensada en un solo
volumen, para el ingeniero en ejercicio que no
tiene el tiempo necesario para repasar la can-
tidad de literatura ingenieril que se concierne
con deslizamientos. Los Capítulos 1 y 2 no han
sido incluídos porque la informaciÓn 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 système 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 (où la route est située) par un matériau
lèger, et celui de rabaisser le profil de la route
au même endroit.

Les différentes solutions aux problèmes de
glissements de terrain par (a) suppression,
(b) contrôle, ou (c) en ré-équilibrant directement
le rapport entre la résistance et la force sont
rangées d'après le coût de chaque catégorie,
Les facteurs suivants sont notés pour chaque
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 coÛts.

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

Le sixième texte, extrait de Handbook on
Landslide Analysis and Correcfion (Manuel
d'analyse et correction de glissements de ter-
rain) publié par le Central Road Research
lnstitute, New Delhi, lndia en '1966, est une
compilation d'information utile, résumée en un
seul volume, à l'intention de I'ingénieur sur le
chantier, qui n'a pas le temps de passer en re-
vue le dédale de littérature technique sur les
glissements de terrain. Nous avons omis les
chapitres 1 eI2, car Ies informations qu'ils
contiennent sont déjà présentée, remises à jour,
dans les textes précédents de ce recueil. Ce
manuel n'est pas écrit avec I'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). lt 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 slopes 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) cut-fill 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. ln 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
propósito de eliminar la necesidad de consultar
con un experto o especialista sobre la solución
de todos los problemas de deslizamientos.

El texto incluye el diseño de taludes en cortes
de roca basal, el diseño de zanjas en áreas de
desprendimientos de rocas y la ubicación de
cercas guardarocas. Describe los elementos ca-
racterísticos de deslizamientos propios a distin-
tos tipos de suelo y las investigaciones de
campo y de laboratorio de deslizamientos.
Nombra las técnicas de prevención y corrección
de deslizamientos, como ampliación de la lista
proveída en el texto previo.

Concluye con las reglas básicas de análisis
para la prevención y corrección de deslizamien-
tos que incluyen (a) las reglas que se relacionan
con la ubicación de nuevas líneas de transporte
en terreno accidentado desde el punto de vista
de prevención de deslizamientos y (b) las reglas
que se relacionan con la investigación de

campo oe deslizamientos existentes con vista ai
desarrollo de medidas de control y corrección.
La lista de dichas reglas contiene muchos con-
sejos útiles, y también indica para el lector las
diversas secciones previas del texto (o por infe-
rencia los textos previos que las substituyen)
que describen con más detalle los problemas o
soluciones específicos.

El séptimo texto fue extraído de Construction
of Embankmenfs del NCHRP Synfhesis of
Highway Practice No. I (Construcción de terra-
plenes, Síntesis NCHRP de la práctica vial No B,
Highway Research Board, 1971). lndica que la
resistencia de un terraplén construído según
normas corrientes de diseño de pendientes no
es crítica si se utilizan materiales y compacta-
ción correctos. Los Textos Seleccionados 2 y 4
de este compendio indican que las pendientes
de relleno (construídas según las normas de di-
seño) de 6 a 1 ó 4 a 1 ampliamente exceden los
requisitos de estabilidad de material de relleno
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résoudre tous les problèmes de glissements de
terrain.

On couvre le dimensionnement des pentes de
déblai rocheux, des fossés dans les endroits
propices aux chûtes de pierres, et I'emplace-
ment de barrières de protection contre les
éboulements rocheux. On décrit les éléments
caractéristiques de glissements particuliers aux
différents types de sol, et les investigations en
laboratoire et sur le chantier. On énumère 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 règles de base
des analyses pour la prévention et la correction

des glissements de terrain: (a) règles sur l'em-
placement de nouvelles lignes de transport en
région montagneuse, du point de vue de la pré-
vention des glissements de terrain, (b) règles
pour I'investigation, sur le chantier, de glisse-
ments de terrain, au point de vue des mesures
de contrôle 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 problèmes ou de
solutions spécif iques.

Le septième texte est extrait de Construction
of Embankments, NCHRP Synfhesrs of
Highway Practice No. I (Construction de rem-



of establishing the height and the side slopes of
the embankment and of specifying criteria for
placement of the fill. Strict 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). lt 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 sed imentary 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. ldentification of
these various types of springs and the location

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

Los suelos blandos en la fundaciÓn (turbas,
margas, y limos y arcillas orgánicos e inorgáni-
cos) pueden ser removidos o consolidados. Los
rellenos sobre laderas de colinas aumentan la

rrviii tendencia de materiales de fundación inestables
hacia el deslizamiento y la interrupciÓn consi-
guiente del movimiento natural de agua de su-
perficie y agua subterránea. El banqueo del te-
rraplén para calzarlo a una fundación firme, y el
establecimiento de provisiones especiales de
drenaje podrían ayudar a superar estos proble-
mas. Básicamente 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 deberá pene-
trar la zona de corte lo suficiente para quitar
todo suelo inestable de la zona de subrasante.
El agua freática puede controlarse con el uso de
delantales peimeables de drenaje o algún tipo
de sistema de tubos de drenaje, o elevando el
terraplén en terreno llano.

El diseño de terraplenes viales consiste gene-
ralmente en el establecimiento de la altura y las
pendientes laterales dei terraplén y la especifi-
cación de los criterios para la colocación del re-
lleno. Si se adhiere estrictamente a la teoría de
equivalencias en el movimiento de tierras, pue-
den surgir graves problemas de construcción y
conservación 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 día

blais-NCHRP synthèse de pratique routière
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 eI4 de
ce recueil indiquent que les normes de pentes
de remblai de 6 pour 1 ou de 4 pour 1 excèdent
largement les conditions requises de stabilité
d'un matériau de remblai convenable. On attri-
bue la plupart des ruptures de remblais à (a) un
sol de fondation mou, (b) un remblai situé sur un
versant naturel, (c) des raccordements rem-
blai-déblai et (d) des problèmes d'eau phré-
atique.

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

versants naturels augmentent la tendance au
glissement des matériaux de fondation insta-
bles, et dérangent l'écoulement naturel de l'eau
de surface et de l'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 problèmes. 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 ilfaut 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 contrôler I'eau phréaiique 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. lf 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.

lf 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 iocation of ground water (a) before any con-
struction activity has taken place, (b) after
pioneer roads and slope benches in fill areas
have been constructed, and (c) during or after
construction.

en áreas de terreno llano muchos ingenieros
prefieren dejar de lado los conceptoé de dicha
teoría y construir terraplenes bajos contínuos. La
carga de diseño utilizada para evaluar la estabi_
lidad y la deformación de un terraplén es el
peso del terraplén y los materiales de pavimen_
tación que lo cubren. La única parte del terra-
plén gravemente afectada en su estabilidad por
eltránsito, es los primeros piés de la parte supe-
flor.

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

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

Es frecuente que el agua freática aþarece en
la superficie en forma de manantiales perma-
nentes o intermitentes (de tiempo de lluvias).
Estos manantiales son de tres tipos: (a) manan-
tiales de grietas, (b) manantiales tubulares, o
(c) manantiales de filtraci'ón. Si se identifican
estos diversos tipos de manantiales y se ubican
los pasajes subterráneos que los alimentan
cuando se ha desbrozado el terreno circun-
dante para la colocación del terraplén, el inge-
niero de caminos de bajo volumen tendrá uña
idea bastante precisa de las posibles áreas de
falla del terraplén. No se puede evitar una falla xxtx

blai dans les terrains plats.
Le dimensionnement des remblais consiste

généralement à établir la hauteur et les pentes
du remblai, et à spécifier les critères de mise en
oeuvre du remblai. On peut se créer de sérieux
problèmes de construction et d'entretien, si I'on
suit trop strictement les principes de l'équilibre
des terrassements en encourageant I'utiiisation
de sols de mauvaise qualité próvenant des dé-
blais, et d'emplacements où la fondation est de
mauvaise qualité. Le texte indique que dans un
terrain relativement plat beaucoup d,ingénieurs
routiers préférent ignorer le concept de I'equi-
libre des terrassements, et construire des rem-
blais continus et pas très hauts. L'hypothèse de
charge utilisée pour évaluer la stabilité et la dé_
formation d'un remblai est égale au poids du
remblai plus celui du revêtement 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 huitième texte est une communication inti-
tulée Locating Ground Water for Design of Sub-
surface Drainage in Roadways and Em-
bankments (Localisation de l'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
problème de la rupture des remblais construits
sur des terrains déclives. Comme nous I'avons
remarqué dans les textes choisis no. 6 et l, il y a
souvent rupture de remblai (glissement) quand
l'écoulement naturel de l'eau-de surface ou sou_
terraine est bloqué, surtout si le remblai est bâti
sur des couches de terrain sédimentaire.

L'eau souterraine apparait fréquemment à la
surface du sol en tant que source permanente
ou intermittente, par exemple seulement à la
saison des pluies. Ces sources sont de trois
sortes: (a) les sources dans les petites crevasses
des rochers, (b) les sources tubulaires ainsi
nommées 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 à l,ingénieur
de routes économiques, de précieuçes ¡nO¡ca_
trons 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 Íor 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

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 limit for this
compendium.

en el terraplén si éste se construye de materia-
les impermeables, si el método de colocaciÓn
produce un terraplén muy denso, o si no se
proporciona el drenaje necesario para todas las
vías de agua interrumpidas.

Si debido a mucha humedad, falla un terra-
plén durante o después de la construcciÓn, se
vuelve mucho más difícil localizar las fuentes del
agua que contribuyen al problema. No obstante,
si no se desvía el flujo, el terraplén fallará otra
vez después de repararse. Este papel habla
sobre la localización de agua freática: (a) antes
de comenzar con las actividades de construc-
ción, (b) después de que se hayan construído
caminos precursores y bancos de pendiente en
las áreas de relleno, y (c) durante o después de
construcción.

Bibliografia

Al final de los textos seleccionados el lector en-
contrará una breve bibliografía 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
artículos, informes, y libros que podrían nom-
brarse, no es el propósito de esta bibliografía
mencionar todas las posibles referencias que se
relacionen con el tema de este compendio. Con-
tiene únicamente aquellas publicaciones de las
cuales se ha seleccionado un texto y las publi-
caciones básicas que se habrían seleccionado
si no hubiera un límite al número de páginas en
este compendio.

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

Si, pendant ou après la construction, on a une
rupture de remblai causée par l'humidité exces-
sive du sol, il est beaucoup plus difficile de loca-
liser la source d'eau qui a contribué à cette rup-
ture. ll y aura de nouveau rupture de ce remblai
si l'écoulement n'est pas détourné avant la re-
construction. Dans cette communication, on dis-
cute comment localiser I'eau phréatique:
(a) avant de ôommencer la construction, (b) au
stade exploratoire de la construction de la route
et des redans dans les zones de remblai et (c)
pendant ou après la construction.

Bibliographie

Les textes choisis sont suivis d'une courte bi-
bliographie contenant les références et résumés
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 énumérer,
l'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 publications de base que nous aurions
aimé, mais n'avons pû inclure, pour des raisons
évidentes de concision.



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 all heavily de-
pend on transport facilities. Although rail ând
water facilities may play importantloles 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 S to
10 ve-hicles.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, quãlity, änd
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 is continually 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 writien by ex_
perts in the field. But much of the technology is

Descripción del proyecto
En las regiones rurales de países en desarrollo,
el desarrollo de la agricultura, la distribución de
víveres, la provisión de servicios de sanidad, y
el acceso a información por medio de serviciós
educacionales y otras formas de comunicación,
dependen en gran parte de los medios de trans-
porte. Aunque en ciertas áreas los medios de fe_
rrocarril y agua desempeñan un papèl 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 mercancías.
La mayor parte de esta necesidad se soluciona-
ría con la construcción de caminos de bajo vo-
lúmen que generalmente moverían únicamente
de 5 a 10 vehículos por día y que pocas veces
moverían tanto como 400 vehÍculos por día.

El planeamiento, diseño, construcción y man_
tenimiento de caminos de bajo volúmen para
regiones rurales de países en desarrollo pueden
ser mejorados, con respecto al costo, caiiOad, y
rendimiento, por el uso de la tecnología de ca_'
Tjlos de bajo volúmen que se encuentra dispo_
nible en muchas partes del mundo. Mucha de
esta tecnologÍa ha sido producida durante las
épocas de desarrollo de lo que ahora son los
países más desarrollados, y alguna se produce
contínuamente en estos países asícomo en los
países menos desarrollados. parte de la tecno-
logía se ha documentado en disertaciones, artí_
culos, e informes que han sido escritos por ex_
pertos en el campo. Pero mucha de la tecnolo_
gía no está 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, I'accès aux
services médicaux, l'accès aux matériaux et aux
marchandises, à I'information et aux autres ser-
v.ices, dépendent en grande partie des moyens
de transport. Bien que les transports par vóie
ferrée et par voie navigable jouent un rôle impor_
tant dans certaines régions, un besoin dominant
et universel éxiste d'un réseau routier qui puisse

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

L'utilisation des connaissances actuelles en
technologie, qui sont accéssibles dans beau-



undocumented and ex¡sts mainly in the minds of
those who have developed and applied the
technology through necessity. ln 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.

ln October 1977 lthe Transportation Research
Board (TRB) began this 3-year special project
under the sponsorship of the U.S. Agency for ln-
ternational Development (AlD) to enhance rural
transportation in developing countries 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.

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

rrollado y aplicado la tecnología por necesidad.
En cualquier caso, los conocimientos en exis-
tencia sobre la tecnología de caminos de bajo
volúmen están grandemente esparcidos geográ-
ficamente, varian bastante con respecto al idio-
ma y su forma, y no se encuentran fácilmente
disponibles para su aplicación a las necesida-
des de los países en desarrollo.

En octubre de 1977 el Transportätion Re-
search Board (TRB) comenzó este proyecto es-
pecial de tres años de duración bajo el patroci-
nio de la U.S. Agency for lnternational Develop-
ment (AlD) para mejorar el transporte rural en
los países en desarrollo acrecentand'o la dispo-

nibilidad de la información en existencia sobre
el planeamiento, diseño, construcciÓn, y man-
tenimiento de caminos de bajo volúmen. Con el
consejo y dirección de un comité de iniciativas
para el proyecto, el TRB define, produce, y
transmite productos informativos a través de una
red de corresponsales en países en desarrollo,
Las metas generales para el impacto final del
trabajo del proyecto son la promoción del uso
efectivo de la información en existencia en el
desarrollo económico de la infraestructura de
transporte y de esta forma mejorar otros aspec-
tos del desarrollo rural a través del mundo.

Además de la recolección y distribución de la

coup de pays, peut faciliter l'étude des projets
de construction, tracé et entretien, de routes à
faible capacité dans les régions rurales des
pays en voie de développement, surtout en ce
qui concerne l'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 l'on appelle main-
tenant développés, et elle continue à être pro-
duite à la fois dans ces pays et dans les pays en
voie de développement. Certains aspects de I
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 technologie des routes à faible
capacité, sont dispersés géographiquement,
sont écrits dans des langues différentes, et ne
sont pas assez aisément accessibles pour être

appliqués aux besoins des pays en voie de dé-
veloppement.

En octobre 1977 ,le Transportation Research
Board (TRB) initia ce projet, d'une duré de 3 ans,
sous le patronage de l'U.S. Agency for lnterna-
tional Development (AlD), 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 à faible
capacité. Avec le conseil, et sous la conduite
d'un comité de direction, TRB définit, produit, et
transmet cette documentation à l'aide d'un ré-
seau de correspondants dans les pays en voie
de développement. Nous espérons que le résul-
tat final de ce projet sera de favoriser l'utilisation
de cette documentation, pour aider au dévelop-
pement économique de I'infrastructure des tran-
sports, et de cette façon mettre en valeur d'au-
tres aspects d'exploitation rurale à travers le
monde.



ferences in the United States and abroad, and
other forms of communication.

Steering Committee
The Steering Committee is composed of experts
who have knowledge of the phfsical and social
characteristics of dävetopiñçi óôüntii"Ë, knowt_
edge of the needs of develoþing countries for
transportation, knowledge of existing transporta_
tion technology, and exþerience in iïs use.

Major functions of the Steering Committee are
to assist in the definition of userõ and their
needs, the definition of information products that
match user needs, and the identification of in_
formati'onal 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. ln general tnä Steer_
ing Committee gives overview-advice and direc_
tion for all aspects of the project work.

The project staff has respónsibility for the pre_
paration and transmittal of informatión products,
the development of a correspondence network
throughout the user community, and interactions
with users.

lnformation Products
Three types of information products are pre_
pared: compendiums of documented informa_
tion on relatively narrow topics, syntheses of
knowledge and practice on soméwhat broader

información técnica, se provee acciones recí_
procas personales con los usuarios por medio
de visitas de campo, conferencias en los Esta_
oos Unidos de Norte América y en el extranjero,
y otras formas de comunicación.

Comité de iniciativas
El comité de iniciativas se compone de exper_
tos _que tienen conocimiento de las característi_
cas físicas y sociales de los países en desarro_
llo, conocimiento de las necesidades de trans_
porte de los países en desarrollo, conocimiento
de la tecnología de transporte en existencia, y
experiencia en su uso.

Las funciones importantes del comité de ini_
ciativas son las de ayudar en la definición de
usuarios y sus necesidades, de productos in_
formativos que se asemejan a lab necesidades
del usuario, y la identificación de recursos de

conocimientos y humanos para el desarrollo de
tos productos informativos. A través de sus
miembros el comité provee vínculos con activi_
dades relacionadas con el proyecto y también
una guía para la interacción con los úsuarios. Engeneral el comité de iniciativas proporciona
consejos y dirección general pâra iodos los as_pectos del trabajo de proyecto.

tt personal de proyecto es responsable de lapreparación y transmisión de los productos in_
formativos, el desarrollo de una r.éO OË corres_
ponsales a través de la comunidad de usuarios,
y la interaccíón con los usuarios.

Productos i nformativos
Se preparan tres tipos de productos informati_
vos: tos compendios de la información docu_
mentada sobre temas relativamente limitados, la
síntesis del conocimiento y práctica sobre temas

vlt

En plus de la dissémination de cette docu_
mentation technique, des visites, des conféren_
ces aux Etats Unis et à l,étranger, et d,autres
formes de communication perireitront une inte_
raction constante avec les usagers.

Gomité de direction
Le comité de direction est composé d'experts
qui ont à la fois des connaissances sur les ca_
ractéristiques physiques et sociales des pays en
voie de développement, sur leurs besoins au
point de vue transports, sur la technologie ac_
tuelle des transports, et ont aussi de I'eipé_
rience quant à I'utilisation pratique de cette
technologie.

Les fonctions majeures de ce comité sont
d'abord d'aider à définir les usagers et leurs be_
soins, puis de définir leurs besoins en matière

de documentation, et d'identifier les ressources
documentaires et humaines nécessaires pour le
développement de cette documentation.'par I,in_
termédiaire des ses membres, le comité pourvoit
à la liaison entre les différentes fonctiòns relati_
ves au projet, et dirige I'interaction avec les
usagers. En général, le comité de direction
conseille et dírige toutes les phases du projet.

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

La documentation
Trois genres de documents sont preparés: des
recueils dont le sujet est relativemeni limité, des



subjects, and proceedings of low-volume road
conferences that are totally or partially sup-
ported by the project. Compendiums are 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. ln 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.

lnteractions W¡th Users
A number of mechanisms are used to provide in-
teractions between the project and the user

community. Project news is published in each
issue of Transportation 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 firslhand suggestions for the project
work and can assist directly in specific technical
problems. Additional opportunities 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.

v¡ll

un poco más amplios, y los expedientes de
conferencias de caminos de bajo volúmen que
están totalmente o parcialmente amparados por
el proyecto. El personal de proyecto prepara los
compendios a razón de unos 6 por año; se utili-
zan consultores para preparar las síntesis a
razon de 2 por año. Se publicará por lo menos
un expediente de conferencia durante el pe-
ríodo de tres años. 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 tecnología de caminos de bajo volúmen.

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

yecto en cada edición de laTransportation Re-
search News. Se transmiten, con los productos
informativos, formularios de retroacción para
que los recipientes tengan oportunidad de decir
cómo benefician los productos y cómo pueden
ser mejorados. A través de visitas semianuales a
los países 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 específicos. Surgen oportunidades adicio-
nales para la interacción con los usuarios a tra-
vés de conferencias internacionales y naciona-
les en donde participa el proyecto. Finalmente,
se organizan diálogos con estudiantes de paí-
ses en desarrollo que están inscriptos en uni-
versidades norteamericanas.

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

lnteraction avec les usagers
Un certain nombre de mécanismes sont utilisés
pour assurer I'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 première
main des suggestions sur le bon fonctionnement
du projet et peut aider à résoudre sur place cer-
tains problèmes techniques spécifiques. En ou-
tre, des conférences tenues soit aux Etats Unis,
soit à l'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.



Selected Texts
This section of the compendium contains
selected pages from each text that is listed in
the table of contents. Rectangular frames are
used to enclose pages that have been
reproduced from the original publication. Some
of the original pages have been reduced in size
to fit inside the frames. No other changes have
been made in the original material except for the
insertion of occasional explanatory notes. Thus,
any errors that existed in the selected text have
been reproduced in the compendium itself.

Page numbers of the original text appear
inside the frames. Page numbers for the

compendium are outside the frames and appear
in the middle left or middle right outside margins
of the pages. Page numbers that are given in the
table of contents and in the index refer to the
compendium page numbers.

Each text begins with one or more pages of
introductory material that was contained in the
original publication. This material generally
includes a title page, or a table of contents, or
both. Asterisks that have been added to original
tables of contents have the following meanings:

*Some pages (or parts of pages) in this part
of the original document appear in the

Textos seleccionados
Esta sección del compendio contiene páginas
seleccionadas de los textos catalogados en la
tabla de materias. Se utilizan recuadros rectan-
gulares para encerrar las páginas que han sido
reproducidas de la publicación original. Algunas
de las páginas originales han sido reducidas
para entrar en los recuadros. No se han hecho
ningunos otros cambios en el material original
exceptuando algunas notas aclaradoras que de
vez en cuando han sido agregadas. De esta
forma, cualquier error que hubiera existido en el
texto seleccionado ha sido reproducido en el
compendio mismo.

Los números de página del texto original apa-

recen dentro de los recuadros. Los números de
página para el compendio están fuera de los re-
cuadros y aparecen en el centro del márgeniz-
quierdo o derecho de cada página. Los núme-
ros de página que se dan en el índice del com-
pendio se refieren a los del compendio.

Cada texto comienza con una o más páginas
de material de introducción que contenía la pu-
blicación original. Este material generalmente
incluye una página título, un índice, o ambos.
Los asteriscos que han sido agregados al índice
original significan lo siguiente:

.Algunas páginas (o partes de página) en
esta parte del documento original aparecen

Textes choisis
Cette partie du recueil contient les sections ex-
traites des publications indiquées à la table des
matières. Les pages du texte original qui sont
reproduites, sont entourées d'un encadrement
rectangulaire. Certaines pages ont dû être rédui-
tes pour pouvoir être placées dans I'encadre-
ment. Le texte original n'a pas été changé
sauf pour quelques explications qui ont été
insérées. Donc, si le texte original contient des
erreurs, elles sont reproduites dans le recueil.

La pagination originale apparaît à I'intérieur de
I'encadrement. La pagination du recueil est à

I'extérieur de I'encadrement, soit à droite, soit à
gauche de la marge extérieure des pages, et est
celle qui est citée dans la table des matières et
dans I'index du recueil.

Chaque texte commence par une ou plusieurs
pages d'introduction qui étaient incluses dans le
texte original. Ces pages sont généralement le
titre, ou la table des matières, ou les deux. Des
astériques ont été ajoutés à la table des matiè-
res d'origine, pour les raisons suivantes:

*Certaines pages, ou portions des pages,
dans cet extrait dr-r 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

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. ln 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.

en eltexto seleccionado, pero otras páginas
(o partes de página) en esta parte de la pu-
blicación original han sido omitidas.

**Todas las páginas en esta parte del docu-
mento original también aparecen en eltexto
seleccionado.

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

cos en el índice de las publicaciones respecti-
VAS.

Líneas de guiones cruzando cualquier página
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 están insertadas en
recuadros de guiones y comienzan con la pala-
bra NOTE.

incluses dans les textes choisis, mais d'au-
tres pages (ou portion de pages) de l'édi-
tion originale ont été omises.

**Toutes les pages dans cet extrait du docu-
ment original sont incluses dans les textes
choisis.

Les textes choisis, donc, incluent seulement
ces extraits des documents originaux qui sont

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

Les lignes brisées sur les pages des textes
choisis indiquent les endroits où 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

Sfope Movernellt
Types and
Processes
fuvld t. Ya¡zcs

This ctupter reviews r fiirly compl.tc nnge of dope-
mvement processes ¿nd identilìes and clasifies lhem ac-
cording to fcaturcs that a¡c ¡lso to some degee relevant lo
ll¡cir rccogn¡tion, rvoidence, control, or correction. Al-
though the clasilìcation of hndslides prescnted in Spccial
Rcport 29 (2182)hzs been well received by the profcsion,
æmc dcficiencics have become apparent sincc that rcpon
rrr publistred in 1958; in particular, more than two dozen
prtirl or complete clasific¡tions h¡ve rppeared in nrious
bngrages, rnd miuy new data on slop proccsscsh¡ve been
prblished.

Onc obvious chenge is the usc of the term dopc move.
ænt¡, rather than l¡ndslides, in the title of this chapter
md in the clåssification chart. Th¿ term landslide is widely
rcd rnd, no doubt. w¡ll continue to be uscd ¡s ¿n all-
ùtclusiw tcrm for almost ¡ll ve¡ieties of slopc movements,
hcluding some that involve üttlior no true stiding. Never-
lhcles, improvements in technic¡l communication requirc
r dclibcntc rnd ¡ustained eflort to incrcasc the precision
úsoc¡¡ted with the meaning of words, ¡nd therefore the
tcrm dide u¡ill not bc us¿d to rcfcr to movcments thåt do
æt include rliding. Howevcr, there ¡cems to be no singte
dmple term tlut cmb¡¡ces the range of proccsscs discusscd
hcrc. Gcomorphologists will æe th¡t this discusion com-
grircs rhrt thcy rcfer lo ¡s russ yaiting or mas rmve.
!ænt3, Crc.pt for ¡ub¡idencc or other forms of ground
dnking.

The cl¡ssifìc¡tion describcd ln Special Report 29 ir herc
Cracndcd lo include cxtremcly dow distributed Í¡ovcmentr
of both rock ¡nd oi!; tho¡c moycmcnts rrc designatcd in
ouny clrsificrtion¡ r¡ crccp, Thc cl¡¡sifìc¡tion ¡!rc ln.
dude¡ thc incrcesingly recogrrized overturning or toppling
f¡ilurc¡ rnd rprcrding moycmcnti. Morc rttcntion is paid
b fc¡turc¡ r¡rcci¿ted r¡ith rnorcmenl¡ due to frcczing ud
lhrwin¡. rlthough rvrhncho comporcd mortly of now
r¡rd icc ¡n, ¡¡ before, cxcluded.

Slopc movcmcnt¡ n¡y bc chrdfìcd ln mrny wryr, erdr

lrving somc uscfulnes in emphasizing fceturès Frtirìcnt
to recognition, rvoidance, control, corrcction, or other pur-
poæ for thc clasifìcation. Among thc.ttributc¡ th¡t h¡vc
bccn uæd ¡s criteria lor idcntification rnd clasilìcation
rre type of movement, kind of materi¡l, r.tc of moverrcnt,
geometry of rhc ¡re¡ of failure and the resrlting deposit,
rge, causes, degree of disruption of the displaccd m.s, ¡?-
htion or hck of ¡Êlstion of slide geornctry to tÊobEic
!tructure, degrcc of devclopment, geognphic loc¿tbn óf
typ cxampler, ¡nd st¡te of ¡ctivity.

Tlrc chief c¡itcria uscd in the cl¡sifìc¿tion preænted
hcrc rre, rs in 1958, typc of movement primarily rnd typc
of ¡natcrial sccondarily. Typcs of moramcnt (defìncd bc-
low) rrc divided into fìve main groups: falls, topplcs,
rlides, spreads, and flows. A sixth group, complex dopc
move¡rænts, includes combinations of two or ¡no¡c of the
other five typcs. Materials a¡c divided into two chscs:
mck ¡nd cngineering ¡oil; ¡oil is furthcr divid.d iÍto de.
b'ris rnd canh. Somc of the v¡rious combinations of movc-
Írr¡ts ¡nd m¡terials arc slrown by diagrams in Fig¡¡æ 2.1
(in pockct in back of book); rn ¡bbrevi¡ted rcrsion i¡ drosn
h Figurc 2.2. Of couræ, thc type of bolh movcmcnt ¡nd

Fl¡r¡il 2.¿ Aùtrrvl¡¡d el¡dllcrrldt ol dopr lrorratrtr.
lF¡g¡n 2.1 h 9æl.r ln bck ol bæt C¡ü.Ðrì9h¡ cbiflc¡ba
rltñ t¡wlntfld.¡plm.rory ¡¡t l
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nrtcrhlr mry vtry from phcc to plrct or fiom tlmc to
!mc,-end ncrrly conrinuour gradrtron mey crist in both;
lhcreforc, ¡ rigid clrssificaion is ncithe¡ piacricel nor dc.
i¡¡blc. Ou¡ dcbt¡ ro rhc c¡rlier work of Shtrpc (2.1461
æmrin ¡nd ¡rc augmentcd by borrowings from mrny orha
æurær, including, particuhrly, Skcmpton rnd Hutchjn¡on
(2,154), Nemcok, P¡ick, ¿nd Rybåi (i. /, ó), de Frcir¡s ¡nd
Wrlten (2.J7), ãrub¡ ¡nd Mencl (2.J9J), ¡nd Zischinsky
(2.191r. Discussion¡ wirh D. H. R¡dbruch-Hall of the Ui.
9:¡"g."1 Survey have led to signifìcenr bcncfìci¡t chengo
h both conrcnt ¡nd form¡t of the prcrntation.

The clasifìcation prcs.nted heri i¡ concerned lcs with
effìxing short onc. or two.word n¡mes to ¡omewhal com.
plicrtcd slopc processcs ¡nd rhei¡ deporits rhan with dc-
wlopin¡ and attcmpting to makc more precisc ¡ uscful
rocabulary of terms by which thesc proceses and deposilt
mry bc described. For cxemple, rhe word crcep is pirric.
ubrly troublcsome bcc¡usc it h¡s bcen uscd long and
widely. bur with differing meanings, in both rhJm¡reriat
¡c¡cncls, such ¡s metallurgr, and in the e¡¡th sciencca,
rrch rs geomorpholog. As the rerminology of physict
u¡d m¡te¡i¡ls science becomes mo¡c and more appticd to
thc beh¡vior ofsoil and rock, it becomes ncc€ss¡¡ry to en-
¡¡rc th¡t the word creep conycys in each instance the con-
ccpt intended by the author. Similarly, the word flow has
bccn uscd in somewh¡t diffe¡ent senses by v¡rious authors
to dcsc¡ibe the bchavior ofear¡h m¿¡eri¡ls. To clarify the
mcaning of the terms uscd here, verbal definítions anã dis.
cusions a¡e cmployed in conjunction with illustrations of
both idealized and actu¡l examples to build up descriptors
of movement, marcrial, morphologr, tnd orhðr attributc¡
thrt mry bc rcquired to ch¡r¡cter¡ze types o[ slopc movc.
nrnts satisfactorily.

TER,US RELATING TO
MOVEI{ENT

Kinds of Movement

Since all movemcnt between bodies is only ¡elative, a de-
rcription of slopc movements must necessarily give some
rttcntion to identifying tl¡e bodies rhat are in relativc mo.
tion. For examplc, the word slide specilìes relative motion
bctwccn stable gound and moving ground in which rhe
wctor¡of relative molion are parallel to the surf¡cc of
rpar¡t¡on or rupture; fu¡rhermo¡e, the bodies remain in
cont.ct. The word flow, however, refen not to the mo.
tion¡ of thc moving mass relative to stable ground, but
nthcr to the distribution and continuity oi retative movc.
ræntr of prrticles *ithin thc rnoving mas¡ itself.

F¡ll¡

In f¡ll¡, ¡ mas of rny sizc k det¡ch?d from a steep slopc or
cliff, rlong ¡ su¡face on which little o¡ no shear disilacement
takes place, rnd dcrends mostly through the air úy free
frll,lcaping, bounding, or rolhng. Movcments are vcry rapid
b cxtrcmcly rapid (r€c rate of nrcyement scåle, Figure 2.i u)
rnd may or may not bc preceded by minor movements
lcrding to progresivc rparation of the ¡nas from its sourc!.

Rock fall i¡ ¡ fall of newly detrched m¡s f¡om an are¡
of hd¡ock. An examplc is shown in Ffure 2.3. Dcb¡i¡

t2

hll b ¡ f¡ll of debrl¡, wlrkh b compoæd of dctrltrt fn¡.
n*rtr¡xior to f¡ilu¡c. Fopq Q.IJI , p. tO4) nrggercd thrt
fellr of ncwly dcr¡ched m¡rcri¡l bc ctiled primrry rnd thoæ
hvolving cerlkr transporrcd loosc dchü, r¡ch ¡t th¡t fiom
shelvc¡, bc crllcd rcondrry, Armag thor tcrmcd dcbrb
fellr trcrc, Rrpp (2. I I I, e. 97lt lso dirtin gr irhcd pebblc fi[r
l¡ize lcs llun 20 mm), cobblc frlls (more th¡n 2'0 srm, but
bs th¡n 2ül mrn), rnd boulder falt¡ (more thrn 200 m¡¡).
lncluded wirhin fållr would bc rhc nvelin¡ of I thùr collu.
virl lrycr, rs illustnred by Deere ¡nd p¡uón (2JO, ¡nd of
fracturÊd. stecply dippin¡ weethcred rock, tr-illurtntcd by
Sowcr¡ (2.Jó2).

_ Thc fall¡ of locs elong bluffs of rhe lorr:r Missisrippi
River vdlcy, describcd in. rccrion on debri¡ fellr by 

"
\y.pc (2,146,9. 75), would bc c¡llcd carrh falb (or locs
falls) in the prernt clasifìcrtion.

Topplcr

Topplcs h¡ve bccn recogrized rehtivcly rccÉntly ¡s ¡ die
tina typc of movcmcnt. This kind of movrment consit¡
of'the forw¡¡d rotation of ¡ unit or units about somc pivot
point, below or low in thc unit, undcr thc action ofgr¡vity
¡¡rd forcts cxerted by adjaænt units or by fluids in crack¡,
It is tiltingvirhout collapsc. The most detailed descrip
tions h¡vc bccn given by dc Freitasand Watters(2.J2), end

?m1of their drawings are rcproduccd in Fþrc 2.ldl rnd
d2. From thei¡ studies in the British Isles, they concluded
that toppling failures arc not unusual, can dcvilop in r tr.
ricty of rock typcs, tnd c¡¡n nrngr in volumc from 100 m¡
to morc than I Gm¡ (130 to I .3 billion ydr). Toppting
rn¡y o¡ m¡y not cul¡ninate in eithe¡ falling or sliding, de.
pnding on the teometry of the failing mis and thã orien-
trtion.nd cxrent of the dirontinuities. Toppling failuç.
h.r F:n picturcd by Hoek (2.ó/), Aiscnsteiir(Zf , p. SZS),
rnd Bukoransþ, Rodríquez,and Cedrun (2./d) andlrudied
h dct¡il in laboratory expcr¡menr with blocks by Hofmann
(2.ó3). Forward rotation w¡s notcd in thc Kimúlcy coppcr
pit by tlamel (2. 56), analrzed, in a high rock cut Uy nieiu
ud others (2.IZf), and describcd among the prcfailurc
lmycments ¡t Vaiont by Hofmaurrn (2.62).

Slidcr

In truc ¡lidcs, the mowment consists of dre¡¡ Írain and
displacement along onc or scve¡al surfaces th¡t ¿rc visible
or rnay reasonably be inferrcd, or yith¡n a retatively nar-
row zonc. The movement may bc progresive; th¡t il,
shca¡ failure may not initially occui simultaneously over
whet evcntually bccomes a delìned surface of rupture,but
¡athcr it may þropagarc ftorn an a¡ea of local faiiure. Tl¡e
displaced mass may slide bcyond the original n¡rface of
rupturc onto wh¡t h¡d becn thc original gound surfacc,
which then bccomes a surfacc of separation.

Slidcs werc subdivided in the ctasific¡r¡on publishcd in
1958 (2./,82) into (a) thor in which the m¡tcrial in motion
b not greatly deformed ¡nd consists of one or a few unitr
rnd (b) thoæ in which lhc marcrhl is greatty deformed o¡
consists o-f many scmi-indcpendent un¡ts, Thcsc subtypcs
ve¡e further clased into rotation¡l slide¡ lnd plenrr slides.
In thc prescnt chsificarion, emphasis is put on thc disrinc-
tion bctwccn rot¡tion¡l ¡nd t¡ansl¡tional didc¡. for th¡t

i,
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F¡guro 2,3. Ræk fall du€ to undercutting along shore of Læ
Vegas Bay, Lake Mead, Nevada (photograph taken February
24,19491 |'2.1821. Rock ¡s Muddy Creek formôt¡on (Pliocsne)

cons¡sting hers of siltstono overlain by indurated breccia'

Figura 2,4. Slope failure in uniform matetial '2,1821,

(b) ROTATIONAL SHEAR ON
CYLINDRICAL SURFACE

difference is of at least equal significance in the analysis of
stability and the design of control methods. An indication
of degree of disruption is still available by use of the terms
block or intact for slides consisting of one or a few mov-
ing units and the terms b¡oken 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
either proceed as a relatively unbroken block or lead to dis-

ruption into many units, each consisting of debris.

Rotøtional Slides

The commonest examples of rotational slides are litt1e-
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 are concentric in plan and

concave toward the direction of movement. In many
slumps the underlying surface ol 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 surlace may approach the shape ol a sector ol 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 ol each

unit commonly tilts backward toward the slope (Figures

2.1 g, 2.1i, 2.4, 2.5, 2.6, and, 2.7 ), but some blocks may
tilt forward.

Figure 2.6 shorvs some of the commoner varieties of
slump failure in various kinds of materials. Figure 2.7
shows the backward tilting ol strata exposed in a longitu-
dinal section through a sma11 slump in lake beds. Although
the rupture surface ol 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-
sidered carefully when the engineer makes a slope-stability
analysis that assumes â certain configuration lor 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 toe 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
materials are subject. Since rotational slides occur most
frequently in fairly homogeneous materials, their incidence
among constructed embankments and lills, and hence their
interest to engineers, has perhaps been high relative to other
types of lailure, and their methods of anaiysis have in the
past been more actively studied. Geologic materials are

ældom unilorm, however, and natural slides tend to be

complex or at least significantly controlled in their mode
of movement by internal inhomogeneities and discontinu-
ities. Moreover, deeper and deeper artificial cuts for dam-
sites, highways, and other engineering works have increas-
ingly 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 engineering 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 s1ide. Occasionally, the scarps along the lateral mar-
gins of the upper part of the slide may also be so high and
steep that slump blocks break ofl along the sides and move
downward and inward toward 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 ol a slump may be ponded
by the backward tilt of the unit blocks or by other irregu-
larities in topography so that the slide is kept wet con-
stantly. By the successive creation of steep scarps and trap-
ping of water, slumps often become self-perpetuating areas

of instability and may continue to move and enlarge inter-
mittently until a stable slope of very 1ow gradient is at-
tained.

Translational Slides

In translational sliding the mass progresses out or down
and out along a more or less planar or gently undulatory

13
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r¡f¡cc ¡nd h¡¡ little of the rotuy mortrnent or brckrr¡d
tilting cherrctcrirtic of dump. Thc moving m¡s côm-

rmnly rlidcs out on the original ground ¡urf¡cc. The dig
tinction bctwccn rot¡lional ¡nd tr¡nd¿tiond slidcr i¡ usc.

ful in plrnnin¡ con¡rol measu¡er. The rotrry movemcnt of
r dump. if the surface of rupture dips into thc hill ¡t tha

foot of the slide, tcnd¡ to rertorc equilibrium in the un.

3¡ble mas; thc drivint momcnt during movemcnt de-

cre¡scs and the slide mây stop monng. A translalional
didc, howeve¡, mây progre$ indelìnitely if the surf¡ct on
which it rcsts is suffìciently inclined ¡nd ¡s long as the shcrr
rcsistanct along this surf¡ce rem¡ins lower than the more
or les constant driving forcc. A translation¡l slide in which
thc moúng mas consist¡ of r single unit that is not greatly
deformed or ¡ fcw cloæly rclatcd unit! mly bc called a

block slide. lf the moving mass consists of many scmi-

hdepcndent un¡ts, ¡t i¡ tcrmed ¡ broken or disruptcd slide.

Thc movcmcnt of translational slidcs is commonly con-
Eolled structurally by surfaces of wcakness, such ¡s faults,

þints, bcdding planes, and v¡riations in she¡¡ 3trentth bc-

trccn byar of bcddcd depodtr, or by thc contrct bctTcÉî
fum bcd¡ock rnd ovcrlying dctritus (Figurc 2.1 l). Scverd
cxrmplo of block ¡lide¡ ¡re ¡hown in Figurc 2.1j2, 2.11,

2.12.2.13 Q.ß6LZJa Q.107),asd 2.t5. ln m¡ny tr¡n$
btion¡l ¡lida. thc ¡lid¡ rnas ir gcatly defor¡n¿d or b¡c¡t¡
up into many mo¡e or lcsr indepcndent unit¡. A¡ dcformr-
tion rnd disintcgration continuc, and cspcially es wrta
cont¿nt or vclocity o¡ both inøearc, thc broken or di¡-
ruptcd slide mars m¿y change into ¡ florr; hwcvcr, ¡ll
gradrtions exirl, B¡oken translation¡l slide¡ of rock r¡c
drown in Figurc 2.1j3 ¡nd of dcbris in Figura 2.lk and
2.t6 (2.83).

Lrtenl Spæedr

ln spreads, the domin¡nt mode of movcment is bter¡l cx.
Lnsion ¡ccommodatcd by st¡car or tcnsilc fractu¡c¡. T*o
typca m¡y be distinguishcd.

L Distributed movcments rcsult in ovcrall cxtension

Fl¡r¡¡ 25. Vri.ti¡ ol dorp
uLt82l.

l4

Ll ¡!il tlllula l¡ xüOCf llol,t¡ ulalr^t.
ctlcuut a¡c. lil slro: üoltY o¡ slæ€ ^þIil iurt^ßa of trttuta r¡tft3¡cÎ¡ ¡oa or
arct.

usa Í^t(u¡f r¡ xgæE¡€o6 cL^Y stt?
GlacLI faict¡t to frim !¡s:. ct¡t:t o¡
vartE¡r trctor oÍ ¡tot.

bl Sloa t^rLurl r¡ ¡o.¡r.æ:¡Ío{Js ¡ar:r¡^!.
3Ui¡¡C¡ Ot t¡tlutt to(Lffi Drrr¡c t¡atlto.

lal lasc ,arrut¡ r¡ xoinþc¡N:ffi ral¡tral
sui¡rcc ot tFuiI ro(rffi a¡9 ot Y:tv
¡otr ct¡Y.

\ lO r^llut¡ñlx¡tlSOfxllttlLL

%í2,Æ
tàt lrrot ri rrLt rivorvrs u¡otrtxru3l¡E ot

tr¡t ¡ut:act ut¡tral oor 3let.

l.l ¡llOt at¡e^lx SlOlHl(l
ÍtL. Strtcoil¡o!Lfo

hl tattutt ot :n^¡¡¡lif. ca^val co{rtta¡.
:ctoHt o.r Lttt ¡toa tlaYail¡ Stto¡. .
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Figure 2.6. Slump of lill,
controlled ¡n this
instance by failure
¡n underlying so¡l
12. t 821,

Figurø 27, Slump in thinly bedded lake deposit of s¡lt and clay
in Columbia Rivor vrlley (note bockward tilting of beds above
¡urfacs of tupturel 12,1821.

Figure 2,8, Slump in bedded deposits s¡m¡lar to thoso shown in
Figure 2,7 (note that surface of rupture follows horizontal
bedding plane for pan of ¡ts løngthl 12.1821,

but without a recogrized or well-defined controlling basal
shear 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 Figlue2.lm2 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 Telluride, Colorcdo 12.182,2.183l.,
This slumpcarth flow landslide occurred in glacial t¡ll ov€rlying
Mancos shale. Repeated slumping took placê along upper marg¡ns
after main body of material had mov€d down. Long axes of slump
blocks I and 8'are parallel w¡th rather than psrpendicular to
d¡rection of movemsnt of ma¡n part of slide. Blocks I and 8'
moved toward lsft, rather than tomrd observer.

ZONE A
lrovcmni chiôtly by larg+
sl. ¡lump¡ng ålong d¡p
srlæ
A. A', A"
Pr¡nc¡pal slump un¡ts
B, B'
Narrow slump unit with
d6 perpendiculôr to
axes of main slump un¡ls
and pêrallel w¡th lengrh
of ña¡n slide
E
"lsland" remain¡ng after
downward movement ol
un¡t D lrom area E.

ZONE C
Toe of slide area; orig¡nâ¡
form âltered by railroad
reconst¡uction work.

100 ml-l
328 lt

Figure 2.9. Slickensides in foot aroa of shallow slide ¡n Psnn¡ngrton
Crãle residuum (highly weathorod clay shalel along 140 in Roaie ã|,Ït"P*.n,,.*,
County, Tannessss. 
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Figure 2.11. Thin layer of residual dsbr¡s that sl¡d on inclined
strata of mstasiltstone along 1.40 in Cocke County, Tennesee,

Figure 2,12, Block sl¡de at quarry (2. 1 821,

claystone. The underlying layer became plasticand flowed
to some 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 ¡ate of movement of most lat-
eral spreads in bedrock is apparently extremely slow.

I-aterally 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 stârts 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 farthèr into the
bank. The principal movement is translation rather than
rotation. Il 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 types appear to be members of a gradational series
ol landslides in surficial materials ranging from block slicles
at one extr€me, in which the zone offlow beneath the slid-
ing mass may be absent or very thin, to earth flows or com-
pletely lìquefied mud flows at the other ext¡eme, in which
the zone offlow inclutles the entire mass. The form that is
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Figwe 2.14, Sætion view of translational slide
at Po¡nt Ferm¡n, neaÍ Los Angeles, Californ¡a
(sea also Figure 2.151 12.lO7,2.lezl.
Max¡mum avorage rate of movement was
3 cm/week (1,2 in).

80O m

-

Figure 2.13. Development
of landslides ¡n hor¡zontal
sequence of claystone and
coal causod by rstax¿t¡õn
of hor¡zontal lresses
resulting from rsduction in
thickness of overlying strata
(2. t 361.

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.

l,ateral spreads in surficial deposits have been destructive
olboth life and property and have, therefore, been the sub-
ject of intensive study. Examples may be cited from Sweden
(Caldenius an d Lundstrom, 2. l B), Canad,a (Mitchell and
Markell, 2.108), Alaska (Seed ar,d lVilson,2.144),and
California (Youd,2.l91). Most of the spreading failures
in the western United States generally involve less than total
liquelaction and seem 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-

i1B failure of Bootlegger Cove clay beneath the Turnãgain
Heights residential district at Anchorage, Alaska, during
the 1964 great earthquake resulted in some loss oflife and
extensive damage. In some areas within the city of San
Francisco, the principal damage due to the 1906 earth-
quake resulted from spreading failu¡es that not only did
dtect 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 ofPleistocene age present
some common and characteristic features: Movement of_
ten occurs_for no apparent external reason, failure is gen_
erally sudden, gentle slopes are often unstable, dominant
movement is translatory, materials are sensitive, and pore_
water pressure is importantìn causing instability. Ali de-

'fl -f
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Figurc 2,15. Translat¡onal slido at Po¡nt Fermin, Califomia.
Photograph, wñieh was takon Janu¡ry 17, 19G5, indicates minor
dump¡ng ¡nto grp at rær of main mass and ¡mm¡nont rock falls
rt ¡.a cl¡ff. P¡¡nc¡p.l mot¡on, ho$y.Ì, m¡ by diding¡lottg
gently soarvard d¡pping 3trata.

Figurs 2.16. Dobris slids of disintograt¡ng 3o¡l
sliB varisty |.2.83, 2. 1 821.

grees ofdisturbance ofthe masses have been observed; some

iailures 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 difficult 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 ofvelocities 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 soil. 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 ís simply deformation that con'
tinues under constant stress. Some of the creep deforma-

tion may be recoverable over a period of time upon releaæ
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 defìned in geomorphol-
ory), but increasingly sophisticated methods of measure-
ment make this requirement diffìcult 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. I:boratory
studies show that both soil and rock, as well as metals, can

exhibit all three stages ofcreep. Obse¡vations in the field,
such as those reported by Müller (2.112) at Vaiont, em-
brace within the te¡m 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 along a 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 flows, 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 delormations that are

distributed among mâny 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 Figtre 2.1pI ,2.1p2,
2.1p3, and2.1p4. 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 ofthe world. They are quite varied in character, and
several kinds have been described as creep by Nemöok,
Paiek, and Rybâi (2.116) in a general classification of land-
slides and other mass movements, as gravitational slope de-

formation by Nemðok (2. 114, 2.115), by the term Sackung
(approximate translation: sagging) by Ziscfunsky (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 ofgravitational
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

Dstributed 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 fluidizlng effect ofwater
itself is, as a rule, a part of the process. Slip surfaces within
the moving mass are usually not visible o¡ 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, iess commonly, debris avalanches

may have slump blocks at their heads. In debris slides, the
moving mass breaks up into smaller and smaller parts as it
advances toward the foot, and the movement is usually
s1ow. In debris avalanches, progressive failuie 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 generally 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.l7,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 ¡esult from
unusually heavy precipitation or from thaw of snow or
frozen soil. The kind of flow shown in Figure 2.1q1 often
occurs during torrential ¡unofffollowing 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 by a

series of pulses in their lower parts; these pulses presumably
âre 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

l8

FtgtJre 2.17. Debris avalanche or very rapid debris flow at
Franconia Notch, New Hampchire, June 24, 1948, after several
days of heavy ¡aintall 12.'1821, Only soil mantla 2 to 5 m (7 to
6 ftl thick, which lay over bedrock on a slope of about 1 :1,
ms involved. Scar is about 450 m (15ü) ftl long; natural levsæ
can bo seen along 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 poorly 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 better 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 Campb ell (2. 2 0), D aido (2. 3 4), F isher (2. 4 6), t\)f chirl-
sn (2. 7 0), Hutchinson and Bhandari (2. 7 2), J ohnson and
Rahn (2.76), Jones (2.78), Prior, Stephens, and Douglas
(2.12g),Rapp (2.131),K. M. Scott (2.141), R. C. Scott
(2.142), and Williams and Guy Q.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

15
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mechanisms th¿t can be t¡eated 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), Wastrburn
(2.187), and Co¡te (2.27);the proceedings of the Interna-
tional Conference on Permafro st (2.1 1 1); and recent work
by McRoberts and Morgenstern (2.104, 2.105) andEmbl:-
ton and Kngp.a\.

Subaerial flows in fìne-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 2.117 through 2.h5, 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 revfewing.soviet work on mud flows,
Kvdin (2.91) recommended a classification of mud flows
based on (a) the nature of the water and solid-material
supply; (b) the structural-rheological mode1, 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 retrogessive flows, as shown in FigLne 2.hl ,
occur mostly along banks of noncohesive clean sand or
silt. They are especially common along tidal estuaries in
the coastal provinces of Holland, whe¡e banks of sand are
subjec{ to scour and to repeated fluctuations in pore-water
pressure because of the rise and fall of the tide (Koppejan,

Fþure 2,18. RctÌogross¡yo flowsl¡d€ ånd rpontanoous
liquefaction (2.31.

1., RETROGR€SSIVE FLOll, SLIDE
luæhêñism altet Koppejeh, Van Wêûêton, snd We¡nbery, 2.gg)

Figure 2.19. Earth flow nsar Greonsboro, Êloúda 12.80,2.1g21,
Matef¡al ¡s flat-ly¡ng, partly indurated claysy snd ot the Hawthorh
format¡on (Miocenel, L€ngth of sl¡de ¡s 275 m (g00 ft) from *arp
to €dge of troes ¡n foreground. Vsrt¡cal d¡stancs is¡bout lE m (¿15

ftl from top to bese of scarp and about 2() m (60 ft) from top of
scarp to tos. Slide oæurred in April 1948 after year of unuoally
hoavy rainfall, including ¿10 cm (16 inl during 30 d precading
d¡ds.

Van Wamelon, and Weinberg, 2,89). tVhen 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 enlarges 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 subaqueous
mass-transport processes and the resulting deposits have
been preænted by Cafter (2.21).

Rapid earth flows also occur in fine-grained silt, clay,
and clayey sand, as shown in Figures 2. I 12 a nd 2.19 (2. I 0).
These flows form a complete gradation with slides involving
failure by lateral spreading, but they involve not only lique-
faction of the subjacent material but also retrogressive iail-
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 watef 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. Iåwrence
River valley in Canada, and Alaska during the 1964 eafih-
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 AIas-
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,2.2l (2.79), resembles
in some respects the ea¡th flow at Riviere Blanche, euebec,
shown in Fþure 2.h2 (2.146).

The somewhat drier and slower earth flows in plastic
earth are common in many parts of the world wherever
there is a combination of clay or weathered clay-bearing

rER LEVÊL FLOW SLIDE

-SCOURÐ OUT 8Y TIDAL CURRENT

LARGE SlnAlN VÊLOCITIÊS 0.05 ro SEVERAL km/h

(b) $ONTANÊOUS LIOUEFACTION
I SECONDARY sLIDE

SMALL STRAIN VELOC¡T|€S l0 ro 1æ Km/h

Note: I km/h = O$ mph.
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rocks, moderate slopes, and adequate moisture; Figare 2.22
shows a typical example. A common elongation of the flow,
channelization in depression in the slope, and spreading of
the toe are illustrated in Figure 2.1¡3 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 ofrocky debris on steep slopes moving
extremely slowly and olten 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 mate¡ial. In form, they may be channelized, as shown

in Figures 2.7t4 and2.24, or sheetlike, as shown in Figure
2.25 (2.79). Small flows of dry silt, powered by impact

Figure 2,20. Ræd Torraco arsa, Ì¡ght bank of Laks Roosevolt
nssrvoir on Columbia River. near Kettlê Falls, Wash¡ngton, May
15, f 951 12. I 82l.. Landslide of April 10, 1952, involv¡ng about
11 Mm3 (15 mill¡on yd3) took place by progresiye slump¡ng,
liquefact¡on, and flowing out of glaciofluvial sediments through
narrow orif ico into bottom of rærvoir.

Íigure 2.21, Rsod Terraca arsr, Laks Roosoyolt, Wadrington,
Ausüsl 1, 1952, after land¡lide of April 10, 1%212.79,2'1821'

on falling from a cliff, have been recognized, but so far as

is known none has been studied in detail (Figve 2.26).
Flows of loess mobilized by earthquake shockhave been

more destructive of life than any other type of slope failure.
Those that followed the 1920 eæthquake in Kansu Province,
China (C1ose and McCormick,2.23),shown in Figu¡e 2.115,
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 vi1-

lages. The flows were essentially 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 dovslop¡ng from slump noar B€rkolsy,
Cal'lÍonia 12.1821.

Figwo 2,n. Old d€b¡s flow ¡n altorod yolc¡nic rocks rvtst of
Pahs¡mero¡ R¡yer in south csntrål ldaho.

...{r-;-::%f*Í. r ..."î:.ÀÈ* ,'ìì
@^..-t.,_¿<r._-., n\--: :

a, 60 Y.^....ê----¿:yt: ;'-- .

^L. Saþa. Oî ttaa-_. ¿_- lf - ¿< -
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Figwe 2.24. Dry snd flow ¡n Columb¡a River valleV Q.l82l.
Material ¡s snd over lake-b€d s¡ lt; dry sand from upper terrace flowed
like l¡qu¡d through notch ¡n mor€ compact snd and silt below.

Figtre 2.25. Shallow, dry, *nd flow along shore of Lake
Roosevelt, Wash¡ngton 12.79Ì.. Wave erosion or stural¡on of
sd¡ment by lake water causd th¡n sk¡n of mater¡al to loæ
glpport and ravel off terraæ wrp.

Figure 2,26, Dry flow of silt Q.l82l . Material ¡s take-bed s¡lt of
Pleistocene age from high bluff on r¡ght bank of Columbia River,4
km (2.5 milæ) downstream f rom Belvedere, Washington. Flow wâs
not observed wh¡le ¡n mot¡on, but ¡s believed to resultfrom blocks
of s¡lt fall¡ng down slope, d¡s¡ntegrating, forming a single high-
density solid-¡n-a¡r suspension, and flow¡ng out from base of cliff.

tion of one ol more of the principal typesof movement de-
scribed above, either within various parts of the moving
rrass or at different stages in development of the movements.
These are termed conplex slope movements, and a fèw 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-fragrnent flow (variety ¡ock-fall
avalanche) in the 1958 classification (2.182). Rock slide-
and rock fall-debris flows are most common in rugged
mountainous regions. The disaste¡ at Elm, Switzerland
(Heirn, 2.58, pp. 84, 109.1 l2), which took 1 15 lives,
started with small rock slides at each side ofa 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 cha¡acte¡ of a flow. The r¡ass
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 2.1sl).
About 10 Mm3 (13 million yd:) of ¡ock descended an aver-
age of 470 m (1540 ft) vertically in a toral elapsed time of
about 55 s. TI'Le kinetic energy involved was enormous.
A similar and even larger rock-fall avalanche occurred at
Frank, Albe¡ta, in I 903 and also caused great loss of life
and property (McConnell and Brock, 2.103;Crudenand
K¡ahn,2.33).

These rock lall-debris flows a¡e minor, however, com-
pared with the cataclysmic llow that occul'ed ar the time
of the May 3 I , I 970, earthquâke in Peru, which buried the
city of Yungay and part of Ranrahirca, causing a loss of
more than l8 000 lives. According to Plafker, Ericksen, and
Felnandez Concha (2. I 26), the moventent 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
yd:) of rock, ice, snow, and soil that traveled 1 4.5 krn (9
rniles) from the source to Yungay at a velocity between
280and 335 km/h(175 to 2l0mph). Theyreporred strong
evidence that the extremely high velocity and low friction
ofthe flow were due, at least in part, to lubrication by a
cushion of air entrapped beneath the deb¡is. Pautre,
Sabarly, and Sctureider (2.122) suggested that the mass
may have ridden on a cushion of steam. A sketch of the
area affected is shown in Ftgure 2.2l ,taken from a paper
by Cluff (2.24) on engineering geology observations.
C¡andell 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
Emnrons Glacier on the east flank of Mt. Rainier volcano,
Washington.

Such florvs probably cannot be produced by a few thou-
sand or a few hundrcd thousand cubic meters ol nlaterial.
Many rnillions ol megagrams are required; and, when that
much rnate¡ial is set in motion, perhaps even slowly, pre-
dictions of behavior based on past experience with small
failures become questionable. The rnechanics of large, ex-
tremely rapid debris llows, many of which appear to have
been nearly dry when formed, have come under much ¡e-
cent study. The large prehistoric Blackhawk landslide
(Figure 2.28) shows so little gross rearrangement within the
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drcct of dcb¡i¡ of which it ir c¡ mposcd t h¡ t Slueve (2. ll8)
bclicved thc brokcn m¡terial w¡s not fluidized but slid on
rn cphcmcrrl hyer of compresscd ri¡. He reporlcd, simi.
hrly, thet thc largc landslide thri wu triggered by the Alerb
cuthqurkc of 1964 ¡nd fcll onto thc Shcrman Gl¡cicr
drowcd li¡tle large-scrle mixing and did not flow like ¡
viscou¡ fluid bu¡ instcad slid like ¡ flexible ¡hcet (Slucvc,

2HÐ. An the othe¡ h¡nd, Johnon and Ragle (2.77) tc.
portcd,

Iltøny rock-tnow slidcs tlat lollowtd lrom thc Alaska eartlt-
qukc ol llatch 27, /,964, illustmted a variery of flow me
dpttict" The lormof somc slides sugests a complete turbw
bnce during flow, while the lorm of othen gives evidencc

lu stcady-state fiow or lor controlled shearing.

From ¡ detailed analysis of the kinematic¡ of natural rock
falldebris flows and from model studies, Hsü (2.óó) disputed
Shrcve's hypothesis th¡t some slid as relatively undeformed
Crcet¡ on compressed air rnd concluded, rathcr, th¡t they
flowed.

Obviously, thc¡c is much yet to be learned about thcsc
proæsscs, parlicularly as similar features indicaling mass

¡¡ovements of huge size h¡vc bcen recognized in Mariner 9
photographs of the surface of Mars (Sharp, 2.145),where
it is yet uncertain th¡t $gnific¿nt ¿mountr of either liquid

or glr wcrc rrril¡blc for fluidiz¡tion.
Getting brck to E¿rth, we note sclfcxplanatory cxrmpler

of comphx movcments in Figurc 2-l: dumptopplc in Fi¡-
u¡c 2.1¡2, rock ¡lide-rock fall in Figrrc 2.1c3. ¡nd rhc cqflr-
mon combinrtlon of r slump thet brcats down into ¡n É¡rth
llow in its lower p.rt ¡n Figurc 2.1s5.

Thc illurtr.tion of cambering and nlley bulging in Fþrc
2.1s4 is adapted f¡om the classic¿l papcr by Hollingworth
rnd Trylor (2.ó5't on the Northampton S¡nd lron¡tonc in
England, thei¡ e¡rlie¡ påpc¡ on the Kcttcring district (2.ó{),
¡nd ¡ ¡ketch supplied by J. N. Hutchinson. The complex
movcmenß wcre described by Hutchinson (2. é8) rs followr:

Ctmboíng ønd Yallcy Bulgrng. Thesc rchted fatur¿t wae
ftrst clearly rccognked in l9¿14 by Hollingwtrth, Taybr,
ød Kelb*zy lscc reference in Tcnaghi, 1950) in th¿ North-
ampîon lrønstone field of centml England, wherc thcy arc
believed to luw e Late Pleistocene origín. The i¡onstone oc-
ants in thc nø-løri¿ontal and rehtively thin Nortlømpton
&nds, which a¡e the uppemost solid rocks in the neighbor-
lood Thesc a¡e underlain, conformablv, by a grøt thick-
ness of the Lüt, into which slullow valleys, typically 1200
to I50A meten wide and 45 metcn deep, luve been erod.ed.
Exavølbns for dam trcnches in the valley bot¡oms have
shown the Lias the¡e to be thrust strongly upw,ard utd con-
toned, whik openøst *orkings in the Nonlumpton fundt

Í!Ítn2.t . An ¡lfra¡d þ Mry 3t, t970, Hu¡grin d.brh ¡v.Lncà., *h¡dì ot¡dillrd ¡l pint A t2.211.

Ysnty n¡ Fotctrd trom ¡nqry f O, f 962, drbr¡r ¡v.Lnch. by l80 to 2¡10-rn (600 ro &X).ttl higlr r;dç
lÞoail 81, hüt. pon¡orì ol M¡v 31, 1970, d¡bri¡ ¡vrl¡ndì. divrt.d trom roúth ridr of anyon rll, 1o9g.d
-Fotact¡v." r¡dga, ¡rìd dã€nd.d on Yunçy brlow. Only rlr phca in Yt¡ñfry mr Crm;trry Hill lpoint Cl,
ftra -ma lll pæpl¡ ßilg.d lo tun to b.lo.. d!Þi! tYtLn.rì. d.tl¡t.d lrrønding rl' Mov¡ng ¡t
irrngr ¡p¡rd ol 320 lm lãþ mplrl. d.brit rrr¡vrd rt point O. t¡1.5 ln {9 nil¡d d¡t¡nt ¡nd 366O m (f 2 0OO

hl tow¡r, wnhin 3 to I min ¡ftr ltrtin¡ l¡om nonh pot ol Hqgriñ. D.b.¡ llor.d uÞamrm tlor¡ an!
d Rio Srnt¡ {Þoiât El tpp?o¡ißt.ly 2.5 lm 11.5 milal. D.b¡¡ Gûñt¡ñu.d to lollor couÐ of R¡o Smtl
domrlr-m to P.cifk Ocrn. rgpro¡¡rfltrly 160 trn ll(þ n¡lcr, d.n¡lrtin¡ Yill.g.t ¡nd ctoF oølpyin¡
ñoodpbia.
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sOUÍB P€Af

ln

*Ír;
ìir 'r

Ar.a ¡pÞrrañtlv ovr?ldóan
bv rvrbñcht d.bir bst |ttl
und¡f u?ba4 slgüt¡î9 4k.
e-ìþa¡ñ¡.llGl

wz7 t;/t
)-'''!z
'(,,:l ,( \\

.!/; I r. t¡13

22

19



Compendiurn 13 Text 1

20

occupying the interfluves reveal a general valleyward in-
crease of dip of "camber" of this stratum, often passing
into díp and faub structure, suggesting corresponding
downward movements slong the valley mørgins. In adiust-
íng to these movements, the rígid cap-rock has been dislo-
cøted by successive, regulørly spaced fissures which pøral-
lel the valley and are known as "gulls." Simihr features
have been recognized in other parts of England and in Bo-
hemia. 1he mechanísms by which cambering and valley
bulging have been formed remøin 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 obse¡ved 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-
lyzedin detail by Johnson (2.75).

Sequence or Repetition of Movement

The term retrogressive has been used almost consistently for
slides o¡ flow failures that begin at a local area, usually along
a slope, and enlarge or retieat opposite to the di¡ection 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. 1 3 ; I\ellman, 2. I 4 ; T er -Stepa¡ian, 2. I 7 0, 2. I 7 I ; Thomso n
and Hayley, 2.177),(b) upslope (but not specifically up-
slope only) (See d,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;Frö1ich,2.5.1 ; Ter-Stepanian
and Goldstein, 2.l73,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 te¡ms complex, composite, compound, multiple,
and successive have been used in different ways by various
authors. I suggest the following definitions.

1. Complex refers to slope movements that exiibit 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. I 471. Upslope view,
southward over lobe of dark marble breccia spr6ad b€yond mouth
of Blackhawk Canyon on nonh flank of San Berna¡dino Mounta¡ns
in southern California. Max¡mum width of lobe is 3.2 km (2 milesl;
hoight of scarp at near edgo is about 15 m (50 ft),

Figure 2,29. Main typss
of rotat¡onal sl¡de
12.681.

l.rcller (2.128) to describe sliding mud flows.
2. Compound ¡efers to movements in which "the failure

su¡face 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. I 54).

3. Multiple refers to manifold development of the same
mode ol movement. As applied to retrogressive rotational
sliding, the term relers to the production of "two or more
slipped blocks, each with a curved slip surface tangential to
a common, generally deep-seated slip sole lFigure 2.291 .

Clearly, as the numbe¡ of units increases, the overall char-
acter of the slip becomes more translational, though in fail-
ing, each block itselfrotates backwards" (Hutchinson,
2.68). l*ighton (2.97) distinguished two types of multiple
slide blocks: superposed, in which each slide block rides
out on the one below, andjuxtaposed, in which adjacent
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riovinS units have a common basal su¡f¿cc of rupturc, ar
shown in Figure, 1.30.

4. Successive refers lo any rypc of multiplc movcment!
that dêvelop successively in time. According to Skempton
¡nd Hutchinson (2.I54\, "Successive rot¡tional slips con-
sist of an :rssembly of indivitlual shrllow rotational slips.
The r¡ther sparse data avail¡ble suggest that successivc

slips generally spread up a slope from its foot." Hutchin-
son (2.ó/) statcs,

Below a slope inclinarion oÍ about IJo lin London Clay¡ ,
rcnrional slips of t¡^pe R an replaced b¡t successive rott
rional slips ( ty pe S ). These probably develo p by retrogte*
sion from a type R slip in'the lower slope. Each component
slip is usually of considerable lateml es,tent, foming a step
øcmss the slope. Inegtlar successrue slþs, which form a
mosic rather tlan a stepped patteTn in plan arc also found.

Figure 2.31 (2.ó7) shows the main types of landslides in
Lnndon clay.

l¡ndslides that develop one on top of another are called

multistoried by Ter-Stepanian and Goldstein (2.173). FiZ-
u¡e 2.31 shows thei¡ illuslration of a three-storied landslide
in Sochi on the coast of the Black Sea.

R¡te of l\fovement

The rateof-movement scale used in this chapter is shown at

the bottom of the classification chart in Figure 2.1u. Metric
equivalents lo the rate scale shown in the 1958 classific¿.
tion have been derived by Yemel'ianova (2.190), and these

should now be regarded as the primuy definitions.

TERMS RELATING TO MATERIAL

hincipal Divisions

The following four terms have been adoPted as descriptions
of material involved in slopc movemcnts.

l. Bedrock designates hard or firm rock that was intact
and in its natural placc before the initiation of movcment.

2. Êngineering soil includes any looæ, unconsolidated,
or poorly cemented aggregÀte of solid particlcs, generally

of natural mineral, ¡ock, or inorganic composition and
either transported or ¡esidual, together with any interstitial
gas or liquid. Engineering soil is divided into debris and
e¡ rth.

a. Debris refers to an enlineering sorl, generally surfìcial,
that contains a significant proportion of coarse malerial.
According to Shroder (2.150), debris is used to specify ma.

terial in which l0 to 80 percent of the fragments are greate¡

than 2 mm (0.08 in) in sizc and the remainder of the frag-
ments less than 2 mm.

b. Earth (again according to Shroder) connoles material
in which about 80 percent or more of the fragments arc

smaller.than 2 mml it includes a range of materials from
nonplastic sand to highly plastic clay.

This division of material that is completely I,radat¡onal
is admittedly crude; however, it is intended mainly to cn'
able a name to be applie d to material involved in a slope
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Flgera Z3O. fwo typ¡ ol nruhlglr dbr bloctr l2.9ll.
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¡rþvemcnt on thc basis of a limited amount of inform¡.
tion.

Water Content

By modifying the suggestions of Radbruch-Hall(2.1301,
we may define terms relating to water content simply ar
(a) dry, c!rìtains no visible moisture: (b) moist, conta¡n¡
some water bu¡ no f¡ee water and may behavc as a plastic.

olid but not as a liquid; (c) wet. containtenough water to
behave in part as a iiquid, has waler flowing from it, or sup.
ports signiíicant bodies of slånding water: and (d) vcry wct,
contains enough water ¡o flow as a liquid under low grl.
dicnts,

Texture. Structure. and Special
hoperties

As amounts of information incre¡se, morc definite designr-
tion can be made about slope movemenls. For examplc,l
bedrock slurnp may be redesrgnatcd as a slump in s¡ndstonc

5 dqFaa
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Figure 2.32, Thr€s-stor¡ed landslide in
Soch¡ on coast of Black Sea, USSR
12.1 73t-, Boundaries of three stories
of sliding are shown in section and
plan by thrêê lyp€s of lines.

4 ALOCKS OF ABGILLITE AND SANDSIONE
5 CßUSHEO ABGILLITE
6 SLOW EARTH FLOW IN COLLUVIUM

Figure 2.33. Shallow translat¡onal sl¡de that developed on shaly
slope in Puente Hills of southern California (2. t4Z). Sl¡de has low
D/L ratio (note wr¡nkles in surface).

over stiff-fissured clay shale, oÍ an earth slide may be given

nore precise definition as a block slide in moist sensitive
clay.

TERMS RELATING TO SIZE
OR GEOMETRY

A rather large body of descriptive terms has been built up
relating to the size, shape, and rnorphology of slope utove-
nients and their deposits. Sonle of these have already been
mentioned, 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 quântitatively
through the use of refined measures of the parts and geo-

metr ic attributes of landslides by Crozier (2.32) and by
BIong(2.14,2.15). These authors, together with Snopko
(2.157), Klengel and Paiek (2.85), Shroder (2.150), and
l¿verdière (2.94),have rnade 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. i t . Skempton and Hutchin-
son gave a range ol D/L" values of 0.1 5 to 0.33 lor rota-
tional slides in clay and shale, and they stated that slab slides,
which comr.nonly occur in a mantle of weathered or colluvial
material on clayey slopes, rarely if ever have D/L" ratios
g¡eater than 0.1. Figure 2.33 illust¡ates such a shallow slab

slide. In a statistical study of the forrns 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, meâsured in a longítudinal section of the landslide,
and the vertical component (VC) or diflerence in altitude
between the foot and crown, measured in the same section.

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

The classification ol landslides proposed by Savarensky
(2.140) and followed to some degree in eastern Europe
rnakes the primary division of types on the basis ol the re-
lation of slope movernents to the geologic structure of the
materials involved. Accordingly, asequent slides are those
in which the surface of rupture forms in homogeneous ma-
teriall consequent slides are those in which the position and
geometry of the surface ol rupture a¡e controlled by preex-
isting discontinuities 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 inhornogeneity. The Japanese have

used a classification of landslides separated into (a) tertiary
type, involving incompetent tertiary sedimentary strata
(Takada, 2.1 67); (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. 57-6i) distinguished three types of nrud
flows: semiarid, alpine,and volcanic,to which Hutchinson
(2.68) has added a fourth valiety, temperate.

Types of landslides a¡e sometimes 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 in Figure
2.1m2), ol the Tyub-Karagan type (similar to that shown
in Figure 2.1m3), and of the llim and Crimean types, all
named after localities. Reiche (2./33) applied the term
Toreva-block (from the village olToreva on the Hopi Indian
Reservation in Arizona) to "a landslide consisting essentially
ol a single large mass of unjostled material which, during
descent, has undergone backward rotation toward the parent
clilf about a horizontal axis which roughly parallels it"
(Figure 2. i g). Shr ev e (2. 1 4 9), in 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 Califblnia (2.148). Although the use of locality
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Ernu mry occesiorully bc ¡ convenlenct, lt S not rccom'
mnded er t genenl prrcticc. for thc term¡ them¡clvc¡ rrr
æl ¡nforí'¡.tivc to ¡ ¡c¡der sho l¡ck¡ knowlcdSc of thr
locrlity.

TERIIS RELATTNG TO AGE OR
STATE OF ACTIVITY

Âctiw slopr.rc thor. th¡t are eithcr curcntly movin¡ or
lhrl rre suspcnded, the l¡tte¡ term implying that thcy.rc
rxrt rnoving at thc prescnt rimc but h¡ve movcd within the
bst cyclc of ¡casons. Activc slidc¡ arc commonly fresh;

tlut it. lheit morphological fcatu¡es, srch rs scarps end

ridçr, eæ casily recogrizable as bcing due to Sravitation¡l
íþyement, rnd they haw nol been significantly modificd
by surficial processes of weathering and crosion. Howcvcr,
h rrid rcgionr, slider mry rct¡in ¡ fiesh appeannce for
m¡ny yeâft.

lnactivc slopcs uc thosc for which there is no evidencg

th¡t movcmcnt has taken placc within the last cycle of ser'
ænr. Thcy may be dormant, in which the caus.s of failurc
rçmain ¡nd movemenl may bc renewed, or thcy may bc ste'
bilized, in which factors esscntial to movemcnt have been

rcmoved naturally or by human activity. Slopcs that have

bng-inactive movemenl are generally modifìed by erosion

rnd weathering or may be covered with vegetation so that
thc cvidcnct of ¡he l¡st movement is obscure. They are of'
þn referred to as fosil (Záruba and Mencl,2.,l93; Klengel

¡rd Paick, 2. 8J; Nossin, 2. I 18) or ancient (P ogov, 2. I 2 7l

hndstides in that thcy commonly havc developcd unde¡ dif'
fcrent geomorphological and climatic conditions thous¡nds
or mofe ycaß ato and cannot repcat thcmsclves at Pres€nt-

FOR.\{ING NÀIIES

The nrmes applicd to slopc moyements ci¡n bc made pro'

¡ressively morc informativc, as morc data are obtaincd,by
Þuilding up a designation from scvcral descriptor words,

ach of which has a defined meaning. For example, a slow,
íæist, translationil debris slab slide mcans material moving

rlong a planar surface of a littledis¡urbcd mas of fiag'
mnted material having a D/\ ratio of 0.1 or les, contain'
hg ¡ornc water but none fiec, and moving at ¡ r¡te bets'een

1.5 m/month and l5 mlyear (5 ft/month or yeari. Once

¡ll thesc particulars are established in the descriptton. the

rrpvcm€nt could bc ¡cferred to thcrcafter simply as a dc'
bri¡ ¡lidc.

CAUSES OF SLIDING SLOPE
MOVEUENTS

Thc proccscs involved in slide¡. as wcll ¡¡ in other slope

nftvemcnt3, comprisc a continuou! scric¡ of cvents from
øus. lo cffecr. An cngineø faced with r landslide is pri'
rnarily intcrested in preventing the harmful effccts of the

didc. ln m¡ny instanccs the principal c¡usc ofthc slide

cznnol h tcmovcd, rc it mry be more economical ¡o ¡lle'
viatc the effecls continu¡lly or intcrmittcntly w!îhout at'
(.*lptùlg to rcniü*e tha e¿usc. Somc slidesalccut in r uniquc

Gûvkonment rnd may lart only ¡ fcw ¡ccondr' The danage

crn bc reprircd, rnd the causc mry bc of only ¡cadernic in'
Ercrt unless lc8¡l ¿ction¡ ¡rc lo bc taken' Morc oftcn' how'
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cvcr, hnddldc¡ trkc phæ undcr thc influcncc of ¡cologic,
topographic, or clim¡lic f¡ctors tlut rrc common lo larç
¡rtlr. Thc c¡utc¡ murl thcn bc u¡dcntood if othcr ¡imil¡r
dldc¡ ¡¡r t¡¡ þ ¡voidcd o¡ cont¡olhd,

Scldom. lf ever, c¡n ¡ l¡ndsli¡lc bc altr¡bulcd lp I singl€

&fìnitc c¡ur. fu clcrrly shown by Zolot¡rcv (2.l96r,the
proces hadin¡ lo the dcrclopmcnt of thc ¡lidc h¡¡ ir bc.

¡inning with thc formalion of thc rock itçlf, when it¡ ba¡ic
physicel propcrtics.rr dc¡crmincd, ¡nd includc¡ ¡ll the sr¡Þ
saqucnt evcnts of cru¡lal movemcnts, cro¡ion. and wc¡thcr'
hg, Finrlly, rome action. perhaps trivi¡1. ¡cß ¡ m¡s of
m¡teri¡l in motion downhill. The l¡st .clion clnnol bc rc'

¡rrded * thc only ceusc, evcn though it wes necesory in
thc ch¡in of cvenn. fu Sowers and Sowcrs (2.IóI, p. 506)
point out.

In mos¡ casct a numba of cøtset exist simukancously ond
a attemptin& n decide which one lirullv produced lailure
b not only diffia¿lt but also incoîect. Oîten the ßru| fac'
tu ü nothing morc than a tÌigget îhat 9t in morion an
Øth mast that wø ølready on the verge ol failure. Calling
thc ftnal lactor tþe cousg is like calling th. match lrut lit
the fusc that detonared the dynamite thøt desttoyed the
building the ause of the disastcr,

tn this connection, however, the dctermination of all thc

çologic c¿uscs of ¡ landslide should not be confus¿d sith
ãetermination of legal responsibility. The interre[ationsof
landslide caurcs ¡rc lucidly and graphically prernted by

1io:z$ú(2.175). His work, thal of Sharpc (2"146),lÂdd
(2.92),and Bendcl (2.ó), and th¡t of mo¡e reclnt rescarche¡s,

s¡ch as ãruba and Mencl (2.I9J), Skempton and Hutchin'
¡on (?.1J4), Krinitzrky and Kolb (2.90), R¿pp (2.I3ll,and
bggèt (2.96) werc used in the prepantion of this scction'

All slides involve the failure of earth materials under
shea¡ stress. The initiation of the proccss can thercfore bc

revierved rccording to (a) the f¡elol¡ lha!çonUibule Lo i¡:
cre¡scd shea¡ stres and (h) the factors that contribute to
low or reduced shear strength. Although a single action.
c¡ch as addition of water to a slopc. may contribute to
both rn increasc in stres andS decreasc in strength, ¡t i3
helpful to s.paratc the various physical results of such an

¡ction. The principal f¡ctors conlrtbuting to lhe slidin8,

of slopc-formint materials are outlined in the following
discusion. The operation of many factors is self'evident
¡nd necds no lcngthy dcscription; some factors arc only
diæusscd briefly, or rcfercncc is madc to literaturc th¡t
¡iver cxrmplcs or trc¡ts th! subject in detail.

Fscton Th¡t Contríbute to
lncrcascd Shear Stress

Rcmonl of tetctrl Support

Thc remov¡l of lrtcnl support is thc commonest of all fac'
tor leading to inst¡bility, and it include¡ thc following ac'
tioo¡:

L Erosion by {r) rtreams and rivers, which product
nost natur¡l dopes th¡l arc aubjcct to ¡liding (Hutchinson,

2 67 : I onct, Embody, and Pctcrson, 2. 79: Eylcs, 2l3l
Flcming, Spenctr, and B¡nks.2.48; C¡liforni¡ Divi¡ion of
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Highwrys,2.19),(b) glecierr, which h¡ve dceply cut
rnd oversteepcned many vrlleys in mountrinous regionr
that h¡ve bccn the siles of lerge ¡lides ¡nd dcbris flow¡
(Plaßer. Ericksen, rnd Femandez Concha, 2.126),(c)
w¡ves and longshore or lidal curren¡s (Wood,2,l89;Wrrd,
218ó: Hu¡chin son,2.71: Koppejan, V¡n ltamelon, rnd
Weinberg.2.89), rnd (d) subacri¡l weathcring, wcrring rnd
drying. and frost ¡ction;

l. P¡evious rock f¿ll, slide (Kenney rnd Drury,2.8!),
¡¡bsidcnct, or largc-ralr frultrng th¡t crc¡te new rlopcs;
¡nd

3. Work of human rgencjes in which (¡) cuts, qurrrics,
pits, rnd canals (Van Rensburg, 2..18 I : Piteau, 2, I 21 :
Patton, 2. I 2l ; Cording. 2.26) a¡e establi shed, (b) reraining
walls ¡nd sheet piling are removed, rnd (c) lakes rnd rescr-
roirsare created and their levelsrltcr¿d (Muller.2II2;
Jones, Embody, and Peterson, 2. 79;Lane,2.93;Dupree
ud Trucher,2.39).

Surçh¡rSG

Surcharge rlso results from both natural ¡nd human rçn-
cjes. The surcharge f¡om natural rgencies may bc

l. lVeight of nin, h¡il, mow, rnd wrter from springs;
2. Accumulation of talus overriding landdide materials;
3. Collapse of accumula¡ed volcanic material, producing

¡valanchcs and debris flows (Francis and others,2.J0);
4. Vegetation (Gray, 2.53; Pain, 2. I 20); nô
5. Sccpage pressures ofpcrcolating water.

The surchlç from human rgcncio mry bc

l. Con¡truction of fill¡
2, Stockpiìes of ore or ¡ock;
3. lVaste piles (Bishop, 2. 8: Daúes. ?.3J ; Smalley, 2. lJó);
4. Weight of buildrngs and other structures ¡nd tr¡ins;

rnd
5. Wcighr of w¡ter from leaking pipclincs, æwers,

cands, ¡nd ¡escrvgin,

Tnasitory Errtb Stæs

Þrrhguaker havc triggcred I lrcat m¡ny l¡nd¡lide¡. both
gnall and extrcmely large and dis¡sr¡ous. Thei¡ ¡ction i¡
complex, involving böth ¡n increasc in ¡hcar stres (hori.
zonl¿l ¿ccelera¡¡ons may geatly modify ¡he state of ¡trcs
within slope.forming mater¡als) ¡nd, in some inst¡nces. ¡
dccrcar in ¡hear srrengrh (*cd, 2. I 4 3 ; Mo¡ton, 2. I I 0 :
Soloncnko, 2. / 6 0; l.zw gon, 2. 9 5; Hanscn, 2.J 7; Newmrrk,
2.1.1 7; Simonct t, 2. I 5 I ; Hadley. 2.55 : Gubin. 2Jd). Vi.
bralions fiom blasring. machinery, traffic, thundcr, rnd ¡d.
þcrnt rlope f¡ilu¡e¡ ¡l¡o poduce tnnsitory crrth trc$c¡.

Rcgionrl Tilth¡

A progresivc incrc¡r ln tÞ dopc rngle thmugh rcgionrl
f¡lting is ruspcctcd rs contributin¡ to rome l¡ndslidc¡
(Terughi,2.I75). The rlop musr obvioudy be on thc
point of f¡ilurc for ¡uch r ¡m¡ll rnd dowlcting ch¡ngÊ to
bc cfÏcctivc.

Remont of Undcdyin¡ Sugpct

Exrmpler of ¡cmov¡l of underlying rupport includc

l. Undcrcutting of b¡nk¡ by rivcrr (Crlifomi¡ Divi¡ion
ofHighwryr,2.19) rnd by wrver;

2. Subaeri¡l weathering, welring rnd drying, tnd frol
rct¡on;

3. Sublerr¡nean ero¡ion in which ¡oluble m¡teri¡|,$ch
u carbonales, slt, or gipsum is removed rnd grrnular mr.
tcrial beneath firmer m¡rc¡ial is *orkcd out (Wrrd,2.!Eó;
Terughi,2.t7l);

4. Mining rnd simil¡r rctions by humrn rgencicr;
5. l¡s of strength or failurc in underlying mercri¡l; ¡nd
ó. Squeezing our of underlying plastic mrrøirl (ãrubr

md Mencl,2.J9J, pp. 68.78).

l¡tcnl P¡t¡n¡æ

bterrl presurc mry bc ceured by

l. W¡te¡ in c¡¡ck¡ rnd crvem¡,
2. Freezing of water in cncks,.
3. Swelling as r result of hydrarion of chy or rnhydrfte,

¡¡rd
4. Mobilizat ion of ¡esidu¡l st rcs (Bjcrrum, 2 9; lkinitzrlc¡

rnd Kolb,2.90).

Vokrnic hocccr

Strcss patterns in volc¿nic edifices ¡nd cnte¡ u¿lls ¡¡c ¡r¡oô
ified by general dibtion due ro infl¡rion or defl¡tion of
magmr chambers, fluctuation in larz-l¡ke levels. ¡nd in-
crcasc in lurmonic tremors (Tilling. Koytnagi,and Holcomb,
2.t 78;Moore rnd Krivoy. 2.f 09; Fi*c ¡nd J¡clson, Zl4.
Facton That Contribute to l¡w or
Reduced Shear Srrength

fhc f¡cto¡¡ thar contributc to low or rcducrd Úrar lrcngth
of rock or soil mry bc dividcd ¡nro two groups. Thc fìnt
¡roup includes f¿crors ¡temming from the initi¡l lrtc of ¡È
herÊnt ch¡r¡ctcrisrics of the meler¡¡¡. They trc p.rt of thc
geologic ¡crting that may be favonble to land¡lidcs, c¡hibit
littlc o¡ no change during the uscful life of r nructure. rnd
rnry cxit for r long pcriod of rirnc wirhout f¡iluæ. Îùc
rcond group includes rhe changing or va¡i¡ble f¡crors th¡t
tcnd to þwe¡ thc shc¡r ¡trcngth of thc m¡tai¡!.

ln¡t¡rl St¡tt

F¡clor¡ in thc initi¡l ¡trre of the mrtcrhl lh¡t c¡ur lw
rherr rtrength rrc cnmposition, texture. rnd tto¡s ¡trucluæ
rnd dopc lcomcrry,

C,ampútlon

M¡te¡i¡ls ¡¡c inherently we¡k or mry bcclme rnrk upoa
clunge in w¡lcr conlent or other ch¡ng?i. lncluded espc.
cially rre organic matcrials, ¡.d¡ment¡ry ctryr tnd rhrlcr,
dccomposcd ¡ocks. ¡ocks of volc¡nic tuff that m¡y wctlhcr
to claycy m¡tcrial, ¡nd m¡te¡i¡ls composcd dominrntly of
oft plrty minc¡rl¡, ¡uch ¡¡ mic¡, æhisl, trtc,or rrpentlnc.

n
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lìc le¡ture i¡ ¡ toosc structur. of indivldu¡l prrticlcr in
¡n¡itiw nr.tcrhlt, such tr clayr. ou¡t, tocs' ¡¡ndr of low
denrity, rnd porous organic rullcr (Aitchison, 221 Bjettum
:nd Kenney. 2./,I;Ctbrc¡a and Smalley.2.l Ð' Roundncs

of ¡nin influcnces strrntth ¡¡ comprcssibility ¡nd intcrrul
friction inc¡e¿æ with ¡n8,ul¡rity.

Gmss S¡rucun and SloPc CcomctrY

lncludcd ln gros rtructurc rnd rlopc tcomctry etc

l. Disconrinuities. such ¡¡ f¡ult¡, bcdding planer, folia'
tþn in schist, clcavage, joints, ¡lickenside¡, and brccciatcd

ænes (Skempton and Pe tley, 2. /5J; Fookes and \{ilson,

219; Koma¡nitskii, 2.88; St. John, Sowe¡s, ¿nd Weavcr,

2 I 3 I ;Yan Rensburg, 2. / 8/ ; Jennings and Robcrtson,

271', Bjercum and Jdrstad, 2. I 0);
2. Masivc beds over weak or plastic mrterials (Zårubl

ud Mencl, 2. l9J; Ncmöok, 2. Ll J);
3. Str¡te inclincd toward fiec face;

4. Altcm¡tion of pcrmeablc beds, such ¡s s¿nd or s¡nd'

fonc, and weak impermeabtc beds, such as clay or shalc

(tlenkel,2.59); and

5. Slopc orientation (Ricc, Corbett, ¡nd Bailey' 2.lJl;
Shroder,2.IJ0).

Clrançs Due to l{eethcring end Othct
Physicochcmical Rcactions

Thc fotlowing changcs can occuÍ bccausc of weathering and

other physicochemical reactions:

l. Softening of fisured clays (Skempton. 2. I53; Sangrcy

¡nd Paul,2.fJ9; Eden and Mitchell' 2.4/h
2. Physicrl disintegration of granulrr rocks, such ¡¡

¡nnite oi sendstone, under ¡ction of fiost or by thcrmrl

cxpansion (Rapp, 2. l3l);'3. 
Hydratiõn of clay minenls in which (a) watcr is ab'

¡rbcä by clay mincrals and high water contents decreasc

cohesion of ¿il ctayey oil¡. (b) montmorillonitic clays swell

¡nd loæ cohesion, ¿nd (c) loess markedly consolidates upon

sturat¡on bcc¡u¡c of dest¡uction of the clay bond bctwcen

rilt particles;
d. Btr" exchange in chys, i.e.,influenceofcxchangeable

bns on physica! propcrties of clays (Sangrey and Paul,

2lJ9; Liebling nd Ken, 2.99 ;To¡¡¿ncc, 2. I 791:

5. Migration ofwatcr to we¡therint fronl under elcc:

tricel potent ial (Y cdc¡, 2. I 81l l
6. brying of clrys that results in cracks rnd loss of co'

hcsion ¡nd ¡llows watcr to sceP in;
?. Drying of shalcs that cre¡lel c¡acks on bedding and

drear glrncs rnd ¡cducec shalc to chips. gánulcr, or ¡maller

garticles; and
t. Rcmov¡l of ccment bY solution.

Grançr h lntcrgranrriar Forccc Duc to
l{¡lcr Contcnt ¡nd P¡tsu¡c in Porçr
¡¡rd Fnctu¡c¡

Buoyrncy in s¡tur¡tcd st¡lc decreasc¡ effcctivc interE¡nuhr

2t

prcnurc rnd frlctloñ. lntcrgr¡nuhr ptesurc duc to c|pillary
icn¡ion ln moi¡l ¡oil is dotroycd uPon s,i¡turatior' Simplc

oftcning duc lo v.lcr ¡nd ¡uffu¡þn ¡nd drking lrc dir
ourd by M¡mulc¡ (2.IUr-

Cbnger c¡n occur bec¡u¡c of n¡tur¡l ¡ctic¡; lrh ¡¡
ninfall ¿nd rnowmelt, rnd bccaus of a host of lrum¡n ¡c'
rivirie¡, ¡uch r¡ divcrsion of stre¡m¡, blocka¡e of drainage,

hrþtion rnd pondin¡, end clearingof tt¡ctrtiø ¡¡ú dc'
fo¡at¡tþn.- 

C¡oz¡e¡ (2. I 0,2. Jl ), Sh ¡oder (2. tJO)' and 3pü rck e. ß 3,
d¡cus thc gcncnl cffcct of clim¡te; Tcmple and Rapp
(2./ó9) Williamr rnd Guy (2.1E8), Jones (2.78)' and So

(2./,581, cetastrophic rainfall; Conway (?.25), Dcnnes¡
(2.J8), rnd ?iteu (2.I24l,effect of groundwater; Gray 

-

(Z.JJ), Bailcy (2.1), Cleveland (2.22),Rjc¿'Corbctt, and

Pg¡úey (2.t34l,tnd Swanston (2./óJ), deforestation; Peck

(2.1i3) za¿ Hiiao ¿nd Okubo (2.ó0), correl¡tion of rainf¡ll
¡nd movc¡¡rnt:¡nd Shreve (2.l48l,Yoittt (2. /8J). Kent
(2.821,and Goguel and P¡choud (?.52). gaseous entrain'
mcnt or cushþn.

Cbrnçr h Structu¡c

Changes in sttucturc may bc causcd by fisurhg of straler

rnd pieconsolidated clays and fracturing ¡nd looscning of
rock slopcs due to releasc of vertical or larenl rcstraints ¡n

vzlley walls or cuts (Bjerrum,2.9: Aiscnstein, 2.I: Ferguson,

2.lJ; Matheson and Thomson, 2 |l2;*lrcncl,2- 10ó)- Dis'

turb¡nce or remolding can affcct the she¡r strength of ma'

tcrialr composcd of fine particles, such as locss' dry or sat'

uratcd loo¡c ¡and, and sensitive clays (Gubin' 2.J4; Youd'
2l9I; Smalley, 2.IJó; Mitchell and Mukell, 2.108).

Mbcclhncour Crus¡

Othcr c¿uics of low shcar strcngh rrc (r) wcakening due

to protrcssivc crcep (Suklje, 2. I ól: Tc r-Stepan ø¡. 2 - I T2 ;
Trollopc,2.I80;Pi¡eau,2.I24l ¡nd ¡ctions of trcc roots
(Feld, 2.¿14) and bunowing animals.
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2.aO Dylif . J. Solifiu¡ion, Con¡clifluxion. rnd RcÞtad Sbpc
Froccs¡c¡, Gcogrfisfr Ann¿lcr, Vo¡.49A, No.2-1, 1967,
pp. 167-t7?.

2.al Edcn,lY. J.. r¡d Mirchcll, R. r. Thc Mcch¡nic¡ of l¡¡¡d-
¡lide¡ in Lcd¡ Chy. Crnadien C¡cotcchnic¿l Jou¡.n¡l,Vol.
?, No. 3, l9?0, pp. 255-296.

L12 Ernblcton.C.,rnd King,C. A.H. Pcri¡ùcialC,co¡no¡-
pholo¡y. Yilcy, Ncw York,1975,203 pp.

Llt Eylcs. R. J, Mass Mowmcnr in Trngoio Conscrrrrion
Rcscrvt, Northccn ll¡wkel 8ay. Ftrth Scicncr Joumrl,
Vol. 5. l{o. 2, I 971. pp. 79-91.

2.1a Fcld, J. Discussion of Slopc Sr¿bility in Residu¡l Soils
(Scs¡icn 2). Proc., ath hn-Amcric¡n Confcrencc on Soil
llcch¡nics ¡nd Found¡tion Enginccrrng. S:n Juan,
Ancricu Socicty of Civil En¡inccrr. Ncw Yo¡k. I 971,
Vol. 3, p. I 25.

2.{5 Fer¡ruron, H, F. V¡lley Strcs Rclc¿¡c in the Allcañeny
llatc¡u. Eullctin. Associ¡tion of Eng¡nccring Gcobfir!,
Yol. l. No. I, t 967, pp. 63-7 l.

2.16 Fiûcr, R. V. Fc¡turcs of Cou¡¡€rtincd. High-
Concan¡r¡tion Fluids rnd Thcir Drposits. Journ¿l of
Scdimatery Pcuolo¡r. Vol. {1. No. l.- 1971. pp. 9l&
927.

La? Fi¡lc. R. S., ¡nd J¡cl¡on, E. D. Oricrrbrion ¡nd Grovth
of Hrnii¡n Volc¡nic Rifi¡: Thc Effcct of Rc¡ionel
Sùucturc rnd Cr¡vit¡tion¡l St¡c¡¡c!" hoc.. Royd
Socicty of l¡ndon. Sc¡ic¡ A. VoL ]29, I 972, pp. 199.
326.

2.at Flcming,R.W.,Spcnccr,G.S..¡ndBrnkr.D.C. Empir.
itìrl Study of Bchrvior oi CI¿y Sh¡lc Sloper. U.S. Army
Eaginccr Nuclew Cnlcrrn¡ Group, lcchn¡c¡l Rcpt. 15.
Vol¡. t aad I, 197ü" 397 pp.

t.a9 Fæta. P. G.. ¡nd Wilnn, D. D. Thc Gconætry of Dir-
ontinuitþr ¡nd Slcpc Frrlurcr in Sis¡lik Chy. Crcotcdt-
¡lq¡r, Vol. 16. No. a. t96ó.99. 305-310.
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1t0 Fnnd+ ?. r.. loobot. tl. f .. r¡hrr, G. L L, Cobbol4
?. 1., ¡¡rd Co*rrd, M. Tñc Srir Fadro ¡nd S¡n ?¡blo Volcr.
æ¡of !{onhc¡n Orilc ¡nd Thcit Hol Anl¡nchc Dcpodt¡.
Gcolo¡irhc Rundrh¡u. Vol. ó3, No. I, I 97t1. pp. 337'ltL

ltl Fröhbch.O.K. C.*ncrrlThæryofStebilityofSlopo.
C*olcctrnk¡uc, Vol. 5. No. I, 1955. p9. l7-l?.

2l2 Go¡ucl, t., rnd F¿choud, A. Gåologic ct Dynrmiq* ôr
l'åaoulcmcnt du Mont G¡rnær, d¡n¡ þ M¡s¡f dc
Ourtrcu¡,cn Novcrnbra l2{t. Frrncc Bu¡au do
Rcche¡chcr (iblogiquci ct tìliíÈrct Bullctln, S.cliott
!- Hyd¡o¡iolorie€éoloþ rh l I n¡óntur. No, t, 1 97 1,

9p. 29-3t.
¿5t Gr¡y, D. H. EfTcc¡ of Foro¡¡ Clc¡rûrttinS on lh. Sl¡.

trility ol N¡tur¡¡ Slopcr. Bullctin, Asocietion of Engi-
ærin! Gco¡otilt3, Vol. 7, No. l-2, 1970, pp.45{6.

Ua Gubin, L Y. Rcguh¡ity of Sc¡rrnic Menifcrt¡tion¡ of
tþ Î¡d¡Jríli¡t¡n¡ TÚlitory. USSR Âc¡dcmy of Sclcnær,
lloror, 1960. ¡163 pp. (h Rusirn),

15S ll¡dlcy, r. B. l¿nddidc¡ ¡nd Rcl¡lcd Phcnomcn¡ Accom-

Fnyinf lhc Hc[ør l:kc E¡rthqu¿lo of Au¡un 17, 1959.
U5. C'cologird Surwy, Frofcsbnd hpt¡ a35, 196¡1, pP.

107-13t.
2J6 H¡¡¡cl, J. V. Kinblcy Pit Slopc F¡ilurc. Èoc., ¡lth h¡-

Arnc¡ic¡n Confcrcnct on Soil Mcch¡nics ud Found¡tion
Enþccrh¡, Srn lu¡n, A¡nÊricân Socicly of Ovil En¡}'
æcr, Nc? York. VoL 2, I 9? l. pp. I ¡ 7-l 27.

257 H¡nscn, W. R. EfÍccîr of thc E:rthqualc of Much 27,
l9ó¡1, ¡t Anchoraç, Ale!¡r. US. C,cologit¡l S¡¡ræy'
Profcsion¡l Pepcr 5,12-A, 1965,6E pp.

2JE Hcim. A. Bertsturr und }lcnschcnlcbcn. Fætr ¡nd
W¡smuth Vcrlag, Zäich. 1932.llt pp.

2J9 Hcnkcl. D. J. loølücology and thc Subi¡ity of Nrtu-
rrl Slopcr. tournd of Soil Mcch¡nic¡ and Foundâtiont
Division, Amcric¿n Socicty of Civil Enginccrr, VoL 93,
No. SM4, 196?. pp. 437416.

160 Hino, K., ¡¡d Olubo, S. Studics on thc Occu¡enc¿ urd
Exprnrion of Þndslidc¡ C¿uscd by Ebino-Yoshim¿t¡¡
Frrthqueka Rcport of Coopcr¿tivc Rcsc¿rch for Di¡r.
tc¡ Prcrrntion. Japan ScÈnct rnd Tcchnology A¡cncy,
l{o. 26, 1971, pp. l5?-lt9 (in Jrpane: with Engltsh
r¡mmüy).

a6t Hock, E. Rccant Rock Slopc Stebility Rcrea¡ch of thc
Royrl School of Minc¡. l¡ndon. Proc.. 2nd lntcme.
tiond Confc¡cncc on St¿bility in Opcn Pil :tiining, V.n-
coura ; I 97 I ;Socicty of Mining Enginærr, Amcrican
fndtutc of Minin¡, Mctallurgical rnd Peuolcum Engi-
nccrs, Ncw York, 1972, pp. 23.46.

2ß2 Hofmenn, H. Thc [Þforßr¡tion Pmccar of a Replally
tointcd Dírontinuum During Ercantion of r Cut.
Èoc.,2nd Congrcss, lntc¡n¡tionrl Society of Rocl
ìlcch¡nic¡, 8cl8ndc, Vol.3, 1970. pp. 267-273 (n
C¡rm¿n).

L6t Hofm¿nn, H. Modcllver¡uche rur Hangtektonil.
C*ologischc Rundsch¡u, Vol. ó2, No. I, 1973, pp. l&29.

2,U llollingworth, S. E., ¡nd Trylo¡, J. H. An Outlinc of th€
Crolo¡y of thc Kcttcrin¡ Di¡trict, Èo€.,Cr€ologi3tt'A&
rci¿tion, Vol. 57, l9,ló, pp. 2OA-233.

1.65 Hollh¡vorth. S. E., end T¡ylor. J. H. Thc Northrmpton
S¡nd lronstonc: Stratigrphy, Sttuclurc.rnd Rcs¡wl
U.K. Crologicel Surwy. Xemoirr. l95l, 2l I pp.

L6 Hsr¡, K. r. Cåtastrophic Dcbri! Strcant (Sturzstlonrt)
Gcna¡tcd by Rockfallr. C,colo¡icel Socicty of Amc¡icr
Eullctin. Vol. E6, No. I, 1975, pp. I 29-140.

L61 Hutchinron.t.N. theFrecDrÉrarhtionof London
Cì¡y Oiffr. hoc., Gcotechnic¡l Confe¡encc on Shc¡¡
Strcn¡h Progcrti€s of N¿runl Soils and Rocks. Nor.
w¡ien Ccotcchnicd lnstitutc. Ol¡o, Vol. l. l9ó7, pp.
lt3.r ¡E.

2.6t Hutchinsn. r. N. M¿¡s Mowmcnt. ln Thc Encycb-
gcdie of Gcomorpholo¡y (Fairbrid¡c. R. w.. cd.),
Rcinhold Book Corp.. Ncv York. I968, pp. 688{96.

2.69 Hulchinlon, J. N. Ficld Mcctin¡ on thc Co¿¡tel l¡nd.
Jidcs of Kcnt. l-3 luly. 1966. Proc., Cc*logitr' Àgo-
ci¡tbn, Vol. 79, Þrt 2, 1968. p9. 227-217.

1t0 Hulchinton.r.N. ACo¿rt¡lMudflosonlhcLondon
Qey OifÍrrr Dcltinç. North Kcnt, Gcotcchnrquc,
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VoL 20, Ìlo. {. l}r0. p. 4l2al.
atl H¡lch¡ñrorr,r.N. th:Rcryonrof londoOryClffr

lo DúLrht Rllüof To E¡o¡bn. G.doÊ AtPtlc¡t¡
r ld¡o¡colo¡lr, Vol. t, Èrl t. 1911,19'221'2t9.

21, H¡r.ù¡¡rþ!, r. N.,rnd Bhrndrrl.l. L t ndnirÉ La¿-
h¡: A Fundrmcnt¡l Mcúhbm ol l{t¡dllor¡ ¡¡¡tl ûlcr
il¡¡¡ Nottncnr¡. C¡otcdrniqrr. Vol..2l, l{o. 4' ¡t?1,
,?. t5!3Jt.

Llt trhn,A. SlogcrMorphoh'¡lcrlF;rnærlodtlc¡
Fron Gr¡vitrtion. Zr¡trårift frrr Gænorgllob¡|,
trpp. B¡nd 5, l%a,w.t9.12,

L11 lãrnh3r, J. E., end Robc¡tsn. A. tl. 1þ St¡blily of
llogcr Grl lnto N.lr¡rd Ror;t. Èoc.,7th lt¡tcñ¡tbûr¡
Confcrcncr on Soil Mccfunics ¡nd Foundationr En¡Þ
nccrhg, Èlcúco City. Yol. 2, 1969, pp. 5t5-590.

L75 John¡n, Â. M. Ptry¡icd Èocc$et in Cæolo¡/' Frca¡¡"r,
Ooopcr, urdCo., S¡n Fnnci¡co, 1970,577 V.

L16 loh¡sn, A. M., ¡nd R¡hn, ?. H. Mobili:¡tion of Dcbrb
Flos¡. &itæh¡ift fr¡Gr C¿omorphob¡ic' Supp. Bmd 9,
l9?0, pp. l6E-tt6.

LI? toùnrn, N. X.,rnd Rr¡d, R. H. Ândyi¡of Flor Ou¡-
ær.rbtiq of Allcn l¡ Slidt From Àari¡I Photolt¡Ph¡. ¡'l
Tlrc Crc¿t Al¡¡t¡ Eåtthqu¡kc of l9ó,1: Hydrology' Ne-
dqr¡l Ac¡dcmy of Scicnar, tYrrhia¡toa, D.C.. 196t, p9,
*9-37t.

L7t tonc¡,F.O. l¡nddidaof Riodc l¡neirorndlhe Setn
drrAnnr Ererpmcnr, Bnril. U5. C.¡æloicrl S¡¡rçy.
Profe¡c¡on¡l hpct 697, 1973,12 99.

L79 lon¿¡, F. O., Embody, D. R., rnd PÊtcrloî, W. L. l¡nd-
didcr Alont thc Columbi¡ Riva V¿¡lcy, NolthÉrtcm
ledringron. U5. Gcologic¡l Surwy, ?rofcsbnd hpct
367, l%1,98 pp.

2,30 Jordr¡, R. H. A Flo¡iù l¡nd¡lidc, tournrl of Geotog,
VoL 57, No.,l, 1949, pp. 416.f19.

2.tl Xenncy, T. C.. urd Drury, ?. C:r Recotd of thc Stropc

Fril¡¡tc Th¡t lnithlcd tllc RcttoltÉsriw Quklc¡y l¡nd-
didc ¡t Ullcnsekc¡, l{o¡rry. Crcotcchrthuc, Vot 23, l{o.
I, l9?3' pp. 3347.

2.E2 ßgîl" P. E. Thc Tt¡¡rsport llcchani¡m in Cetrrtophic
RocI F¿ll¡. lou¡n¡l of C-coloú1, VoL 74, No. I, 1966,
p.7$t3.

213 Kccli, J. E. Dishlegretin¡ Soil Slipr of thc Corl Rrn¡cr
of Ccntr¡! Californi¡. Jou¡n¡l of Ccohgr, VoL 5 I, l{o. 5,
1913, pp. Y2-t52.

2.ea Kicllrn:n, W. Mcchenicr of krç Swcdish bndslipr. G+
tcdraiquc, Vol. 5, No. I, 1955, pp. 7¡1-7E.

1E5 Kkngcl, K. 1.. end P¿bk, r. Zur Tcrminologic von
l{angbc*cgunçn. Zcitlcfu ift fuct Angrrandte CreoloSiÊ,
Vol.20, No.3, l97il, pp. t28-132.

2l,6 lh¡pp,G.L.,cd. Anlendrcr,InctudingDcbrisArzl¡¡chcc
A Biblio¡laphy. t¡Vetcr Resou¡c.s Scientific lnform¡tion
Ccntc¡, U.S. DÊFrtment of thc lntÊrio¡, WRS¡C 72.2¡6,
1972.67 gP.

2.t7 l(ojrn, E., Fo¡gin, G. T., Ill. rnd Ricc. R. M. hcd¡ctio¡
u¡d An¡ly¡ir of Debris Slidc lncidencc by Photog¿m-
mcÈy: S¡ntr-Ync¿.S¡n R¡f¡cl Mount¡inr. C¿liforni¡.
hoc., 2¡3th Intern¿tion¡t Geolo8:ic¿l Congtc¡r, Montrc.l,
Scction l3-Enginccring C'cologt. 1972, pp. l2+13t.

23t Koma¡nitsltü, N. l. Zoncs ¿nd Pl¡ncs of l,Vtakncs in
Rockr urd Slogc Strb¡lity. Con3ult¡nts Eu¡e¡u, l{cr
Yort. t96t. lOE pp. (uenrletcd f¡orn Russi¡n).

2.t9 Koppaj¡n, A. ìf.. V¡¡ lfl¡mclo¡. B. M., ¡nd ìVcinbcr¡,
L J. ll. Coast¡l Flog Slidesin thc Dutch hovincc of
Zæl2ntl. Proc.. 2¡rd lnicrn¿tion¡l Confercnc¿ on Soil
Èlccù¡nics ¡nd Founderionr Engincqint, Rotlcrd¡m,
Yol.5, t9lE. p9. E9-96.

2.90 Xthitzrty. E. L.,end Kolb,C. R. Gcologhrl lnflucncts
o¡ lhc S¡.bilily of Cl¿y Sh¡h Slopcc. Proc., ?¡h Sympo
dum on En¡incering Gcolog ¡nd Soilr Enginccrin¡,
Hosr, ldaho. ldeho Deparrmcnt of Highweys. Univ.
of ld¡ho, and ldrho Slalc Univ- I 9ó9. pp. ¡6&l?5.

131 Kurdin, R" fJ. C'l¿çific¿ti<¡n ¡f Mudflowr: Sovil $y'
droio¡y. Vol. I 2, No, l, 1973, pp. 3t0!316.

29t t¡dd.G. E. l¡ndslidcr, Sub¡idcrrcc¡,rnd Roctf¡[¡'
?¡oc., Arncr¡c¡n Rrilway En¡inccring Ascietion' YoL
!6. 193t. p9. ¡091-l 161.
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t t t¡ræ. X. S. 3rrbiliry ofRc:rvolr Sloper. !¡ Feüurc
ud Brcelrç of Rock (F¡irhur¡r. C.. cd.). prìc., t¡tr
Symposium on Rocl Mcdr¡nicr, Americrn lnnitutc of
XininS, Mcullurßy ¡nd Pctrolcum Eagrnccn, Ncv yorl.
t967, pp. 321-336.

19a l¡vcrdièrc, C. Quick Clay Flow.stides in Sourhcrn
Qucbcc. Rewc dc Ccogrphrc dc Montre¡I. Vot. 26. No.
2, 197 2. 99. I 93.1 98 ( F¡ench-En8lj¡h væ¿bul¿¡y).

¿95 l¡r¡on, A. C. Thc C¡liforni¡ Eerrhquekc of irprit l!,
t906: l¡ndslidc¡. Crrnc¡ic lnst¡turc of ltrshingron.
frrhinFoa, D.C., Vol. I , P¡rr l, I 90E. rcprrntcd l9ó9,
¡9. 3ta40t.

196 .b¡¡æt. R- F. Gcolo¡1 rnd Engincerin¡. t{cGnw-Hül..Ncw 
York,2nd Ed.. 1962. E84 pp.

L91 læi¡lrron, F. B. l¡ndslidc¡ rnd liillsidc Doclopmcnr. ln
Enginccring C'cology in Sourhern C:liforni¡. Associ¡tioã-
of _Engnccnng Gcologins, Spcciel hbl., 196ó, pp. lrlg-
207.

2.9t [¡mlc. R. S. Eff.cts of rh€ E:rrhqurke of Herch 2?,
l9ó1, ¡t Scwud, Absl¡. U5. Gcologicel Surrty, ho.
fcssionel Papcr 512-E. 1966. {3 pp.

LYl Lhbling. R. S., rnd Xerr, P. F. Oúr¡v¿rions on euick
Ory. Gcologicat Soci€ry of Amsricr Bullcrm. V;t. ?6,
No. t, 1965, pp. E53-t78.

2.100 Lo.K.Y. AnApproachrorheÈoblcmof pro¡rcsivc
Frilurc. C¡n¡di¿n CÉorcchnic.¡ Jou¡n¡j. Vol. 9. No.
tl, 1972, pp. a07429.

2.10t X¡mulc¿. M. A. Suffusion rnd Sbking: lhyricd pro.
cscr Prompting the M¡¡s Movemcnt¡. Bullctin, t¡rtcr.
n tbrul Associ¡lion of Enginccring Ccologistr. No.9,
t974, pp.63{8 (in Frcnch with English summary).

1t02 lt¡thc$n, D. S., ¡nd Thom¡on. S. Gcolopcal lmplicr-
tiont of VrUcy Rcbound. C-¡n¡d¡¡n tourn¡l oi Þ¡th
ScÈncc¡, Vol. 10. No.6. t9?3, pp.9ót-97E.

2"t03 llcConncll. R. G..¡nd B¡ock. R. ìV. The G¡c¡r l¡nd-
didc tt Fnnt, Albcrr¡. ln Annu¡l Rcport of thc C¡nad¡
Depertrnent of rhc In¡c¡io¡ for rhc yer I 902{j, Scsrion¡l
?¡pcr 25,190,1, pp. l-17.

2.l(X llcRobc¡t¡,E C.,¡nd Morgcntcrn,N. R. Sr¡biliryof
TÞring Slopcr Cen¡di¡n Gcor.chnic¡l Jou¡n¡t, Vol.
I l, ¡b. 4, 197 a, 99. 147 .l69.

2.105 McRobcrrs, E. C.,r¡d Mort€nrtcrn, N. R. Thc St¡bility
of Slopes h Frozcn Soil: M¿ckcnzþ Vtllcy. N.W.T.
Crn¡di¡n Geotcchniczl Jour¡r¡L Vol. ll. No. {,1971.
pp. 551-573.

t.¡06 Mcncl, V, EnginccringCcologicd lmportrnct rnd Por
dblc Origin of thc Sr¡c¡s _Rclief of rhe Rock¡ of thc
C,ordillc¡¡ Bl¡nc¡. Pcru.'Bul¡erin, tnrern¡ ùon¿l A ¡¡oci¡-
tbn of Enginccring Creologisrr. No. 9. 197{. pp. 69-?4.

110? llillcr. W. l. The t¡nd¡lidc rr Poinr Fcrmin. C¡liforni¿.
Sicntiñc Mon¡hly, Vol. 32, No.5, 1931. pp. a64169.

l.¡Ot Xirchcll. R. 1., ¡nd M¡rkclt. A. R. Flowrbdrn¡ in Scn¡i-
ti¡r Soils. C¡udi¡n GcotÊchnicrl Journ¡I, Vol. I l, No.
l. l9?4, pp. I l.3l.

l"t0lt lloorc,t.G.,¡nd Krivoy.ll. L thc 1962 Flrnk Erup
tþn of Xil¿ue¿ Volqno ¡nd' Sr¡ucrr¡c of rþ E¡sr R ift
Zonc. lourn¡l of C.cophydcrl Rc¡c¡¡d¡, Yol. 69. No.
10, l9ór. pp. 2033.2045.

2.110 lfor¡on. D. M. Scisnically T¡i¡¡crcd l¡nd¡tidc¡ ln rhc
Â¡c¡ Abow the S¡n Fern¡ndo V¡llct. ln Thc S¡n Fcr.
¡undo, C¡liforni¡. F:rrhqurlc of Fcbrr¡Ey 9, 197 | .
U5. Gcolo¡ial S¡¡rwy. Frofc¡¡bnd Pepcr 733. t971,
pp.99.¡(X.

2.tll N¡lion¿l Rc!.¡rchCouncil.C¡¡ud¡.rnd Nrtion¡l Rc.
¡¡rch Counsil. US. Nor¡h Amcrir¡¡r Contrrbut¡on to
lnd lntcrlution¡l Confcrcrcc on Perm¡fio¡t, Y¡tut¡1.
USSR, luly-l.{3. N¡tiond Ac¡dcmy ofScianccr, ìtrr$-
hlrn. D.C. l9)!,7tJ pp.

Iount¡lr¡. Èoc.. 2tth tntñutionrl Gcoto¡tcrt Coc,
gcs.-llonrrcr.l, Scction l3-En¡inÈc¡inf Gcob¡r, tt?t,
Dr. lt2.lal.

2"115 Ì,þnrëot, A. Gr¡rit¡tiond $opc Defotm¡rbm b Ë.
Hith Moünt¡inr of rhc Slot¡t C¡rp¡thi¡n¡. Sbon&
Gcob¡icffch vðd, Xldr HtG, No. 10, l9?1 pp. 3l-
l?.

¿ll6 Ncmðot,,4,. hrcl, t,,rnd nyÉi, ¡. O¡rsificrtbn of
l¡ndslidc¡ rnd Otha M¿s Mo|ttnc¡tt Rocl H¿clr¡oic¡,
Yol. {. No. 2,1972,9p.?t-tt.

2.117 Nc*mr¡k,N, M. Effcct¡of E¡rlhqurlÊronDnn¡rnd
Enbulmenr¡. Gcorechniquc. Vol. 1 5, No, Z, lg6j,
pp.139-t59.

2.llt ño¡c¡n.J.l. l¡ndslidintintheCnri B¡dn.C¡hb¡i¡.
ltdy. Cæotogic cn Mijnbour. Vol. 5 l, l{o. 6, t 9?2,
F.59r{07.

2.1t9 (ht¡fìczut, S. lrr¡c-ScJc trnd{idcs in Northrtrrcrn
Libye. Acte Crcologce Polonict, Vol. 23, No. 2, 1971.
2p.211.2t1.

2.t20 Prin, C. F. Clur¡ctcr¡cie rnd Geomorphic Effccts of
E ¡thqu¡kc.lniriared l¡ndCidcs in the Adclbcrt n¡ntÊ,
Èpu¡ Ncw Guinea. Engincering Creologr, Vol. 6, Nõ.
4,1972,99.26t-271.

2.1 2l !rt1o1, F. D. Signifìcenr ceologic Frcrori in Rock Stope
Strbiliry. !n Pbnning Opcn pir Mincs lVan Ren$ur¡.
?. lV. J.. cd.), P¡oc., Opcn pir Mining Symposiun, Joi¡n-
EÈurt. South Afric.n ¡n¡t¡turc of Mining rnd Mctallurry,
1970, pp. t¡13-t51.

2.122 hutrc, i- S¡Ua¡tr, F., rnd S'drncida, B. L.cfïct
d'cchclh d¡ns þ¡ éc¡oulcmcnts dc f¡laisc. proc., 3rd
Conges. lntcmrtional Socicty of Rock Mcch¡nic,
Deartr, VoL tr P¡n B. l9?,3. pp. ES9.t64.2.123 hck. R. B. Stabi.liry of Narurï Slopes. Journrt of Soit
Icch¡nic¡ ¡nd Found¡tbns Division, Ancricen Society
ofCivil_Enginccrq Ncw Yorl, VoL 93, SMa. 196?, pp.
a0341?.

2.124 Pite¡u, D.. R. Gco¡odc¿l F¡ctor¡ S¡grific¡nt to rl* St¡-
bility ofSlopcs Cur in Rock. ln Plannin¡ Opcn pit
Hine¡ (Vrn Rcnsburg, P. W. J.;d.), pÌoc., Op.n pit
l{inin¡ Synposium, Johrnnerburg, South Africrn lnni-
tutc of Minin¡ end Mcrellurg, t970. pp. 33-53.2.125 litc¡u. D. R., P¿rkes, O. n., Mct¡o¿, 

-S. 
C., ¡nd l¡u.

l. K. Ovcrturning Roct Slopc Frilure ¿r Hcll'rGetc,
Br¡tirh Columbi¡. ¡n C€ology rnd Mcchanic¡ of Rock-
didcs ¡nd Aqtancti-s {Vo¡trt, l.,ed.), EÞvicr, N:w
Yo¡k (in p¡es).

2.126 Pleflcr. G., E¡ickrn, G. E.. rnd Fcrnande¿ Conche, J.
Gcologicrl Arpecrs of rhc M¿y 31, 1970, pc¡u Er¡rh-
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Sdr ¡!d loctr, l{oræ¡La CÆæcùahr¡ trtir¡!., (No,
Yol. 2, 196?. pp. 29.16.

¿lsa S¡rdl¡y,l.l. Boundery Oondhin¡fc Fb,rJldabFlnù
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Èirirh Crco¡rephct¡, l{o. 53, 1971, pp.55{5.
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&d Ed., 1970,556 pp.
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9p. 105.1 15,
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735.

1165 Sranston, D. N. Slopc Sretility hoblcmr Asoci¡tcd
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2.166 Tabor. R. V. Orign of Ridgc-Top Dcpiersiont by f:r¡s
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2.167 T¡þda, Y. On thc L¡ndslidc Mech¡nism of rhc lcr-
ti.ry Typc L¿ndslide in rhc Thaw Time. Buuc¡in of rh€
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2-lóE Ttrtnal, F., Chegnon, J. Y., ¡nd L¡ Rochelle. P. the
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vitne¡scc Accounls. C¿n¡dian Gcotechnicd Iourrl,
Yol. I, No. 3, 1971. pp. 463478.

2.t69 Tcmpþ, P. H., end Rapp, A. l.¡ndCidcs in rhc Mger¡
A¡tr. lVc¡tcrn Uluguru Mountainr. Ttn ¿nL. Gcograiste
Anndc¡, Vol.54A, No. 11,1972, pp. 157-193.
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Norvcgi¡n Gcorcchnic¿l lnstiture. h¡b!.52, 1963, 14 pp.

2.t71 Tcr-Stcpurirn, G. Thc U¡e of Obscry¿rions of Slopc
lÞfornr¡tion fq¡ An¡lysis of Mcchani¡m of l,¿nd¡¡i.tca:
Problcm¡ of Gconicch¡nic¡, Tranr., Dcpartnrcnt of
Gcomcch¡nio, A¡mcni¡n SSR Acrrlemy of Scicnccq
No. I, 1967, pp. 32-5þ..

2.t12

1t?3

2.r?a

Lt?3

Tcr-Stegenian, G. Deprh Crecp of Slopet. Bulhtin,
lntern¡tiond Socicty of Enginectin¡ Crcoloisrl No.
9. 197{, pp. 97-102.
Tcr.Stc¡rnien. G.. ¡nd Goldsrcin, M. N. Mulri.Sroric{
l¡ndslidcs ¡nd Strcntrh of Sofr Ctayr. tìoc., ?thln-
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tion [ngincuin¡, Mcxico Ci¡y. Vol. 2. 1969. pp.69]
7ü¡.
lcrregÀi. K. F¡:th Slipt rnd Sub:irlencc¡ From Unds.
¡round Êtoion. Enginecin¡ l{cy+ll,ccord. Vcl. 107,
tuly 16. 1931. pp.9091
Tcraghi. K. Mccluni¡m of l.¡ndsl¡dct ln Applfr:rbn
ol Gcolo¡l to En¡inccrin¡ hecric! lF¡i3c;S.. c¿).
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(loolotkd Socþty of Anaicr, lcrtcy Vol., 1950. pp.
t3-¡ 23.

Ll16 lcraghi, K., rnd hct. R. B. Soll llcchrnio in En¡l-
æcring Pncticc. Yilcy, Nev Yort, ãrdEÅ.,1967,?29 p9,

Lln Thon¡on,S.,rndlhylcy,D.T. ThcljttleSmoky
l,¡ndslidc. C¡n¡di¡n CcotÊchnicd Journ¿1. Vol. 12,
llo. 3, 1975, pp. 319-192.

1l7t lilling, R. 1., Xoyeugi, R. Y., ¡nd Holconb, R. T.
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tions. Malaopuhi Cratcr, Xil¡ue¡ Volcrno, Hawaü.
US. C,eolopcd Surwy, Journd of Rcruch. Vol. 3,
No. 3. 1975. pp. 345-361.

Lllg lornncc. J. K. (h thÊ Rolc of Chemistry i¡ rhe Dc-
rtlopmcnt anrt BehJrirrr of ths Scnsitirt }lrrinc Oeys
of Crn¿d¡ rnd Sc¡ndin¡via. C¡n¡d¡¡n Geotcctnical
lou¡n¿I. Vol. I 2, No. 3, 1975, pp. 326.335.

2.tt0 lrollope, D. H. Scqucntial F¡iluc in Stnin-Softcning
Soils. P¡oc,, Eth lnternation¡l Confcrcnct on Soil Me-
clr¡nic¡ ¡nd Found¿tion Enginccring, Moæow, Vol. 2,
Þrt 2, 1973, p. 227-232.

¿ltt Yrn Rcnsburg. P. w. ,..cd. Planning Opcn Pit Min6.
Proc., Opcn Pn Mrning Symposium, tohanncrburg,
South Af¡ic¿n Insti¡u¡e of Mining rnd Mctallurg¡'. I 971,
38t PP.

LlE2 Vunc¡. D. J. bnddide Tlpes rnd Proccsc¡. ln l¡nd-
didcs ¡nd Engincering h¡ctic: (Eckcl, E. 8., cd.), HRB,
Spccial Rept. 29, 1958, pp. 2û.{7.

2.t83 V¡¡nes,H.D. l¿ndslidchoblcmsofSouthwelc¡n
Colondo. US. Gcologic¿l Survey,Ci¡o¡l¿r 31, l9{9,
t3 PP'

2.1t1 Vcdcr, C. Phanomcn¡ of ütc Cont¿n of Soil Mcch¡n-
þr ln¡crn¿tiond Symposium on [¡ndslidc Conl¡ol,
Xyoto ¡nd Tokyo. Japan Society of l.¡ndslidc, 1972,
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¿lts Voight, B. Architccturc ud Mcch¡nics of thÊ H€¿tt
Xount¿in ¡nd South Fork Rockdides. ln Rock Mcch¡n-
ic¡, the Amcrican lionhslst Ooight, BI cd.). Expedi-
tion Guidc. 3rd Con¡ress of thc ¡nlctnâtionâl Socicty of
I,ock Mcch¡nie. Pcnnsyhanu Sute Univ., l9?4, gp.
26-16.

2.tt6 Y¡¡d,lV. H. thcStrbilityofN¡turdSlopcr Gco¡reph-
ical Joum¡1, Vol. t05. No. 5{, 1945, pp. I ?0-l 91.

¿lt7 W¿shburn. A. L. Pctiglacial hoccssc¡ and Envitonmcnts.
St. M¡¡tin's P¡cs, Ncw Yo¡k, 1973,320 pp.

2.18E lililliam¡, G. P. ¿nd Gul', H. P. Erosioqal and lhposi-
tionel Aspccts of HuÍic¡ne Camillc in Virginia, 1969.
U5. Gcologic¡¡ Survcy, hofcssiond Paper EO4, 1973,
to pp.

2.1t9 Wood, A. M. Engincaing AspccrofCoacrl l¡nddidcs.
Èoc., lnstirufioß of Civil EnginÊas, l¡ndon, Vol. 50,
t97l,pp. 257-216.

¿t90 Yemcl'i¡non, Yc. P. Fund¿menlrl Rcguhtit¡er of l¡¡d'
didc hoccr¡cs. Ncdr:, Morcow, 1972,308 pp. (cxctrpts
ù¡n3hlcd by D. B. V¡laliano for U.S. Cæologicrl Survey).

,Jgl Youd,T.L. L¡quef¡clion.Flow.rndAs¡oo¡tcdGround
F¡il¡¡¡c. US. Gcologicel Survcy. Circul¡ 6E8, 1973'
t2 pp.

Ll92 Zåub¿, O. Perigl¡ci¡l Phcnomcn¡ in thc Turnov Re¡ion.
SUornik Ú¡riøni¡o Úrt¡w Gcolo¡ictêho, Vol. t9, 1952.
pp, l5?.t6E (in C¿ccl¡ with Engliù rnd Ru¡¡i¡n ¡um.
nuþ¡).

Llgt Zi¡ub¡,Q..¡nd Mcncl.V. l¡¡d¡lidcs¡nd Tlrcit Control'
EJrúcr, Ncs Yo¡l,¡nd Ac¡dcmi¡, Frrguc, l9ó9,205 pp.

1t9l Zi¡chinc¡y. U. (h thc Dcfo¡n¡tion of HiSrt Slopc¡.
Ìroc,, t¡t Congcs. lntcrn¿l¡on¡l Society of Rock Me'
ch¡nlc¡, Li¡bon, Vot l. 196ó, pp. l?$ltS.

1195 Ziæhin¡ty. U. tJùrr Bcr¡lcrrcirrung und Trlzurchub.
Calo¡ishc Rund¡ch¡u, Vol.5t, No. 3. 1969,9p. 97f'
9r¡.

1196 Zolotercv. G. S. Ccologicrl RÊlrrhtiliÊr of rhc Derlo¡
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ART. 35 STABILITY OF SLOPES

lntroductíon

The failure of a mass of soil located beneath a slope is eailed a slide.
rt involves a downward and outward movement of the entire mass of
soil that participates in the failure.

slides may occur in almost every conceivable m&nner, srowly or
suddenly, and with or without any apparent provocation. 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. rn others, they are caused by an
increase of the porewater pressure in a few exceptionally permeable
layers, or by a shock that liquefies the soil beneath the srope (Article 4g).
Because of the extraordinary variety of factors and processes that may
lead to slides, the conditions for the stability of sropes usually defy
theoretical analysis. stability computations based on test results can be
relied on only when the conditions specified in the difierent sections of
this article are strictly satisfied. Moreover, it shourd 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 Cohesíonless Sand

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

tan S
tan p

(35.1)

No slope on clean sand can exist with a slope angle greater than 6,
irrespective of its height.

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

General Chatøcter of Slí"iles ín Hornogeneous Cohesùse Soíl

A cohesive material having a shearing resistance

s: c * Ptan6
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Fig. 35.1. Deformation associated with slope failure.

can stand with a vertical slope at least for a short time, provided the
height of the slope is somewhat less than 11" (Eq.'28.11)' If theheight
of a slope is greater than f1., the slope is not stable unless the slope

angle B is less than 90'. The greater the height of the slope, the smaller

must be the angle 0. If the height is very great compared to H", lhe
slope will fail unless the slope angle p 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 the slope, as

shown in Fig. 3õ.1. The force rvhich produces the tension cracks behind
the edge of a vertical slope is represented by the triangle ace in Fig.
28.3ó. 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 level 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. Ä failure of this type, shown in
Fig. 35.2b, is known as a base !øilure.

Fig. 35.2. Position of critical
LS27). (b) Base failure.

Ftîm þase

circle for ( ø ) slope failure ( after W. Fellenius

d
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In stability computations the curve representing the real surface of
sliding is usually replaced by an arc of a circle or of a logarithmic spiral.
Either procedure is as legitimate as Coulomb's assumption of a plaue
surface of sliding in connection with retainingwall problems (Article 30).
In the following discussions only the circle will be used as a substitute
for the real surface of sliding.

Putpose of Stabålí,tg Conrputatbns

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
constmction period. They indicate that the average value of the mini-
mum shearing resistance of the soil has been overestimated. Since such
failures constitute largescale shear tests, they offer excellent opportun-
ities for evaluating the real minimum shearing resistance and for avoiding
further ¿ccidents on the same job by changing the design in accord-
ance with the findings. The general procedure is to determine the posi-
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 resistance s of the soil necessary to satisfy the condi-
tions for equilibrium of the mass.

fn order to design a slope in a region where no slides have occurred,
the average shearing resistance s 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 has been de.
termined, the slope angle can bó 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 soil
tests.

Computatíon of Sheøríng&esístørce from Slíd.e Døta

The method for determining the average shearing resistance of soils
on the basis of slide data is illustrated by Fig. 35.1. The depth e" 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 O. Equilibrium requires that

Wth - Wzlz * sr d,ßz
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from which

Stab¡lìt! of Slnpes 235

wth - wzlz

,ã
where 7r is the weight of the slice okle which tends to produce failure,
and lV2 is the weight of slice kbd¡f which tends to resist it.

If the shape of the surface of sliding is sueh 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 connec-
tion with composite surfaces of sliding.

P¡oced.ure for lnoestígatìng Stab¿Iíty of Slopes

In order to investigate whether or not a slope on soil with known
shear characteristics rvill 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 ci,rcle, must
satisfy 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 a minimum. Hence, the investigation be-
longs to the category of maximum and minimum problems exemplified
by Coulomb's theor¡, (Article 30) and the theory ãf 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 rvith respect to failure
may be computed by means of the relation (FiS. 35.1)

sr d,ßz
h':-' Wrl, - WrI,

(35.2)

wherein r represents the radius of the critical circle and ilßz the length
of the surface of sliding.

Like the passive earth pressure of a mass of soil, the stabilit)' 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 surface of sliding. For each
circle, the value l' (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 circle.

The analytical solutions can rarely be used to compute the faetor of
safety of a slope under actual eonditions, because they are based on
greatly simplified assumptions. They are valuable, however, as a guide

fo¡ estimating the position of the center of the critical circle and for
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ascertaining the probable character of the failure. In addition, they may
Berye a,fi & means for judging whether a given slope will be unquestion-
ably safe, unquestionably unsafe, or of doubtful stability. If the stability
appears doubtful, the factor of safety with respect to failure shorrld
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
homogeneous. At this level, the soil rests on the horizontal surface of a
stifrer stratum, known aæ lhe rtrm bøse, which is not penetrated by the
surface of sliding. The slope is considered to be a plane, and it is located
between two horizontal plane surfaces, as shown in Fig. 35.2. Finally,
the weakening efrect of tension cracks is disregarded, because it is rrlore
than compensated by the customary margin of safety. The following
paragraphs contain a summary of the results of the investigaiions.

Slopes on Soft Clng

The average shearing resistance s per unit of area of a potential sur-
face of sliding in homogeneous clay under undrained (ó : 0) conditions
(Article 18) is roughly equal to one'half the unconfined compressive
strength q" of the clay. This value of s is referred to briefly as the cohe-
sion c. That is,

s:$qu:c (18.5)

ff c is known, the critieal height H 
" 

of a slope having a given slope angle
P can be expressed by the equation,

(35.3)

In this equation the støbilitg tactor N, is a pure number. Its value de.
pends only on the slope angle p and on the depth Jøctor na (Fig. 35.2b)
which expresses the depth at which the clay rests on a firm base. If a
slope failure occurs, the critical cirele is usually a toe circle that passes

through the toe b of the slope (Fig. 35.2ø). However, if the firm base is
located at a short distance below the level of b, the critical circle may be a
slope circlc that is tangent to the firm base and that intersects the slope
above'the toe b. This type of failure is not shown in Fig. 35.2.If. a base
failure occurs, the critical circle is known as a míd,po,int circle, because
its center is located on a vertical line through the midpoint z¿ 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.
pends on the slope angle I and the depth fa ctor n¿. Figure 35.3 contains a
summary of the results of pertinent theoretical investigations. According

H" : N,!
"Y

39



Compendium 13 Text 2

40

Añ. 35 StabíIíty of Slopea

to this figure, the failure of all slopes rïsing at an angle of more than 53o

occurs along a toe circle. If p is smaller than 53o, the type of failure
depends on the value of the depth factor h¿ Ð,îd, at low values of æ¿, also
on the slope angle p.If na is equal to 1.0, failure occurs along a slope
circle. If z¿ is greater than about 4.0, the slope fails along a midpoint
circle tangent to the firm base, regardless of the value of 0. If ¿¿ is inter-
mediate in value between 1.0 and 4.0, failure occurs along a slope circle
if the point representing the values of r¿¿ and p 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 slope angle p and the depth factor z¿d a,re given, the value of the
corresponding stability factor N" (Eq. 35.3) can be obtained without
eomputation from Fig. 35.3. The value of tr{" determines the critical
height fI" of the slope.

If failure occurs along a toe circle, the center of the critical circle can
be located by laying off the angles a and 20, as shown in Fig. 35.2ø.

FÍg. 35.3. Relation for frictionless material between slope angle p
factor N. fôr different values of depth factor n¿ (after Taylor 1937).

and stability
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Values of a and d for different slope angles p are given in Fig. 35.4¿. 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,.ts
from the toe of the slope to the circle (Fig. 35.2b). Values of ø" can be
estimated for different values of a¿ and B by mêans of the chart (Fig.
35.4b).

If the clay beneath a slope consists of several layers with different
average cohesion c1, c2, ctc., 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

500

s

Not
\
\ J¿'

$ ,,.
s

(, )

4
,o'rÞ 80" 70" 60" 50"

Va/ues of/î

,I'60" 50" 40" 300 20" /o"
Va/ues offi

Fig. 35.4. (¿) Relation between slope angle B and parameters a and , for loca'
tion of critical toe circle when p is greater than 53'. (D) Relation between slope
angle p and depth factor ¡¿ for various values of parameter n' ( after W. Fellenius
L927).
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.-Confours of
/, equal rd/ues

ofF

Fig. 35.5. Base failure in stratiÊed cohesive soil'

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 cz 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 Ú which

must act along the surface of sliding to balance the difference between

the moment WJt of the driving weight and the resisting moment Wzlz'

The value of I is
Wtl - WzIz

"rÃ

Then, on the basis of the known values of c7, c2, c3, l;tc., we compute the

average value of the cohesion c of the soil along the sliding surface. The

factor of safety of the slope against sliding along the circular trial sur-

face is

F:9
t

(35.4)

The value of F is inscribed at the center of the circle. After values of F
have been determined for several 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 F-¡o is the factor
of safety of the slope with res¡rect to sliding.

If it is not obvious which of two layers may constitute the firm base

r'or the critical circle, trial circles must be investigated separateþ for
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each possibility and the corresponding values of F-¡o determined. 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 Soìls uíth Cohesíon ønd' lnternøI F¡íctíon

If the shearing resistance of the soil can be expressed approximately
by the equation

s: c * ptanþ

the stability of slopes on the soil can be investigated by the procedure
illustrated by Fig. 35.6o. The forces acting on the sliding mass are its
weight W, lhe 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 c multiplied by the length Z of the chord. The distance
ø from the center of rotation to C is determined by the condition that

Cr: cLr: "1r,
whence r : d,e r/L. "lhercfore, the force C is known. The weight 17 is
also known. Since the forces C,W, and F are in equilibrium, the force F
must pass through the point of intersection of l/ 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 dP in Fig. 35.6ø 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 asthefriction circle, having a
radius

r¡:rsinþ
and having its center at the eenter of the circle of sliding. The line of
action of the resultant reaction F is tangent to a circle having a radius
slightly greater lhar 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 is on
the safe side.

For a given value of 6 the critical height of a slope which fails along a
toe circle is given by the equation,

H":N,

which is identical with Eq. 35.3, except that .ôy'" depends not only on

B but also on S. Figure 35.6b shows the relationship between B and lf,

L
"Y
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Fig.,85.6. Failure of slope in material having cohesion and friction. (a) Diagram
illustrating friction-circle method. (å) Relation between dope angle B end

stability factor N. for various values of ø (after Taylor 1937).
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for different values of ó. At a given value of the slope angle p, iy'" in-
creases at first slowly and then more rapidly with increasing values of 6.
When ô : 0, if, 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 4 is smaller than approximately 3o.

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 6 for the soil at the time of the slide was close to zero.

Iregular Slopes onNoruníform SoíIs

If a slope has an irregt¡l¿¡ surface that cannot be represented oy a
straight line, or if the surface of sliding is likely to pass through several
materials with different values of c and þ, the stability can be investi-
gated conveniently by the method of slices. According to this procedure
a trial circle is selected (Fig. 35.7ø) 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 weighl W,by shear forces ?
and normal forces Z 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 ? and
,&' depend on the deformation and the stress-strain characteristics of
the slide material and cannot be evaluated rigorously. They can be
approximated with sufficient accuracy for practical purposes.

h)

(b)

Fig. 35.7. Method of slices for investigating equilibrium of slope located above

water table. (ø) Geometry pertaining to one circular surface of sliding. (å)
Forces on typical slice such as slice 2 in (¿).
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The simplest approximation consists of setting these forces equal
to zero. under these circumstances, if the entire trial eircle is located
above the water table and there are no excess pore pressures, equilib-
rium of the entire sliding mass requires that

r2ITsinc: r2S

If s is the shearing strength of the soil along l, then

(35.5)

and

whence

S:s1:t b

F Fcosc

,ltsino:11-g-
4 F /4 cosa

- Z(sölcos c)
' )14z sin a

(35.6)

(35.7)

(35.8)

The shearing strength s, however, is determined by

s:c*Ptan6
where p is the normal stress across the surface of sliding l. To evaluate
p we consider the vertical equilibrium of the slice (Fig. B5.Zb), whence

W: S sina*Pcosa
and

Therefore

/Ws--c+\;
and

Let

Then

Pp:7 : Pcosø
b-

s.
tsmd (35.e)

- f ,i" "),",, ó :. c * (i -j r",,, o)ru., o

c * (W/b) tan 0
(35.10)

(35.1r)

8:
1 * (tan aíanþ)/F

*':(t* tan c tan ó\
--F ) 

cos ø

¡ì' -
\l [c * (W /b) tan ó]ö

4*"
(35.12)

)17 sin c
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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 nao

(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'r is

assumed and used for calculation of mo, whereupon F is then computed.
If the value of F differs significantly from F r, the calculation is repeated.

Convergence is very rapid. The calculations are facilitated by the chart
(Fig. 3õ.8ø) from which values of mocan be taken (Janbu et al. 1956),

and by a tabular arrâ,ngement of the computations (Fig. 3õ.8b).

t4

/.2

ma /.0

0.8

0.6

to ?0 30
a (Oeqrees)

(a)

For first trial, F" : #,
(b)

¡' : >(8)
>(4)

Fig. 35.8. Calculation of factor of safety for slope if surface of sliding is circular
atã forcus between slices are neglected. (¿) Chart for evaluating factor rn,,.

(E) Tabular form for computation.

sina fan ômd.-Coîd * f

Vallns from cross sect:iùn

I 2 3 4 Ð 6 I 8

Slice
No. do gln d w I7 sin c c +{ t,-o (5).ö ùto

Fo:
(6) / (7)

>(8)
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A"
lUd

wb

zbrr

ATn

Fig. 35.9. Method of slices for circular surface of sliding if slope is partly sub-

merged. (a) Geometry pertaining to one surface of sliding. (b) Forces acting
on typical slice, such as slice 2 ín (ø). (c) Force polygon for slice 2 if all forces
are considered, (d) Force polygon for slice 2 if forces T and E 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. 35.9¿). The magnitudes of
the pore pressures depend upon the conditions of the problem. In some
ins'¿ances 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 Lty A - .r4., the weight W of Lhe

slice (Fig. 35.9b) may be written as

W:W"*Wo*zbt. (35.13)

where lI¡. is the weight of that part of the slice above A - A, W6 is

the submerged weight of the part below .4 - .24., and zb"y. is the weight
of a volume of water equal to the submerged portion of the slice. If
the entire sliee is located beneath water level, as slice 5 (Fig. 35'94), the
weight of the water above the slice must be included in zb"y.. The pore
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pressure at the midpoint 0' of the base of the slice is z"l- * z, where u
is the excess pore pressure with respect to the external water level.

If the external water level A-A is located below O' on the base of the
slice (Fig. 35.9b), the pore pressure at O' is hf 7,, where l¿ is the height
to which the water would rise in a piezometer at O'.If the pore pres'
sure is due to capillarity, å is negative.

Since the forces acting on the slice are in equilibrium, they may be

represented by the force polygon (Fig. 35.9c). The normal force P con-

sists of an effective component P', the fotce uI caused by the excess

pore pressure, and the force el7, caused by the hydrostatic pressure of
the water with respect to A - á. The shearing stress f along the surface
of sliding is

I
"F

whence

:ia*ptan¿): i þ . (T - ",.- ")*" t] (35.14)

1l
S : t' t :'=îcl * (P - zlr. - uI) tanOl : i kl i P' tan 6)It'- Í 

(g5'15)

Equilibrium of the entire slide with respect to moments about the
center of the trial circle requires that

\r*, * wt * zb"r.)rsina : Is r * t"r.d2ot

: ; I þt * P' tan ó)r * tzd"a, (35.16)

However, the water below level A - A is in equilibrium, whence

Zzbt.r sin a : *Ld'øt (35.17)

(35.18)

(35.1e)

Therefore,

and
Lr*" * wt)rsin a : i I u, * P' tan ô)r

F: 2(cl -| P' tan 6'¡

>(W" + IIz¿) sin c

The value of F (Eq. 35.19) depends upon P'which may be determined

for each slice from the foree polygon (Fig. 35.9c). If the surface of sliding
is circular, the influence of the forces ? and .E between the slices is

49
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relatively small and P' canusually be evaluated with sufficient accuraey

on the assumption that the forces T and E are equal to zero. The force
polygon then reduces to Fig. 35.9d, whence

w" * w¿ * zb'y. : (2t7. + P' +øl) cos' + (r' ff + #)'t"
(35.20)

and

W"*Wu-ub-
P': (35.21)

tnd

Substitution of Eq. 35.21 into 35.19 gives

F:
Z'(W" + lT¡¿) sin a

(35.22)

Equation 35.22,LíkeEq. 35.12, must be solved by suceessive approxi-
mations because the factor of safety F is contained in zr¿" which appeå,rs

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 Wt, and that the excess pore pressure t¿ 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). ff the surface of sliding is eircular, however, the improve'
ment in å,ccurecy is not likely to exceed l0 Lo 15/6 and the additional
efrort is not usually justified. On the other hand, if the surface of sliding
is not circular the error ma,y 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.

Composíte Swfare of Slíd.íng

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 surfaee of sliding is shown in Fig.
35.10. The forces acting on any slice ø 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. 35.9c.

cl
-slndF

Wt
ntro

Ícb t (W" *I - ub) tan öl
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Fig. 35.f0. Geometry of method of slices for investigating equilibrium of slope

if surface of sliding is not circular.

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

ZWx:2(Sø*PÐ+trd'at
whence, from Eq. 35.15

(35.23)

\r*"*wt*zbt.)x: i I Gt* P'tanô)a* I"t *t"r.d.'a,

and

F_ Z(cl * P' tan 6)a (35.24)
>(W" + Wo * zhtòx - >Pl - tt.d'ot

However, the water below level A - A is in equilibrium, rvhence

Ðzb^f.a - *'y.d'a, :âzh.l : >e - P')î (35.25)

where
P':P-211.

Equation 35.24 then becomes

Z\cI * P' tan þ)øF :21y4t"¡14tr1r-2p¡ (35.26)

This expression can be evaluated if P' and P1 are known. These quanti-
ties may be determined from the force polygon (Fig. 35.9c). Summation
of vertical components leads to

W" * Wt + 
^T" 

* zby, : zllucosa * (P' t uI) cos a

1

+ ¡ 
(ct * P'tan {) sin a
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whence

Dr_

Iforeover,

Stùility of Sbpet

W" * Wo + AT" - ub - (c/F)b t'an a
(35.27)

,tflo

W" * Wt + AT" * (l/F)(ub tan 6 - cb) tan a
n'La

(35.28)

35.27 and 35.28 in 35.26 and combining terms,

)[cb f (W" + Wu * LT" - ub) tan 6]@/m")

ùt:s

Pt: P' I ul:

By substituting Eqs.
we find

F:

\,*"*w,)s-Ilt"* Wt * AT"

+ (ub tan 6 -,r) T] $/m,)

(35.2e)

This equation must be solved by successive approximations because
the factor of safety F occurs on the right-hand side explicitly as well as

in the quarrtity m,. Furthermore, the value of F depends on A?,. As a
first approximation, AT.may be set equal to zero. The calculations are
facilitated by the chart (Fig. 35.8ø) and a tabular årrangement (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 sliding,
the assumption that A?" is equal to zero leads to sufficiently accurate
results. If the cioss section of the surface of sliding departs significantly
from a circular shape, the use of Eq. 35.29 with 

^T, 
: 0 is preferable

to the assumption of a circular cross section and the use of F,q.35.22.
However, if greater refinement is justified, values of Af' may be inserted
in Eq. 35.29 and the factor of safety recalculated. The calculations are
laborious.

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

ÐaT^: o

>AE"+17.d2:O

(35.30)

(35.31)

Furthermore, for each slice, Al" and AE, are related in accordance
with the requirements of the force polygon (Fig. 35.9c). By resolving
the forces in the direction of S, we obtain

8 : AE, cosa * (W" + Wø * AT"* ebt ) sina



I 2 3 4 Ð 6 I 8 I 10 11112 13 I4 15 16 t7

b a a r d tan ct c tan S cb ub W" W¡ AT W"*W¿lAT" (t4) - ub (15) tan ó (e) + (16)

1

2

n

18 I rg I zo I zt I zz I zs 124125 I 26 I 27 128

(19) 'ø | ubtatþ
", 1?lt'nr*trur(r7)'ø W"*Wa

>(20) :
'- >(2e)
Itt:-- >(20) - ¿(30)
Repeat steps 24 to 30 incl.

¿(2e) :
2(30) :

Fig. 35.ff, Tabular form for calculating factor of safety of slope by method of slices, if surface of sliding is not circr¡Iar.
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kt. 36

whence

StùíIítg of Slopes

AEn: Sseca - (W"*W¡* A?") tan a- zb^f.Lano (35.32)

However, it may also be seen from the force polygon that

I1S: F[cl * (P - zl"y. - ul)fanôl: ilcl*P' tan6] (35.33)

By substituting Eq. 35.27 into 35.33, we obtain

25r

s:å cb I (W" * W¿ * AT" - ub) tan ó _ M_ 
(85.84)

rTLo F

and, by using Eq. 35.32 and summing for all the slices,

) tou" * zb^r*tan cl : >rl#sec d - (w" + wt * aT,)tur, "]
(35.35)

But since

2zb7,tana: *I-d2

Eq. 35.31 requires the left-hand side of Eq. 35.35 to be zero. Hence the
forces 47, must satisfy not only Eq. 25.30, but also

>rl#sec d - (w" + rvo * ar^)t"o o] : o (35.36)

Because the problem is statically indeterminate, any set of values
?" 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
vertieal equilibrium of each slice. However, not all such sets of values
are reasonable or possible. For example, the values of ?, must not
exceed the shearing strength of the soil along the vertical boundary
of the corresponding slice under the influence of the normal force .t..
l\{oreover, 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 8,, ùr,d on the basis of these values and Eq. 16.5 to
calculate approximate upper limiting values fo¡ lo. By trial and error,
smaller values of. Tn 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
?", because of the dependence of M (Eq. 35.34) on F..



X
t3 t4 I t0 t5 16 17 3l 32 33 34 35 36

T, AT 'lY"*Wt*ôT'
cb ub l4)-(10 (r5) tan d (e) + (16) 14) tan o F ffta

(17) : a
lfls

M
F

lec a
M
F seca (35)-(31

t
2

n

>(13) :O >(36)-:O

Fig' 35.f2. Tabular form for determining consistent set of shear forces f, between slices, for substitution into Eq. 35.29, if
values of AT. are not coDsidercd to be zero.
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There is, of course, no &ssurance that the value of F finally deter-
mined by this procedure is correct, because other consistent sets of
?-values lead to other factors of safety. However, the values of F for
difrerent 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. 35.9c) 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 be 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 ot 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 øbcd. In the right-hand part of the sliding mass,

represented by the arca abf , active failure must be expected because

the earth stretches horizontally under the influence of its own weight.
The central parlbcef moves to the left under the influence of the active
pressure on b/. The left-hand part of the sliding mass cde experiences
passive failure due to the thrust of the advancing central part bcef.

The first step in investigating the conditions for the stability of the
slope is to compute the passive earth pressure Pr 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 P¡ acts in the hor!
zontal 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 Pá on a vertical
section/b through ò. The tendency for the mass bcel to move to the left

Fig. 35.f3. Failu¡e of slope underlain by thin layer of very soft clay.

fa,T
-JrÁ]-'\€'j' lt-fr
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is resisted by the passive earth pressure P¡ and the total cohesion C
along bc. 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

l. A wide eut 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
a depth of. 25 f.t, failure occurred. If the unit weight of the clay was 120
lb/ft', what rvas its average cohesive strength? What was the character
of the surface of sliding? At what dist¿nce from the foot of the slope did
the surface of sliding intersect the bottom of the excavation?

áns.500lb/ft'; midpoint circle; 18 ft.
2, The rock surface referred to in problem I was located at a depth

of 30 ft below the original ground srrrface. What were the average cohesive
strength of the clay and the character of the surface ofsliding?

Ans. 450 lblft'; toe circle.

3. A cut is to be excavated in soft cla¡- to a depth of 30 ft. The material
has a unit weight of 114 lb,/fta and a eohesion of 700 lblft'. A hard layer
underlies the soft layer at a depth of 40 ft belorv the original ground surface.
ïVhat is the slope angle at which failure is likety to occur?

Ans. B:69".
4. A trench with sides rising at 80" to the horizontal is excavated in

a soft clay which weighs L20 lb/ft" and has a cohesion of 250 lb/ît". To
rvhat 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?

.4ns.9ft; 8ft.
5. A bed of clay consists of three horizontal strata, each 15 ft thick.

The values for c for the upper, middle, and lower strata are, respectively,
600, 400, and 3000 lblft'. The unit weight is 115 lblft'. A cut is excavated
with side slopes of I (vertical) to 3 (horizontal) to a depth of 20 ft. What
is the factor of safety of the slope against failure?

Ans. 1.2.

6. To rphat depth can the trench in problem 4 be exeavated without
bracing if the soil has, in addition to its cohesion, an angle of internal
friction of 20'?

Ans.l4.2 lt.
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Selected Reading

A detailed discussion of the method of slices and the a-qsumptions on
which it is based may be found in Taylor, D. W. (1948): Fundømentals
of soil rnechanics, New York, John Wiley and Sons, pp. 43244L. A condensed
summary of the method from the point of view of effective stress and the
use of pore-pressure coefficients is given in Bishop, A. W. (1955) : "The
use of the slip circle in the stability analysis of slopes;" Géot., 5, pp. 7-I7 .

Charts for the solution of manl' cases of practical importance are contained
in Bishop, A. W. and N. R. I\Íorgenstern (1960): "Stability coefficients for
earth slopes," Géot., 10, pp. 129-150. Solutions for many other cases are
given by Janbu, N. (1954b) : "Stabilit¡' anal¡'sis of slopes with dimensionless
parameters," Haruard SoiL Mech. Series No. /16, 87 pp,

The most general analysis available, not restricted to a circular surface
of sliding and considering the forces betrveen sliees, is der.eloped mathemati-
eally by Morgenstern, N. R. and V. E. Price (1965): "The analysis of
the stability of general slip surfaces," Géot., 15, pp. 79-93. An electronic

, computer is needed for the solution.

l:::: _: --;
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CHART SOLUTIONS FOR ANALYSIS OF EARTH SLOPES

John H. Hunter, Department of Civil Engineering, Virginia Polytechnic Institr¡te and
State University; and

Robert L Schuster, Department of Civil Engineering, University of Idaho

This paper compiles practical ehart solutions for the slope stability prob-
lem and is concerned with the use of the solutions rather than with their
de¡ivations. Authors introduced are Taylor, Bishop and Morgenstern,
Morgenstern, Spencer, Hunter, and Hunterand Schuster. Many of thesolu-
tions introduced appeared originally in publications not commonly used by
highway engineers. In addition to the working assumptions and param-
eter definitions of each write¡, 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 investþate preliminary de-
sigas and to obtain reasonable estimates of parameters for more detailed
packaged comprúer 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
cha¡ts 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 publisheò Unfortunately, these chart solutions have been pubtished in
several diJferent sources, some of which are not commonly used by highway engineers
in this country. This paper introduces several of these solutions that may prove useful
and deals with how to use these solutions rather than witl their derivations.

These chart solutions provide the engineer with a rapid means of determining the
factor of safety duri¡¡g the early stages of a project when several alternative schemes
are being investigateù 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 avaitable (!=2).

Those chart solutions that appear to be most applicable to highway engineering prob-
lems involving stability of emba¡kment slopes and cut slopes are presented here. In
addition to introducing some solutions tltat may be unfamiliar, this compilation pro-
videsaquickmeÍüsof locatingvarious solutions so that rapid comparisons of advantages
and disadvantages of each solution can be made.

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

TAYLOR SOLINION

The solution fowrd by Taylor (9, fO) is based on the friction circle (ø ci¡ete) method
of analysis and his resulting charts are based on total stresses. Taylor made the fol-
lowing assumptions for his solution:

1. A plane slope intersects hori2ontal planes at top and bottom. This is called a
simple slope.

Sponsored by Committee on Embankments and Earth Slopes and presented at the SQth Annual Meeting.
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2. The charts assume a circular trace
for the failure surface.

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

4. The shear strength follows Cou-
lombrs Law so that s = c + ptan É.

5. The cohesion, c, i9 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. If the cross section investigated
holds for a running length of roughly two
or more times the trace of tlte potential
rupture surface, it is probablethattlis, a
two-dimensional analysis, is valid"

8. The stabitity number in the charts
is that used by Terzaghi and Peck (11) in
presenting Taylor's solution The sta-
bility number, N, is "y&s1/c,

9. The deptl factor, D, aE shown in
Figure 2, is tlre 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
soils.

2. It may not be applied to the pa-rtiel
submergence cese.

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 for soils with É = 0 deg witlr
deptà factors, D, varying from 1.0 toco
and slope algles, F, varying from 0 to
90 deg (rig. 3),

2. A chart for materials having cohe-
sion and friction with É varying from 0 to
25 deg and P varying from 0 to 90 deg
(rig. ¿), ana

3. A chart for locating the critical
cÍrcle of a slope faiture (not presented in
tlris paper).

Examples of use of Taylorrs sohÉion
follow:

1. A cr¡t is to be excavated in soft clay
to a deptl of 30 fL The soil hae a unit
weightof 115pcf andacohesion of 550 psf.
A hard layer underlies tåe soft layer at a
depth of 40 ft below the original ground
surface. What is tlte slope angle, if any,
at which failure is likely to occur?

Figure 1. Comparison of asumptions for
cohesion, c, as made by various investigators.

Figure 2. Elements of a simple slope.

Y¡lu¡¡ ol 3lo¡¡ Ar¡lo' t

Figure 3. Relations between slope angle, B, and sta'

bility number, N, for different nalues of depth factor,
D [after Terzaghi and Peck (lD].
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. Solution: Because the soÍl is a soft
cLay, ö is assumedto be zero and tlte cha¡t
of Figure 3 is applicable:

o=40/30=1.33

If failure is to occur, the critical
height, H", is 30 ft:

¡ = (*ts),/c = (115) (90)/550 = 6.28

From Figure 3, for D = 1.33
6.28, F may be read as 30 deg,
the u¡¡known that was to have
termined.

2. A cut is to be excavated in a ma-
terial t}tat has a cohesion of. 250 psf, a
unit weight of 115 pcf, and an angle of
shearing resistance of 10 deg. The de-
sign calls for a slope angle of 60 deg.
What is the maximum depth of cut that can
be made a¡d still maintain a factor of
safety of 1.5 with respect to the height of
t}te slope?

Yrluc¡ ol Slopc An3lc, !

Figure 4. Relations between slope angle, F, and sta.
bility number, N, for materials having cohesion and
friction, for various values of þ lalter Terzaghi and

peck (i,Ul.

a¡dN=
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Solution: Becausethe soil hasboth co'
hesion and angle of shearing resistance,
the chart of Figure 4 is applicabte. The
factor of safety (with respect to height) of
1.5 is the criticat height, Hs, divided by the actual heþht, Ir. The depth factor, D, does
not enter into the solution if t]¡e soil is a c, É tlpe of soil.
- Fïom Figure 4,1or 6 = 10 deg and p = 60 deg, N may be read as 7.25. From tàe
definition of stability number,

N = (y) (H")/c

or Hs = (c) (N)/y = (zso¡ 17.29¡¡115 = 15.?5 fr
H = Hc/L5 = L5.75/L.5 = to.5 ft

Thus, it wouldbe possible to make a 60-deg cut at any depth up to 10.8 ft and stilt
maintain a factor of safety that is equal to or greater than 1.-5.

BISHOP AI{D MORGENSTERN SOLUUON

Bisho¡'s adaptation of the Swedish slice method (1) was used by Bishop and Morgen-
stern (Z) for their solution Their cha¡ts are basedãn effective stresseJ rather than
total stresses. Consequently, it is necessary to take pore pressr¡res into consideration

Bishop and Morgenstern made the following assumptions:

1. The geometry of the slope is simple, as was tlre case for Taylor's solution The
potential sliding surface is assumed to be cylindrical; the trace of the stiding surface
is assumed to be a portion of a circle.

?. .fhg pore pressure is accounted for by use of the pore pressure ratio, ru. This
ratio is defined as being equal to ,r/(yh), whereh = depth ofpoint in soil mass Ëebw the
soil surfacer 7 = unit weight of the soil (bulk density), and u - pore pressr¡re of water
in the soil The pore pressure ratio is assumed to be constant thrõughout tåe cross
eection; t}is is called a homogeneous pore pressr¡re distribution Iltherc are minor
variations in rq thror.rghout the cross section, an average value of ru can be used"

3. For steady-state seepage, use a weighted average of r,, over lhe eectio¡L
4. The factor of safety, F"s, is defined as m - (n) (ru), whöre m and n are determined

by using cha¡ts in Figures 5 through ?.
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5. Depth factors, D, of 1.0, 1.25, 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 multipliedby the embankment
height.

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

Bishop and Morgenstern's solution
has the following limitations:

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

2. The averaging technique for pore
pressure ratio tends to give an overesti-
mation of the factor of sa-fety. In an e>:"

treme case, this overestimation will be
on the order of 7 percent.

In using this chart solution it is con-
venient to select the critieal depth factor
by use ofthe lines of equal pore pressure

2:l 3:l 4:1

Slop¡ cot !
¡rl 3¡l a:l

3lopr cot !

Figure 5. Stability coefficients, m and n, for

I = O.OS and D = 1.00 [after Bishop and'lH
Morgenfern (Ð1.

ç'
¿o'

,tl l:l a:l ¡¡l lrl all

slop. cot, Slogr cot I

Figure 6. Stabil¡ty coefficients, m and n, for

fi = O.* and D = 1.25 [after Bishop and

Morgenstern (2)1.

2rl 3:t 4:t
3loÞ¡ cot t

2!l 3rl a:l
SloD. cot t

Figure 7. Stability coefficients, m and n, for

4= O.OS and D = l.S0 [after Bishop and
'lH

Morgenstern (Ðl .
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ratio, r¡¡s, on the charts of Figrres 5 and 6. The ratio, rus, iB defined as (m¡ - m)/
(n¿ - n¡)wher€ nz ândlû¡ ârê values for a higher dep,th fâctõ-r, D, a¡d nr ând mr coil
respond to a lower value of the depth factor, D¡.

If the design value of pore pressu¡e ratio is higher than rrrs for tfie given section
and strength parameters, then the factor of safety determined witl the higher depth fac-
tor, D, has a lower value tàan the factor of safety determined with the Iower depth fac-
tor, Dr. ThÍs is useful to know when no ha¡d stratum exists or when checking to see if
a more critical circle exists not in contact with a hard stratum. The example problem
will clarify this concept.

To determine tåe minimum factor of safety for sectÍons not located directly on a
hard stratum, enter the appropriate chart for t]¡e glven c'/(yÍ[,) and, initially, for D =1.00. Note that c ' is the effective stress value of cohesion and H iÁ tne neigirt of the
slope while y is the unit weight of Ûre soil The values of É and ø, define a point on tlre
curves of n with which is assoeiated a vafue of rus given by the dashed lines. If t]¡at
value is less tåan the design value of ru, th€ next depth factor, D = 1.25, will yietd a
more critica-l value of the factor of safety. If, from the chart for D = 1.25, the values
are che-cked and r,r" is still less than the design value for rs¡ rrlov€ to the cha¡t for
D = 1.50 with ttre same value of. c'/(yF).

pishop and Morgenstern (Z) show cha¡ts for values oî. c'/(yE) of 0.00, 0.025, and
0.05 with depth factor, D, varues 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 sothatthe cotangent of the slope angle, F, is 4.0. The cut is 140ft

deep. A hard stratum exists at a depth of 60 ft below the bottom of the cut. The soil
hal an effective angle of shearing resistance, É', of 30 deg. The effective cohesion, c',
is 7?0 psf. The unit weight is 110 pcf, and it is estimated that the pore pressure ratio,
r¡¡, is 0.50 for the slope.

From the give_n conditions, c'/(yF) = 770/(tt0Xf¿O) = O.OSO. Fïom Figure 5, for
D - 1.90 with e'/(y-H) = 0.050, tþ' = 30 deg, and cot F = rLQ, it is seen ttrat ry" < O.S.
therefore, D = 1.25. is the more eritical value for depth factor. Usi¡rg Figure 6, with
the same value of c'/(yE) and with D = L.25, it is found that rrr" > 0.5. ¡n ttris case ttre
maximum value that f) could have is fi¿O *SÛ\/1AO = I ¿1 fÉprcf^ra wirhin ilra rin-
itatior¡s of the charts¡ D = 1.25 is the critical depthfactor. From Figure 6 it is seen
that m = 3.22 end n = 2,82 for the given values or. c' /(yH), ö', and cot B. Accordingly,
the following factor of safety is obtained:

I5 = ur - (n) (ru) = 3.22 - 2.82(0.50) = 1.81

The chart for D = 1.50 for c'/(yH) = 0.050 (rig. ?) is not necessary for tl¡e solutÍon
to tåis example problem, but it is given to indicate the range in this particular sequence
of cha¡ts.

MORGENSTERN SOLUTION

. Morgenstern (6) used Bishop's adaptation of the Swedish slice method of anafysis (1)
to develop a solution to the slope stability problem that is somewhat different from t¡-e
one he developed with Bishop. His solution is, again, based on effective stresses rather
tåantotal atresses. His solution is primarily for earth dams, but there are highway cuts
and fills that nearly fulfill his assumptions. Morgenstern made tÌ¡e following assump-
tions:

1. The slope is a simple slope of homogeneous material resting on a rigid imper-
meable layer at the toe of the slope.
. 2. The soil composing the slope has effective stress parameters c'(cohesion) and

É' (angle of shearing resistance), both of which remain constant with depür.
3. The slope is completely flooded prior to drawdown; a full submergence condition

exists.
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{ The pore pressure ratio F, which is Au,/Aar, is.assumed-to be unity during draw-

down, and no diãsipation of pore pressure occ'rs during drawdowr¡"- 
S.'in" unit weiþ of gre-soil ibuU aensity), Z, is assumed to be constent at twice

the unit weight of water of 124.8 pcf.
6. The pore pressgre can be äpproximated by the product of the height of soil above

a given point and the unit weight of water.-?. TIie drawdown ratio is äefined zs L/H where L is the amount of drawdown and H

is the original height of the slope.
8. To be consistent, atl assr]med potential stiding circles must be tutgg¡t to the base

of the section This means that the îalue ot H in th; stability number, c'/(yn),-and Ín

iTff r"u"t be adjusted for intermediate levels of tangency (see the exa-mple problem for
clarification).

Morgenstern's solution is particularly good for small.dams and consequently might

be partícularly applicable whõre a highwai embankment is used as a¡ eart¡ dam or for
ftooding that might occu¡ behind a highway fitl Another important attribrte of the
method is that it permits partial drawdown conditions.

This metlod is somevyfiat ümited by its strong orientation toward earth dams. If a
core exists, it is noted that this viotatàs tJ¡e assumption of a homoge,neous -material'
AnotJrer limitation is the assumption that the unit weight is fixed at 124'8 pcf' Atten-
tion is also catled to the assumption of an impermeable base'- - 

lfo"g"""tern's ctrarts cove"i range of stalitity nugrb¡r¡, s'/(yH), from 0.0.125 to

O. OãO aña slopes of 2:1 to 5:1. the mu<imum value of Ø' shown on his charts is 40 deg.

Following arè some example problems using Morgenstern's method:

1. An emba¡kment has a height, H, of 100 ft. It is composed of a soil with an effec-
ti"" "åË"i""i?, 

ãiîrã p"i and-an'effective angle of shearing.resistance, d', of 30 deg.

The unit weigtrt ôt t¡e soit must be assumed to be equal-to 124.8 pcf. The embankment

is to have a slope so that the cotangent of the slope àngte is 3.0. What is the minimum
factor of safety for the complete draw.down condition?

Solution: The stability n-umber, c' / (yH) = 312/lí24.8X100)] = 0.025. Witlrthis value

and with cot p = 3.0, É'=-30 deg, ana tne d¡awdown ratio L/H - 1.0, the factor of safety

is airectty obtainabÍe from Figure I as FS = 1.20. By examining the charts in Figures

S through'lo, it ean be seen tf¡ãt ttre critical circle is targent to the base of the slope;
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Figure L Relationstrip benreen factor of safety, FS, and draurdo¡n ratio, UH, for
c'
,¡ = 0.0125 lafter Molgenstern (O] '
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Figure 9. Relationshíp between faaor of safety, Fs. and drawdown ratio, L/H, for
c'

,"-= 0.025 [after Morgenstern (O)].

if aay other tangency is assumed, H would have to be reduced- rf H is reduced, then
the stability number is increased and this will, in all cases, result in a higher iactor
of safety.

. .2: lt is now required to find the minimum factor of safety for a drawdow¡ to mid-
height of the section in the prior example.

Solution a: Considering stip circles tangential to tt¡e base of the slope, tìe effective
height of the section, He, is equal to its actual height and the stability no-Ue" remains

þ'
lo'
to'
t0'

Figure 10. Relationship between factor of safety. FS, and drandown ration, L/H, for
c'
,"' = 0.050 [after Morçnstern (0J].
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unchanged as 0.024. lVith this value of stabitity number and L/n" - 0.50, and with other
conditions remaining the same, tìe factor of safety may be read from Figure I as FÍi =
t.52.

Solt¡tion 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 He = H/2 = L00/2 = 50 ft. Thus
c'/(yilù is twice that of the previous solution or 0.05, ana /H" = 1.00. The minimum
factor of safety, as determined by Morgensternrs solution, can be read directly from
Figure 10 as fS = L48.

Solution c: Considering slip circles tangential to a level H/4 above tJ¡e base of the
slope, H¿ becomes 3H/4= 75ft. Thus the stability number c'/(ylf,ð = 0.033, and LrlH"=
0.67. The minimum factor of safety for this family must be obtained by interpolation.
From.Figure 9 with c'/(yKe) = 0.025, t}re factor of safety is 1.31, and from Figure 10
witjn c'/(yile) = 0.05, the faètor of safety is 1.61. Interpolating linearly f.or c'/(yE") =
0.033, the minimum factor of safety for this family is 1.31 + 0.30/3 = L,41.

These examples demonstrate that for pa¡tial drawdown the critical circle may often
Iie a.bove the base of the slope, and it is important to investigate several levels of tan-
gency for tlte maximum d¡awdown level. In tìe case of complete drawdown, the mini-
mum factor of safety is always associated with circles tangent to the base of the slope
and the factor of safety at intermediate levels of d¡awdown need not be investigated.
This may not be tlre 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 (q) to tinA
a generalized soh$ion to the slope stability problem. Spencer assumed parallel inter-
slice forces. His solution is based on effective stresses. Spencer defines the factor
of safety, FS, as the quotient of shea¡ strength available divided by the shear strength
mobilized.

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

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

2. The slope is simple and tlre potential slip surface ie circular in profile.
3. A hard 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 is assumed with the pore pressure

coefficiert, rr¡, equal to u,/(yh), where ü = Ílêâ¡r pore water pressure on base of slice,
7 = unit weight of the soil (bulk density), and h = mean height of a slice.

6. The stability number N is defined as c7[(FSÞH].
?. The mobilized angle of shearing resistance, ø'-, is the angle whose tangent is

(tat o')/îs.
S¡rencer'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 tlat a simple trial
and error soh¡tion is required to find the factor of safety with the slope and soil prop-
erties known In addition, it is difficult to use his method for intermediate Ievels of
the water table. Spencer provides cha¡ts 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. Cha¡ts are provided for pore pnessure ratio, rr' with values of
0.0, 0.025, and 0.50. Only one of these cha¡ts (fig. f f ) is shown forìrse in tìe example
problem. Spencer furnishes charts for locating the critical surface.

An example of Spencer's solution follows:

An emba¡kment is to be formed with a factor of safety of 1.5 and a height of 100 ft.
the soil hag an effective cohesion of 8?0 psf and aneffective angle of shearing resistance
of 26 deg. The unit weight of the soil is 120 pcf and tlte pore pressure ratio is 0.50.
Find the slope tltat corresponds to this factor of safety.
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Slopc : þ¡¡¡¡¡¡

Figure 1 1. Relationship be f c' ltween stabitity 
"uro", fffin J

and slope angle. 8, for various values of Qfi lafter
Spencer (g)1.

Solution: The stability number,

N = c7[(FSÞn] = 8?0/(1.5x120x100)l = 0.048

tan ø* = (tan ø')/FË = tan 26 aeg/L.6 = o.4gï/1.5

tan øm = 0.325 or þit = 18 deg

Referring to Figure 11 for ru = 0.50, the sloþe corresponding to a stability number
of 0.48 and Ém = l8 deg is p = 19.4 ¿"t. This corresponds approximately to a slope of
3:1.

Linear interpolation between charts for slopes for ro values falling between the chart
values is probably sufficiently accurate.

HTJNTER SOLUTION

In 1968, Hu¡ter (l) approactred the slope stability problem with two assumptions that
are different from tfie solutions previously presented in this paper. He assumed that
the trace of the potential slip surface is a logarithmic spiral and the cohesion va¡ies
with depth. His charts a¡e based on total stresses. Hunterts working assumptions
and definitions follow:

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

2. The soil is saturated to the surface through capiltarity.
3. The soil is normally consolidated, rufissured clay.
4. The problem is two-dimensional.
5. The shear strength can be described as s = c +p tan É where c varieslinearlywith

dgPth, as is shown in Figure 1(b). It is assumed that the ratío c/p'is a constant, where
p'is the effective vertical stress. Note tl¡at p'increases with Aept¡.

6. If.6 >0deg,thepotentialslipsurface is alogarithmicspiral If É= 0deg,the
potential failure surface is a circle because the logarithmic spiral degenerates into a
circle for tj¡is case.

69



Compendium 13

where

zt= z

anrd z = depth below the original ground surface of cut to point where cohesion, c, isde-
termineô

An equivalent and perhaps more convenient relationship is

because often (c/p') can be estimated from Skempton's (!) formula,

0.11 + 0.0037(Pr)

rs=#

.'(+)

* =(Ë) (+)'-
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?. The effective stresses immediately aJter excavation are the same as those before

excavation Thie describes tìe 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 áuriîg consolidation, II = heigbt of cut, 7w = unit weight of
waterl eú, y' = submergpd or buoyant unit weight of soil

g. \thile c increaseJünearly with depth, the angle of shearing resistance, Ó, is con-

stant witl depth.
10. A stability number, N, Ís obtained so that the factor of safety,

*h}" p¡ = plasticity index of the soil in percenl
11. The äepth raiio, D, is defined the Àame as in the description of Taylor's worlc

IfÉ>0deg, üie effects ofafirm layer atanydepthare negligible. IfÉ= 0deg,the
depth factõi can have a significant but smalt influence on the factor of safety, as is 

.

snäwn in Hunter's (q) work and a-lso by Hunter and schuster (!)' only when the-stability
number, N, is greatEr tìan about 25 and the slope angle, B, is less than about 15 deg is
the small reduction in N important enough to be taken into account.

Hunter's solution permits realistic variation in the values of cohesion, c, for no-rmally
consolidated solls. It ca-u easily handle the sÍtr¡ation for the water table at any of a
wide range of elevations. This solü.ion should be used only for normally consolidated
materials.

Numerous cha¡ts are furnished by Hunter. Thecharts showtle slopeangle, Frvaty-
ing from 5 to 90 deg, and ttre angle of shearing resistance É varying !"9T 0 to 35 deg

in-steps of 5 deç Íhe 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 tlle

critical failure surface. In this paper only one chart (Flg. 12) is shown to illustrate
Hunter'g solution An example of HurÚer's soltüion follows:

A 25-ft slope of 30 deg is to be cut in normally consolidated material with a unit
weight of 112 

'pcf 
and tìe water tabte at a depth of 10 ft. The material has been tested

(onã tot¿ strãss basis) and found to have e ô of 10 deg with a plasticity index of 25

percenl It ls required to egtimate the factor of safety of thÍs slope.
Solution: Using Skempton's relationship,

c/p' = 0.11 + 0.003?(PI) = 0.11 + 0.003?(26) = 0.2025

" =(*)(?) =(;g)(,#%)=(*)(126) = 0.502
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9"ittg M = 0.50, E = 30deg, a¡rd É = lQdeg,
find the stability number from the chart in Fig-
ure 12. Read N = 1?.1. Thus, the factor õf
safety,

¡6 = (o.2o2r'(#f)(12.r) = 1.52

HTJNTER AND SCHT¡STER SOLUTION
Based on some of Hunter's orÍginal work (!),

Hunter and Schuster (4) published a solutj6n
for tlre special case ofl = 0 deg in normally
consolidated clays. This solution is a total
stress solution

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 !h- " 

logarithmic spira! In particular,
this solution permits the cohesion, c, to ini
crease linearly with depÛr, and the saturated
soil may have a water labie ttrat can Ue anvl angle and stabilitv number. N, for M = 0.50
who¡a wilhi¡ a nriâa -^--^ -.^ ---.- .- -. ' and unlimited deoth of soil. for r¿arious

* =(Ë,)(i),,
-
;.ll¡
E
I-
!t0
=at
a

2a

where within a wide range. The depth factor,

Figure 12. Relationship between slope

depth of soil, for wrious
values of S. Solid lines indicate shallow
s¡rfaces and dashed lines indicate deep

surfaces [from Hunter (Í!ll.

D, is taken into account. The methãd ignores
tension cracks.

The cha¡ts furnished by Hunter and Schuster
show the water table ratio varying from 0.00 to
2.00 in steps of 0.25, and the dépth ratio, D,
varying from 0 to 4. Only tlose charts (Figs. 13 and 14) necessary to illustrate
tåe example problem are shown Some example problems using Hunter and Schuster's
solution follow:

- I I cut l-5 ft deep is to be made in â normally consolidated clay with a slope angle
9{ 30 deg. The water tabte is 5 ft below üre original ground su¡facä. tf,ã Áãii weiå,s104^pcf, and the c/p' tztio is 0.24 for tåe soil.- whel is the factor of safety for thíscut?

Solution: The water table ratio M is

" =(Ð (tò=(*xårå)= o5o

In Figure 13, with M = 0.50 and B= 30 deg, N = 8.g (apossible shallow failure). CaI-culate tl¡e factor of safety, FE, as

(0.24) (+#)o.nr = o.Bbb < 1.oo

It can therefore be concluded that this cut is impossible witho¡¡t faiture occurring.
. 2. 4."Y!ataslope-ancl99f l0degistobemade lSftdeepinanorma-tlyconsotidated

clay with the water table l5 ft from the surface. underneath-the clay at a äep,ür orCo rtis a harder, stronge.r etratum. When tested, tåe soil showed ø = O ¿ãg on a tätat-stress
þasist lhe r-atio c/p'1.or this soil is 0.24, and its unit weight is 104 icf. fin¿ tnãtac-tor of safety for this proposed cnt.

* = (f,) (î)', =

tlopr An3lo t ( Or¡. l
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Figure 13. Relationship between slope angle,

É, and stability number, N, for É = 0 and
unlimited depth of clay lfrom Hunter and

Schuster (411 .

01234
Dopth Rrrlo' D

Figure 14. Relationship between depth factor,
D, and stability number, N, for É = 0 for
selected values of slope inclination Ifrom

Hunter and Schuster (gl.

Soltüion:

" = (n) (3) = (ìå) (fiå)= ,.uo

From Figure 13, with F = 10 deg and M = 1. 50, the value of N plots up in the deep
failure zone with a value of approximately 23.9. Because it is in the deep failure zone,
D = 30/15 = 2.0 may be important.

From Figure 14, for M - 1.50, D = 2.0, and É= 10 deg, it is seen tl¡at N reduces
slightly to 23.2. Thus, the factor of safety is

* = (É) (#) o' = @.24) (iåf) ez.z') = z.zs

Note tlret the depth factor, in general, has only a neglþible or quite small effect on
the factor of safety.

One set of generalized soh¡tions that should be mentioned is that developed by Janbu
(g). His solutions are extensive and do not lend themselves to simple presentations as
has been the case with the other solutions. Ja¡¡bu's solutions a¡e useful in analyzing
tàe influence of drawdown conditions and the effect of water-filled tension cracke and
surcharge. Ja¡rbu implies thçt both the cohesion, c, and the angle of shearing resistance,
rî, ate constant witì depth" Although not reviewed here, Janbu's solutions are recom-
mended to tàe engineer who freqæutly deals with stabitity analyses of slopes.
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ST]MM.ARY

The chart solutions developed by Taylor, Bishop and Morgenstern, Morgenstern,
Spencer, Hunter, a¡d 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 da-ms.
Each solution presented, however, is applicable to some highway engineering situation
References have been given indicating more complex cha¡t 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 pressr¡res 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 simÍlar assumptions regarding slope geometry, two-dimensional
failure, and the angle of shearing resistance being constant with depth. However, they
vary considerably in assumptions regarding va¡iation of cohesion, c, with depth, posi-
tion of the water table, base conditions, drawdown conditions, and shape of the failure
surface. Altogether, a wide range of conditions can be approximated by these available
generalize d solutions.

Each author has attempted to reduce tlte 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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l. Slope Design Guicle. Thls guide provicles general
values for ¡naxirnun excavation and enbenk¡rent sloperatios
based on a co¡nbination of general field desciiption and,
the Uni.fied SoiI CLassiflcation of the naterial. Standard
penetration test values (RnSnO y ZO6) and in-plece density
(¡elative cornpaction) are used to further defÍne the ¡oa-
terials.

Explanation of comlnon field conditions and the appropriate
use of the follor,ring sections, together vith sanple prob.l-eurs
are described in the folloving sections:

õection J- - iionogeneous soils

Sectlon 2 - Stratified deposits

Section 3 - ResicluaL soils

Section lr - Cemented ancl Special soils

Section ! - linbanknents (teUfe l)

Section 6 - tsenching

Design charts and tables are given for the folloving
materi als :

Section T - Coarse grainetl soils (less th¿n l0 percent
passing the #200 s j.eve ) .

a. Sands and gravels r¡ith nonplastie fines (pf 3
or Less )

Teble II

Unified Sqil Classification:
GH, GP , Sl{, SP , Gl.t and Sl{.

b. Sands and gravels with plastic flnes (PI greater
than 3)

Charts I and II

Unifieti Soil Classiflcation:
Gl'l , Sll, GC, SC and aual cless of tbese end ebove.-x

Forest Service tiantlbook r-February 19?3
R-6 Supplenent lio. 19-f
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Sectlon B - Fine greined solls (greater than
passing the #200 sieve)

Charts III and IY

Unlflecl So11 Classification:
I'lL , I'III, CL and C]i .

Sectlon 9 - Unveathered rock (faUfe fff)

J0 percent

1. Guldellnes for Use ancl Linitations
a. General. The follorlng preJ.iminary steps are

necessary in order to ¡rost effectively use this guide.
First, aI1 publlshed. and file sources of sol1s, geologlc,
hydrologic and clinratic inforr¡ation pertaini.ng to the
area should be reviewed. Certaln of these reports are
frequently quite specific in identlfying, d.escribing
and charact.erizing the various kind.s and propertj.es of
naterials in that area. trfaps are often aveilable indi-
cating general or speci.fic locatÍon of troublesone or
trouble-free are&s. fl¡is information vi1J. greatLy help
in the next step of identifying and, describing, the
various soi1, geologic and beclrock conditions i.n d.etail
in the field. Caution must be exercisecl to characterize
the entire cross section of cut or fill erea--surface
sanples are generally not representetive. In addition,
the depth to sater table anrl locations of seeps and
sprin6s and possibillty of ponding vater ageinst or
above slopes should be noted since vater is one of the
nraJor facto¡s relating to stabillty. Such stucly should
also recognize seasonal changes in ground vater and.
runoff patterns. fhis study in nost casès vould benefit
from ¡luIti-discipline reviev including engineering,
geoJ.ogic, poil and hydrologic backgrounds.

Any guide such as this should not be fol-lor¡ed ind,is-
crlminately as a preeise ansner to all situations that
vilI be encountered, in the fleld. It is offered as a
guitle to be used in connection vith engi.neeríng Judgrnent
and analysis. Too many veriables and unusual conditions
exist that cennot be properly accounted for by thls
guide. This guide ¡nust be used in connectlon vith Local
experience to arrfve et reasonable values for slope
ratios. Additional infor¡natlon and discusslons of un-
usuei situations cen be founcl 1n nany of the publica-
tions 1lsted in the References.

b. Speciel Li¡ritations. The higher the cut or
flIl the ¡¡ore critical the need becones for accurate
investigatlon. the folloving Iinitations for cuts or
fil1s spply to the charts and tables of this gulde:-r

Forest Service Handbookr-February 19?3
8-6 Supple¡oent llo. l9-r
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r-0 to 50 feet ln vertical height only e ¡qiniual ln-
testlgãTlon is necessary in noncritical areas. ft¡1s
vould lnclude soil cl.essification, sone excavation
by hand or backhoe, seisnic lnfornatlon, and obse¡-
vati.on of nearby slopes of sinilar naterial to ident-
Ífy various soil i.ayers and existing stabilí.ty condÍ-
tions. îhis renge in height is indicated by the solid
lines on the cherts.

50 to 100 feet in vertical height a more intensive
lnvestlgation 1s necessary. This vould include all
of the requirements listed in the 0 to 50 feet sltu-
ation and rcay also require test borings in the forro
of auger or drill holes to definitely identify
varÍous J-ayers and the locetion of vater. In nost
cases an experienced technician or engineer sould
be required íor interpretation of the results.
This range in height is indicated, by dashed lines
on the charts.

Over L00 feet in vertical height the slope should be
designed by specialists in soil ¡oechanics using more
refined methocis than are indicated j.n this design
guide. If specialist assistance j.s not available
at the Forest level-, the Regional Office should be
consulted. In no case should this design guide be
used for slopes over 100 feet in vertical height.

Special investigation is essential trhere serÍous loss
of property, extensive resource dauage, or loss of Ìife
night result fron the slope fallure or nhen crossing
knor¡n ere&s of slope instability sucb as existing slides.
Sorne especially troublesone soils nay also require
speciãI investigation, these r¡oulti lnclude organì.c
¡naterial and soils, svelling clays, J.eyers of veathered
schists or shales, talus deposits, pockets of loose,
vater-bearing sends and si1ts, fissured c1ays, and
layered geologic deposits vhere subsurface conditions
are inpossible to deternine fron visual, or seismic in-
for¡oati.on.

c. Application. Once the soil types have been de-
scribed, the vater sources Loeated, end the 1i¡ritations
of the guio.e observed, then refer to the appropriate
explanation secti.on of the guide (Sections 1 to 6).
îhese sections vi11 indicate hor. to use the varlous
charts and tables in Sectlons 7 to 9. Once tbe proper
chart or table is iniÌicated then the maxinun beight-s1ope
relationship can be deternined. In ¡cost cases the depth-r

Forèst Service äanclbook r-February 19?3
B-6 Supplenent llo. 19-r
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of cut or fill vill be knovn, thus the chart or table
vl11 glve the naxj.num slope ratlo (t¡orizontal to ver-
tlcal) t¡at can be-used under the given conclltions.
Thls nay requlre a trial and error solution ln tbe case
of sloping original ground. If the naxi¡ourn slope retlo
is fixed then the hlghest cut or fiLl that can be con-
structed çi11 be cieter:rined fros¡ the charts. Obvlously
the slope rati.o r¡i1l not apply 1f the reconmendecl slope
is equal to or flatter than the slope of the natural
ground. This situailon vould require special investi-
gation as to possible nodifications of the ratio or
alternate schenes such as structures or relocation.

Fevegetation problens are also a necessa.ry consider-
atlon in the selection of slope ¡atios. l{orma11y it
1s very difficult or irnpossible to revegetate slopes
steeper than 1:1. Generally the steeper the cutbank,
the nore intensive vi1I be the measures needed to ade-
queteLy revegetete the slope and protect it from surface
erosion. Leaving cut slopes rough vi11 inprove the op-
portunities for éeed, mulch and fertilizer to catch.
This can inprove the chances for erosion controL vhlLe
reducing planting costs.

d. Factor of Safety. The factor of safety is
generally expressed as a di¡oensionlqss number, vith
a value greater than one being safe and a value less
than one indicating failure. Typical äesign factors
of safety against slope failure are betveen i.I and
2.0, vith the lorer values used for inexpensive and
less pernanent construction. The following velues
are used in the design guide:

(t) taule tt, sand.s and gravel,s vith non-
plastlc fines, is based on the factor of safety
witn respect to sltding (translation) of epprox-
inately 1.1. This factor is proportional to the
tangent of the slope angle for a given soil denslty.

(2) Cnarts I, II, fII ancl IV, plestic soils,
are based on a fector of safety vith respect to
rotêtion of I.5. This assunes the natural ground
at the top of the cut to be horizontal. Since
thls 1s norraelly not the caser the factor vi11 be
less than 1.5 depending upon the steepness of the
natural slope but stil1 above 1.I. The factor of
safety is <iependent upon the cohesiont height of
cut, soiÌ densj.ty and slope angle. In Charts I
and II it is also dependent upon the angie of

Forest Servlce tandbook
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internal frlction and i¡r Charts III ¿nd IV upon the
depth to a dense layer.

1. Section 1--lionogeneous Soi1s. iÍornogeneous soils are
those that <io not exhibit layering or stratificati.on of
varj.ous nateri.als. t'hey have the sane propertj.es (grad.ati.on,
strenÉ;t¡'¡, etc.) titroughout, though there may be a slight in-
crease in density with depth due to the veight of the over-
lying material.

I f the soil f its thi s category , tlren the d.es cription can be
natchecl vi.th the appropriate chart or table in Sections 7
to 9, and the ansver useri directly, tempered only vith engi-
neering Judgrnent and iocai experience.

Probleu soi. 1s voulci be 1oose, saturated sano.s and soft clays.
Loose, satura!e.¡ sand r¿iII liquefy anci f 1ow. Shock, vibra-
tion from construction eguiproent or a rapio change in the
vaber table vili cause a ì-iquefaction fail-ure. Densi.fying
the sand prior to construction vi.Ll often sol-ve this problen.

$of t c.ì.ays vi11 often f ai1 in very shallor¡ cuts, thus their
¡raxinur¡ height i.s ti¡rited as inciicateo by soils #\ and #5
in Llharts III end IV. Clays unqerlein by seams of fine vster-
bearing sand vj.LL often fail by lateral spreading, even tbough
the slope in the clay has been stabLe for long periods of
tine. Special investigation is requiretl in this case.

Exanple ProbLern 1.

Field conditions. A proposed cut through an old stream
cleposit consisting of a veIl graded sandy gravel (non-
plastic ). The in-place natural density is 115 pcf which
is aþproxinately p5 percent of maxinum density as deter-
nined by AASìÍO T 99. the cut is to ¡e \O feet deep vi.th
ground vater expecte<i to be one fourth the vay up tho
cut during the vettest period.

Reconmended sl-oce. The material is best described by
Secti.on 74, soil f I of TabLe II. the density is so¡ne-
vhat in betveen the loose and dense state., By inter-
polation this vould glve a slope of l-:1 for lov ground
nater anci 2-1/3:1 for high ground vater conditions.
Since the ground vater r¡ill be only a quarter of the vay
up the final sJ"ope (actually the final seepage path vi11
vary ) , a' value of 1.3:1 voul-d nornal-ly be recommended
(graphlcal. solution, tabie II), hovever a value of 1.h:I
shoul<i be used to account for the lover unit veight of
the ¿¡ranular soii.-r

Forest Service liancÌbook r-February 19T3
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r-Exanple Problen 2.

Flel-d conditlons. A proposed cut 1n a transported
æ vj.th a plasticity j.ndex of r) a-nd
e lio-uid li¡oit of 20. The soil is of internediate
denslty (!O percent relative compaction veighing
approxinately i.2! pcf) and can be dug fairly easy
vlth a shovel. The cut is to be l+O feet deep vith
the vater table estimated at 2Q feet belov the surface.
ilo evidence of stretification is present.

Recon¡nendecl slone. the soil is best descrlbed i.n
Section J.iJ, soi L f 3. Chart I gives a maximum slope
of 1.5:1 and Chart II a value of 3.2:1. By interpola-
tion g value of 2.3:l is recommended as the vater table
is approxinately half vay up the proposed slope.

2. Section 2--Strati.fied Denosits. These are deposits
that consist of layers of various ma!erials usually trans-
ported by vater or vind ection and deposited in borizontal
or dipping layers. They roay consist of alternate layers
of clay and sand or silt and underLain by bedrockr and are
typical in former lake basins, stream valleysr glacial
regions, etc.

The sand or siLt layers in many cases ere soulces of vete!,
resuLting in seepege on the face of the final cut. These
layers are l"ikely to vash out end are affected by frost
ection resulting in sloughing. They nay also bri.ng about
bydrostatj.c pressure from r¡ater that is trapped in thest
ciuring r¡et çeather, resulti.ng in f ailure of the entire
s1ope. äorizontal d¡ains by means of perforated pipes
are a possible solution to thi.s probJ.em. Spacing and the
location of these should be based on more extensive in-
vestigation and'analysis by specialists.

Soft or fissured clay layers r¡i1l also cause stability
problens due to tbeir lov strength. Special investigation
is also varranted 1n this situation.

The desi6n height of stable slopes in stratified deposits
using the design guiae are besed on the beight f¡o¡n the
top of the cut to the bottorn of the exposeil 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
of clay exposed, but on the total height of the cut.
Refer to exanple problen #3 in Section 3 on residual soils
for specific calculations of a sinj. 1er sj'tuation.-l

r-February f973
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t- ÍltratÍ f ied dcpos j.ts tl¡at rlip uore than 20o to 30o to-
ve¡d the cut r¡ij.I present additlonal stability problens
as tl¡ey nay fail along the boundaries betr¡een Iayers.
îbese slopes wiIl require special stabiLization tech-
nigues suci¡ as drainage, or retainiug va1ls of rock,
vood or netal.

3. Section 3--Res idual Soifs . Residual soils have been
for¡red by rock veathering in place thus retaining nuch of the
original structural, and bedd,ing plane orientation of the
parent rock. lhey are usually conposed of three fairly vel1
defined layers:

Layer

Layer

Layer

Residual soil (A and ij horizon ¡nateriaÌ )

2z Weathered rock (C horizon ¡oaterial).

3: Unveathered rock ( O i¡orl zon material ) .

Cuts in rêsidual nateri¿1 are often stable vith slopes steeper
than transported soils and thus can be as steep as l+50 to BOo
(there are exceptions). The main requirement is that the dip
of bedding planes tovards the proposed cut be less than the
residuaL angle of shearj.ng resistance. Thig is approxirnately
2oo to 30o ior veathered rock end 30o to L50 for unveathered.
roack. For rock rlipping at steeper angles the shearing re-
sistance along the contacts becomes the controlling factor.

For nost cases the folloving guidelines are suggested:

Layer Use the descriptions that apply to Charts I
end II for coarse grained soiLs in Section fB,
or Charts III and. IV for fine grained soiLs
in Section B.

Layer Use soil #1 on Charts I and II if the material
is dense r¡ith no conplete Joint systen. Use
soils f2 or #3 for aII other cases. (the ¿e-
scriptlons. in Section ?, item b. nay not apply).

Layer 3: Use the appropriete rock type in Table III
Section !.

Bè sure to account for highrater table or poor internaÌ drain-
age ln the coarse grained soiLs by using Chart II.'Section 78.
In any cese the he5.ght of cut for any layer is measured from
the top of the excavation and not Just tlre thickness of the
indlvidual Iayer.-r

Forest Service Handbook r-February 19?3
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f-Some uaterlal such as d,ecouposed granlte r¡111 ravel contln-
uously due to veatherlng, fl11tng ditch 1ines. FJ.attening
the sJ.ope usually does not control this proble¡q unless vege-
tation can be established. A successful soLution ie to step .the slope in snall benches ¡ aay tvo feet vide and vitb helght
deterrnined by the slope. The ¡ûBterial r¡111 then raveI,
filling the benches and at the sane tl.roe protecting the
underlylng naterlal, aidlng plant grovth to start and pre-
venting further raveJ-1ng. thfs procedure can be appllecl to
rnany types of naterial (references 9 and 10).

In badly Jointed or veatherecl rock sotre means of rearovf.ng
tbe haza¡d nust be provided. this can be dong by:

- Rock bolting.

- Grouting of fissures.

llorizontal berns or a vlde dltch to catch falli.ng
roek.

Fences, vire nesh, or valls to catch falling rock.

- Pneu¡latically applied motar to prevent raveling.
In eddition, the prevention of vater pressure build,up 1n
seans uust be prevented by the proper dralnage or seallng
of the entrances. Any design must start vlth a conplete
picture of the Joints, fissures, and bedd.lng planes of the
area of concern.

Exanple Proble¡n 3,

Field condltlons: A residual soi.l on the vest siile of
the Cascades has an A and B horizon of 25 feet of
plastÍc clay of fir¡o consistency (less than 10 percent
rock particles are evident in thi.s layer)i a C borlzon
of veathered shele 20 feet thick and then unveathered
shal.e beclrock. the bedding planes 1n the veethered
and unneathered shale d,lp approxlnately !o tovard. the
proposetl cut. No ground vater 1s evldent; hovevert
the cley soll 1s ¡oolst. The shale 1e soelevhat frac-
tured. The proposed cut lE to be 55 feet d'eep.

Reco¡nnended slore. First the approprlate eoll charts
ffi¿. sectlons 8, chart rrr, eoil ,f3
described the cley A and. B horlzon eoll¡ Sectloa 7B'
Cbart I, sofl #2 applles to the veathe¡etl shale (even
though the descrlptlon ln Sectlon ? ' lte¡n b. cioes not
apply) and the un¡¡eethered rock values 1n Sectloa tt
Tabte IfI, applles to the shale beclrock.-r

r-February f9?3
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Fron Chart III , soil #3 a slope of 1¡ I is recornroended.
for the 25 foot clay portion. the total d,epth to the
botton of the veathered shale portion of the cut is
lr5 feet, thus a slope of 0.ii5:1 is reconnended fro¡n
Chart I, soil #2. iable III reco¡nmends a slope betveen
I/2tL and 3/l+:1 for shale becirock. Since the bedrock
1s fractured end the dip angle is flat, a slope of
3/\tL is chosen.

A conpound slope of 3/\:1 - O.B5:l - I:I nay be con-
structed, hovever since the three sJ.opes are relatively
ciose to the sane val-ue, a total slope ratio of 1:1 nay
be selected for construction ease. In the case of cogt-
pound slopes, benches at e¿ch soil change are sonetimes
recomnended. Extreûe care is essential if a lover layer
is to be constructed at a slope ratio flatter than an
cverlying 1ayer. Such tlesigns shoulrl be revieved by
a naterials engineer due to the rlenger of overloading
the lotrer layer.

l¡. Section L--Cenented and SpeciaJ- Soils. Soils such
as cenen avalanche pumice
(nuee ardente ) , volcanic tuff, caliehe, etc. , r¡i11 often
sta¡rd nee¡ vertical (1/l+:1). Sloughing ¡esults vhen vater
(rain or surface runoff) ¿tssol,ves or softens the cementing
agent or veathering dislod.ges j.ndividual particl_es. I'lear
vertical cuts ¡ril,1 ninímize this problem. LocaI experience
is the best indicator.

Do not place partlally saturated sands or silts in this
category (noncernented) as they vill slough and eventualÌy
stabilize vith slopes indicated in the section on granular
naterial r¡ith nonpJ-astic fines (faUte t). This condition
can be identified by drying a sanple of the soil anil ob-
serving iT the structure colJ.apses nhen slightly d.isturbed.

5. Section 5--Enbanknentè. E¡nbankment strength cen
be defined vith a reasonable degree of certainty vhen they
are placed vith molsture and density control. Those vith
no cóntpaction control (an undesirabLe procedure) shoufd be
placeil 'uo elini.nate potential feilure planes, seepage chan-
nels, lerge voÍds and other stability hezards.

The fol.tovlng table ls based on Sectlon ? and B. Slopes
subJect to periods of inundation are those that nitght pond
vater, act as reservolr slopes or back up r¡s,ter around a
culvert entrance. The table lnd.icetes na.xi!¡um a-l-lovable
s).opes. -r

Forest Service Handbook r-February 19,|3
R-6 Supp).e¡nent No. l9-r



Compendium 13 Text 4

50--10

TRANSPORTA TION ENGINEERING TIANDBOOK

*-February 1973
R-6 Supplement No. l$-tc

Forest Service Handbook

*.TABLE I

Untf{.ed Class Slopc noÈ subject Slope eubJect to }linfu¡¡m perccnt
or to inundaríon inundatlon conpactlcn

De scr fption

llard angular
blasccd or
rlppcd rock- 1.2:1

(A.ASHO T 99)

GTI 1.3:1

cP, S!¡ 1.5:1

G¡I, cc, sl 1.s:1
2l

S¡1, SC-' Chart Ì, sc.il 3 CharÈ II, scil 3 90
Chart I, soil /r Cirarc II, soil 4 no conÈrol

2l
¡fL, CL- Chart I, soil 4 CharË II, soil 4 90

CharÈ I, s<¡il 5 Chart II, soil 5 no control
2l

!.il, C¡f. Cäart III, soil 3 Cirart III, soiL 4 90
C1art III, soil 4 Chart ILI, soil 5 ne control

I¡ ccrÈain cascs t,hc displacement or sûttlencnc oí the foundatLon mate¡lal
upon ulilch the c::ibanl:neni is to bc brrilt "'ill be tirc critical Ccsign
considcratior. I¡r l:hase si.¡uaÈions thc sLope of t.trc enbankrccnt nay be
basc<l o:'l ihc a!.lowable baarin; capacity ct ¡he Íoundction natcrial. Soft
or $r6enic laye:s shoulci be analyzed Ëc orevent these fcj.lures. A materials
eni;iilce¡¡ silould b¡ consuLtc<i Ín tl¡ese cascs.

U Uith no ccnçac!!ion control fletten slcpes approxinratel;r 25 peicent.

Do noÈ us3 í¡:ìy sl.ope steeper than L LíZzl for t!-.esc soll Èi-per. -*

1.5:1

1.8: 1

2:L

3:1

e0y'

soú

eor/
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r-Exau¡Ie Problen lr.

FleLd, condltions. A ftll ls to be conatructed frou a
stlty soil vitb liquld lluit of \O (Mt)..The final fltL
nay lropounô nater due to a crltlcal culvert placed under
the ¡niddle of the fill. At thls polnt the fi. 11 vill be
30 feet high. l{1nety percent relatlve conpaction (A¡SHO
T 99) is proposeil for eonstructio¡.

Reconmended s1ope. Sectlon ?8, Chert II, So11 ll ts tbe
appropriate cha,rt since the so1L v111 be subJect to in-
undation due to tbe culvert entrance condltions. A elope
of 3.8:1 1s reconmended for this crltical cond.itÍon at
!0 percent relative compactlon, if veter s111 be l¡n-
pouncled to the top of the filI.

Uncl.er normal condltlons (no lnpoundnent of vater) ti¡e
recoronencled fill slope rould be 1.8:1 (Chart I, Soil !).
If the vater rras only expecteô to be lnpounded halfvay
up the sIope, then an iaterpolated value of 2.8;1 coulil
be used.

6. Sectlon 6--BenchinÂ. Benchlng of cut slopes Ís aloae
to reduce erosion, cetch rave1, provid.e a bern to 1nstal1
drainage, etc. they generally hêve no edvantege over flat-
tening the slope la provi.ding s.l.ope etability. The quentlty
of earthvo¡k and the factor of safety .for stability are ap-
proxinately the saue lf the location of the top of the cut
ls tbe s a!¡e .

e. l{o¡cohesive soils. Slnce stabillty of slope is
uot height dependent, it is not possible to use benchee
vlthout iucreasing earthvork volu¡le since the slope of
each section cannot be steeper than the ¡rexl¡nu¡¡ allorrab1e
for the composlte slope. It 1s posslble to red.uce
erosion because velocity of flov ie reduced, by shortening
tbe flov path, bovever rsvel cen generally be hendLed.
cheaper by ueing a videned dltch eectlon. Stnce these
solls are free-dreinlng, nldslope drelnage for stabillty
ls selalon requlred ualess layerlng or stratlflcatlon
èr18ts cauelng concentretlon of veter 1n a layer.

b. 9oheelve aoLls. The stablllty of elopes ln tbeee
solls sre belght dependent. The belght of each bencb mugt
be cleslgned ladlvfdually for ¡teblllty. The corapoelte
alope ¡¡ust algo be checked. This cau be d,one by usLug
the approprlate che¡t to deterntne tbe requlred alope
for each bench aectloa fndivld,uelly eud thca checklng
tbe overall coropoelte olope ¡oeaaured along a llne f¡on
ditcb to catch polnt.-r

Forest Service Handbook r-February 1973
8-6 Suppleuent No. 19-r
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Benching in cohesive solls uay be d.one for any of the
reasons diseussed in the previgus sections. Since eerth-
vork quantities do not increase es co¡¡tpered. to flat-
tening the slope, it is easler to Justify than v-l th
noncohesive soils- In erosion control it should be
kept i.n nind that steepening the slope nekes revegetation
nore di fficult.

c. Rock. Bencbes in rock'slopes should be ctesignecl
by a speñTist. If not properly ãeslgned benches r¡il1
not catch rock fall but cause them to bounce lnto the
roadvay, creatin6 a hazard for traffic.

d. l4a:Lqrtenance. Benches, partlcularJ.y lnsLopeil
benches, require maintena.nce. Deslgned access fo¡
equipnent is ¡ra¡rdatory for insloped benches. 1f yearly
maintenence is not feasible, benches should alvays be
outsloped. 0utsloping is important çhere íropoundeil.
çater mey cause stability problems in fi.ne grained or
plastic ¡naterial .

e. Design. Vertieal spacing betveen benches depend.s
upon the rnateriaJ-, vith 20 to 50 feet a mininun spacing.
Mininun sidth shoulcl be B to 10 feet to a1lov roon for
equì.pnent to ooerate effectively for naintenance. A
more detailed discussion appears in references #3,
pages L22-I2\, L62-I69 and #tL, pages 11-36 to 11-¡{0.

7. Section 7--Coarse G¡ainecl Soils.

a. Sancls and Gravels vith Nonplastic Fines.
These ar ng the
f200 sieve and nonplasti.c (pf 3 or less). Slopes in
these naterials are deter¡rined by the angularity and
interlock betveen grains, and thus are independent of
height. Lov ground va,ter conclitions vi11 probably be
nost conoon, hovever springs, heavy rainfel,l, etc.,
vi11 cause the high ground vater cond.itlon._r

t-
!

I

I

t_

NOTE: Use Table II
solution of sloPes in

in Graphical Form for
Section 7.a. materials.

r-February 1973
R-6 Suppletrent No. 19-r
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T-TABLE II

Sotl # Descriotio:r l4axlm'.¡m Slope Ratio (h:v)

Iov grourC vater High grornd. uater !/(beloç bctton of (Sãepaeu fro¡n entlre
excavation) sfopé)-

loose 7¡l aense l/ toosg ll dense /
rj:r .85:r ':tr t /4:lSanrgr gravel-s (O^1, Ce)

Sand., angular 6raias,
well graaed (S!I)

Silty gravels (ç¿);
uniforn sands (SP); anC
silty san,ts (Sùf)

I.6:1 J.2:1

rj:1 3:1

! Based on caterial of satu¡ated density approxirnately 12f pcf.Flatter slopes should be used for lor¡er density rnatertäl anci steener
slopes can be used for higher density material.. For every 5/ changein density change the ratlo by approxirnateþ 51".

2/ Approxinately 8J percent of naxint¡m denslty relative to A.A'SHO T !p.
l/ Approx:.nrateþ L00 percent of nraxirn¡n d.ensity reratlve to AASHO ,r 99. -r

(Conttd on next printed page)

Forest Service r-February 19?3
R-6 Supplenent

hantibook
No. 19-r
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:t- Honoseneous Solls

TABLE II IN GRAPHICAL FORM

COARSE GRÀINED SOILS
(nonplastic)

' Slope Ratio (combined)

1.0 2.0 3.0 4.

80 90 100

Relative Compaction
(åof T 9e)

*-February 1973
R-6 Supplement No. l9-*
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t- tiaterlaL vith interroediate density and/or ground vater
conclition can use lnterpolated values for the slope
ratio.

Tbe standard penetration test blov count per foot i.s
a good indicator for the above slope ratios. Coarse
grained soi.1s (+3/\") viLl give high reading' especially
if large gravel or boulders are encountered. -tse sure
to el1ov for these veríations. The foll-oving ¡anges
fron loose to dense for each soil type can.be expected
(generally independent of moisture conteBt):

Soil # Range of blor¡s ( I'¡o. per foot )

Loose Dense

25 ro 60 (refusal) blovs per foot

20 to 50 blovs Per foot

5 to 25 blows per foot

b. Sands and Gravels r¡ith Plastic Fines. These are
soils vi , thus rnaki.ng
the factor of safety height dependent (i.e. the higher
the cut, the flatter the maxiuru¡r stable slope). Five
general soil types have been selected. BasecÌ on these
descriptions, Charts I and II are then used to deterroine
the naxinuro height-s1ope relationship. Soils that do
not dlrectly fit these five types shoulcl be based on an
lnterpolated value.

Chert I is based on Lov vater table (belo¡¡ the botto¡o
of the flnal excavation) even though the soil nay be
noist froro capiJ-lary rise.

Cbart II is based on high irater tabLe or a conpletely
seturated. condition çhich nay occur during perlods of
heevy reinfall or vhere vater is ponded behind the slope
(typlcaÌ of rapid construction vhere no drainage has
taken plece ) .

So1ls vith internediate vater tabl-e or vith steady
seepage such as from springs and seeps should use
values interpolated betveen the tro tables.

1.

2.

3.

Soil classlfication viII be
classes inctuding these such

Forest Service Handbook

Ol"t, GC , SM, SC Ênd' dual
as Gl'l-GC , SP-SC, etc . -t

r-February 1973
8-6 Supplenent No. 19-r
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r-Soil. nunber and description, Ll, ?/ Use uith Cha¡ts I and, II.

1. I'lell.-graded naterlal r¡ith agular granuJ.ar porticles.
Extrenely dense and conpact (in excess of 100 percen.t of
AASttO T 99 relative courpaction ) r¡i.th f ines that cannot be
¡uolded by hand shen moist. Dj'ffÍcul't if not inposslble to
dig vith a shovel. May need to be ripped during construc-
t1on. Standard penetration test blov count Sreater than
l+0 blovs per f oot.

2. Poorly graded ¡nateriel r¡ith ¡ounded or 1ov percentage
of granular pêrticles. Dense and compact (approxirnately
I00 perôent of AASHO T 99 relative corupsction) vith fines
being difficult to nold by hand vhen moist. Difficult to
dlg vith a shovel. Standard. penetration test approxinately
30 b.Lovs per f oot.

3. Fairty vel1 graded naterial vith subangular granular
particles. Interne¿iate density and conpactness ( approxi-
nately 90 to 95 percent of AASHO T 99 relative co¡sPaction)
vith fines that can easì.1y be nolded by hand vhen ¡ooist
(pI greater than 10). äasy to dig vi.th a shovel. Stendarti
penetration test blov count approxirnately 20 blovs per foot.

b. lJe11 graded ¡rateriat vith engular granular particles.
Loose to internediate density (approxinately I5 to 90 per-
cent of AASäO T 99 relative conpection). Low plastici'ty
fines (pI less than l0). ðxtreroely easy to dig. Stantiard
penetration test bl-ow count less than l0 blovs per foot.

5. Poorly graded material rrj.th rounded or lov percentage
( ¡O-gO p""""ol ) of granular particles. Loose density ( less
than 65 percerft of AASIiO T 99 reÌaLive compaction). Lov
plasticity flnes (Pt less than 1O). Bxtrenely easy to dig
ãven vith the hands. Standard penetretion test blor count
belor 5 blovs per foot.

!/ Based on naterial vith a noist density of 12) pcf.
Flatterslopesshouldbeusedvithheaviersoi]-s.For
every ) percent i.ncrease in ciensity reduce the slope
ratio or helght approxiraately I0 percent'

?l Large gravel and. boulders vi11 give ¡cisleading results
as to the ease of digging and stsndard penetration test
results.-r

r-FebruarY 1973
R-6 Supplesent lio. 19-r
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*-CHÀRT r

Coarse Grained Soils with plastic Fines
(Low l{ater Conditiots)

Each curve indicates the maxirnun height or the steepest
that can be used for the given soj-l type.

Height limitations:

s lope

0-50 feet: mininal investigation.

50-100 feet: in¿ersi'¡e investÍoation.

over 100 feet: i.nvestioation b¡,r

specialist.
l.iorm¿1 Li:¡ri:
revegetatlon

for successful-+
100
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l:I 0.5:l
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*- CHÀRT rI

Coarse Grained Soils with Plastic Fines
(High lfater CondiÈions)

Each curve indicates the maxirnum cut
t,hat can be used for the qiven soil

Height limitations:

height or the stee¡rest slope
tyPe.

0-50 feet: minimal invesÈigation.

50-100 feeÈ: lrtensive investi-oation.

over !00 feet: investioation b1'
speciaJ.is t.

Normal linit Eor successf'¡l
rerregetatlon --ä

lo0
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Slope ñatio (h:..')

I ¡ I 0.5:I
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t- B. Sectlon B--Fine Orained SoiLs. Tl::: are soils'
vtth greãter.ttran 5O pãrcent passing the #2O.0 aieve. Sol1
clesslfication vi11 bè Ì'lL' Mä.' CL and c¡i. 1/

Flve soiJ. types have been selected based on consistency or
the at¡i1ity to be noLded vhen raoist ( tiel¿ condit j.ons ).
Conplere sLtur.tion vj.th no drainage <iuring construction
is ãssumed. Un<Ier these conditions the ¡nain vsriable to
be considered. is tire depth to a hard underlying layer such
as bedrock or an unveathered residuel ileterlal. Cherts III
and IV are used to deterni.ne the rnaximum height-s1ope rela-
tionship. solutions for stability analysls for sol1s that
do not d.irectly fit these types or'bedrock depth should be

based on an interPolated values.

In general, the d'eeper a herd layer exists in a cutt the
flatter the ¡naxinum allovable slope in the overlying nateri¿1.
A hard layer is j.dentified as one having at least one soil
number lover on the chart than the overlying neterial' A

rock ledge is alvays considered a hard Iayer.

botto¡n of the proPosecl
used for e bard laYer
for nore infor¡aation.

Chart IV assurnes a herd layer at great depth belov the bottorû
of the proposed, excavation (at a depth greater than three
tlr¡es the ãepth of excavation Bs measured from the botton of
the eicavation). For inter¡oediate depths to a harcl layert
lnterpolate betveen the tvo cherts.

Soll nurnber and descriPtion: ]/

l. lery stJ.ff conslstency. The soil can be clented
only slightly by finger pressure. Ripping nay be necessary
during construction. standard penetration test bIoç count
greater then 25 blovs Per foot.

2. Stlff consistency. The soil can be dentetl by strong
pressure of fingers. Might' be re¡noved by spad'ing. stanctard
lenetration test blov count approxinrately 20.bloss per foot.

!/ for ML solls vith Pf 3 or less, use slopes as defined, by
so1l #3 in lable II.

Z/ tsased on materj.al vith a nobt denstty of J.2l pcf; flatter
slopes should be used vith heavier soils' For every )
perient, change in density change the slope ratio o'. height
approxinatelY 5 Percent.

3/ Moisture should, not be atlJusted vhen checking consistency.z' 
An undisturbed sanple shall be used taken at a depth great
enough to represent constant ¡aoisture content throughout
the varioüs s€&sons¡-t

Forest Service tlandbook r-February 19?3
R-6 Supplenent No. l9-r

Chart III assunes a hard layer at the
excavation. 2l This chart can also be
pert vay up the slope. See section 2
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t- 3. Flr¡o conslstency. The eoll can be uoLded, by strong
pressure of flngers. Standard penetratlon teet blov count
approxlnately 10 blovs per foot.

L. Soft consietency. The soll can easlly be nolded. by
ffngers. Stenderd penetratloa test blot, count approxluately
J blovs per foot.

5. Very soft conslstency. The so1l squeezes betveen
fingers rhen fist is closed. Standard penetratlon tegt.
blov count less then 2 blovs per foot.-r

r-February 1973
R-6 Suppleaeut No. 19-r
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Fine Grained Soils
(Dense Layer at Bottom of Cut)

Each curve indicates the maximurn vertical cut height or the steepest
slope that can be used for Èhe given soiL type.

Height lirnitati.ons:

0-50 feet; mini¡iral investiqation.

50-100 feet: incensive investigation.

over 100 feet: investigation by
specialist. Cense iar,'er

llornat liri: for
iüåà5.-r i"ii "¡eiã'setatlon --)
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Fine Gralned Solls
(Deose Layer ac Great Depth)

rl
Èlaximum lleisht -'

80

40

20

10

greeter than I
3 ttnes heisrrt I
ffnTmmTrln

ilense layer

Slope Ratio (h:v)

0.5:1

0.5:1

0.5:1

1:1

l:1

Forest Service Handbook

L!

2/

If i-t is necessary Èo cxceed :his heighe consult r¡ith a materials engineer"
Benching r.'il1 nct in:prove stabiii';y as thcse slopes are practically
fndependent o! the slcpe ratio.
rf the slope- of the natural ground exceeds 20o, t.hen the naÈural slopemay be unscable. A detailed field invesclgatÍán is necessary to checkthis condition prior to any design or construcÈion.

3./ rf the slope of the natural ground exceeds 10o, then the nattnal slope
may be unstable. A detarled field fnvestigation is necessary co checkchis condition prior co any design or consÈruction.-*

1
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r-9. Sectlon 9--Unwesthered 8ock. The stablllty of rock
slopes ls. dependent upon the naterial type, the d1p of the
bedding planes, Joints t fractures or faults tovards the
proposed cut, the type and conditj.on of r¡ateriel in these
openings, ancl the veatherlng of nevly exposed'material. If
these planes of veakness dip greater than approxinately 30o
tovarcis the excavation, then the shearing resistance along
these glanes becomes the cri,tlcal factor. The exception is
r¡hen the dì.p is steeper than the cut s1ope. If this is the
case use the tabJ.e values. The excavation nethod can also
cause stability problerns, especially excessj.ve blestlng.

Average values for bedrock excavatlon vith planes of veakness
dlpplng less than 30o are gÍven belov. Use the guldelines
Iisted under residual nateri.al for veetherecl rock (Section 3).
Consult vith a naterials engíneer for a special investigation
vhen the dip exceeds 30o tovards the excavati.on or if the
contact betveen layers contains plastic or clayer material.

Forest Servlce Handbook r-February 19?3
R-6 Supple¡¡ent l{o. tg-r

TASLE III

Average Slope Values for Bed¡ock Excavation

Descrlptior-t

1. fgneous
GranÍte, trap, basal-t, and
volca¡lc tuff

I'faxi¡urm Slope Range
Massive llactr¡red.

l/t+zl to t/zzt
See Sectlon 7

L/t+zL to t/az:-

Llz* to 3/4zt
3/t+zt to 1:1

L/t+:r to t/z:t
tfz:r. .to 3/\zr
Spectal lnvestlgatlon - r

2.

3.

Sed.tuneutary
l4assir¡e sandstone and li¡nestone
Interbedd.ed sandstone, shale and line-
stone
Massive clay stone s1lt stone

Metamorphlc
Gneiss, schist and marbLe
Slate
Serpentlne
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Determining Corrective Action for
Highway Landslide Problems

R. F. BAKER, Eígineer of Soil Mechanics
State Road Commission of \ilest Virginia

THE PROBLEM of landslides has plagued
highway departments Ûrroughout the
country for many years. For some states,
and particularly West Virginia, the dam-
age caused by earth movements represents
a major expenditure, one tàad involves
hundreds of thousands of dollars annually.
Over 80 percent of tÌ¡e area of lVãst
Virginia is located in a landslide-sus-
ceptible area. The total number of
landslides on the state highways has
never been èstablished. Ilowever, the
writer estimates that this total wiII
approach 1,000 on the 31,000 miles of
primary and secondary roads in tlte
state.

The complexities of the landslide prob-
lem have very few parallels in highrvay
engineering. Theliteratureon 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, t¡e
report by Ladd is perhaps the most com-
prehensive contained in Û¡e landslide
literature. Numerous engineers (4, 5,
6r7,8,9, 10, 11, 15) have discussed tìe
application of the theories of Soil Me-
chanics to the analysis of the stability
of a landslide, but tlere are few details
concerning the determination of t}te effect
of a corrective action in terms of stability.

The study that led to Ûre following
theory was designed to prepare an ap-
proach to the analysis and correction of

highway problems dealing wiÛr land-
slides in unconsolidated materials. Ttre
primary emphasis was to be towards tl,e
correction of existing problems. How-
ever, it was felt tl¡at the principles
should be applicable to the problem of
design.

The basis for the study was the writ-
er's e:tperiences in West Virginia, com-
bined withgeneral tleories from geology,
soil n¡echanics, and highway engineering.
The analysis as advanced is forconsider-
ation in the study of arl landslides in
unconsolidated material, wiür the ex-
ception of those of the nature of fluvial
transported 'material, i. e. , the water
present is far in excess of normal soil
moisture, and the debris is a "relatively
s_mall proportion of the flowing massi'
(2).

Since one of the primary aims of the
study was to consider the applicability
of the various corrective meesures, 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 (f2) in 1942.
However, a direct study was impossible
since as a routine department function
tlere were requests to investig.ate over
100 landslides during tlre past three
years. Due to a personnel shortage,
the demand necessitated superficial
analyses but it was decided that ü¡e
program lent itself to t}te development
of aprocedure to evaluate tìe 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 tåree vital factors remain in the
evaluation: (l) observation of those
landslides tltat have been corrected by
the methods outlined herein; (2) a more
comprehensive study of flow movements,
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Figure 1. Differentiation beÈween slide
and flow (after Sharpe). A slide is a

movement of a block of material, whereas
flow is entirely internal deformation.

and (3) investigation of less costly 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 tlre immediate future a
working tool is available.

DEFIMTIONS

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 tl¡e landslide Problem.

Landslides have been defined bY
Terzaghi (3) as follows: "The term
Iandslides refers to a rapid displace-
ment of a mass of rock, residual soilt
or settlement adjoining 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 tìe term "rapid displacement. "

The terms slip-plane, slip-surface,
and surface of failure will be synonymous
and will refer to the surface tìat sepa-
rates the mass in motion from the under-
lying stable material.

Permanent solutions will be defined
as corrections witl 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 l0 years.

AII 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 thcre have been many classifica-
tion systems proposed, the bases for the
classifications have most generally been
related to @use and effect of the move-
ment rather than the mechanics. One
notable exception is the system proposed
byHennes (7). For a quantitativeanalysis
of a design or correction for a given
Iandslide, the most satisfactory classifi-

ìf.1-Lç -i
asa
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Figure 2. A definice slip-plane, identifying the movement sl ide.
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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 tandslides in consolidated materials,
and those in unconsolidated materials.
.A second primary differentiation would
divide the movements into those with a
slip-surface and those without a slip-
surface. This latter grouping was out-
Iined by Sharpe (21, who termed the
former as sl.ides and the latter as flows.
The principle is pictured ln Figure 1.

The movements in flow conditions are
the result of internal deformations.

For the purpose of the following
analyses, the term slide (Fig. 2) wiII be
defined as all tandslides 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) witl 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 tÌ¡e deeper elevations are

3

stressed beyond their "fundamental
strengths, " and as a result, slow but
constånt tnternål deformations'occur-

BÂSIC FUNDAMENTALS
IN I.A ¡{DSLIDE ANALYSES

From tlre observation of landllides
in lVest Virginia, and from a review of
the literature on landslides and soil
mechanics, the following stetements
have been outlined by the c¡riter (13) as
being fundamental to the analysis of a
landslide relative to its correction as a
highway problem. It should be empha-

sized that the statements apply prima-
rily to highway problems and may not be
of value from an academic viewpoint or
for landslide analyses 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 elimination
corrective action that avoids the land-
slide, halting the movement is not gen-
erally a factor in the solution (Fig.  ).

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 tìe

Figure 3. Typical flow movement. Note the characteristic roll of the material a! Èhe
- toe, Some movernents originaLe as a flow and develop into a slide'
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Figure 4. lhe slide involved in the pictured location is at the right, The problem
was solved by ehifting the roadway into the stable bedrock at the left of the picuure.

mechanics of the trlovement. The
cause of a l,andslide 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 tÌ¡e camel's back. Of
more importance than the cause, is the
realization that increased stability will
rezult by eliminating or minimizing tlte
effect of any contributing factorr pâr-
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 pêrmanent solutions to
control the mass movement will be tìose
of a type that permanentty (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, t}te shear
characteristics of tìe soil at the slip-

surfaee become of primary interest
(Fig. 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 inferencethat is undoubtedly intended
is that for any given landslide, one meth-
od is the mostdesirablefrom aconsidera-
tion of economics, eppearance, 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 is a
stâtement 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
Iarge 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
practieally all landslides, particularly
those involving unconsolidated materials.



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 gravityis 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, tJre 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 iJ the lav¡s of

f
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mechanics are valid. Failure to satis-
factorily apply a tleoretical formula
merely means that the method for ev.¿l-
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 tl¡e slip-surface is the most critical
factor in the use of a rational or semi-
rational approach. Ex¡rerience has
shown that one of tÌ¡e principal limita-
tions on tÌ¡e use of a theoretical approach
is tìe accurate determination of the
location of the slip-surface. The prob-
Iem is involved in both a theoretical
office approach and in field examina-
tions. The latter problems are Iargely
due to the lack of a reliable tool that will
rapidly, accurately and inerpensively
produce the desired subsurface data.

CLASSIFICATION OF
CORRECTIVE MEAST]RES

In order to clarify the analysis, a

Figure 5. The slip-plane developed ap¡,roximately I in. above a layer of stable shale.
Tïe scar aL Lhe left, o{ the picture developed as the chin layer of clay dried and

c ra ck ed.

Compendium 13 Text 5

109



Compendium 13 Text 5

110

6

classification was suggested for various
corrective measures commonly used in
highway landslideproblems. It will be re-
called that thefundamental difference lies
in whether the method involves elimination
or control. Ttre 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 tåe methods are given
in Appendixes B, C, and D.

I. Elimination metåods
A. Relocatlon of structure -

complete
B. Removal of the landslide

l: Entire
2. Partial et toe

C. Bridging
D. Cementationof loose material -

entire
tr. Control metlods

A. Retaining devices
1. Buttresses

a. Rock
b. Cementation of loose

material at toe
c. Chemical treatment -

flocculation - at toe
d" Excavate, drain and

bacldill et toe
e. Relocation - raise grade

et toe
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
þ. Fixed - no provision for

preventing extrusion
c. Fixed - provision for

preventing extrusion
5. Tie-rodding slopes

B. Direct rebalance of the ratio
between resistance and force

1. Drainage
r. Surface

(1) Reshaping landslide
surface

(2) Slope treatment
b. Subsurface (French drain

tYPe)

c. Jacked-ln-place ordrilled
-in-place pipe

d. Tunnelling
e. Blasting
f. Sealing joint planes and

open fissures
2. Removal of material -

partially at top
3. Lightweight fill
4. Relocation - lower grade at

top
5. Excavate, drain, and baclf,ill

- entire
6. Chemical treatment -

flocculation - entire

PRELIMINARY ANALYSIS
OF A LANDSLIDE

The foregoing is a lengthy list of
metlods tltat have been used success-
fully in controlling or avoiding landslides.
Ledd (3) suggested most of those that
appear in tlre 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 soll.

2. The location of any seepage strata
tl¡at 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 t¡ryes, characteristics, and
condition of the soil in and adjacent to
the moving area.

Before beginning a detailed 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 tìe need and
scope of additional study, and þ deter-
mine tlte 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



Compendium 13 Text 5

Figure 6. DriÌìing will occasionally pro-
duce excelìent evidence of the locat,ion 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 metlods 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 tl¡e 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 details to be obtained from the
field study will depend upon whether a
complete analysis has been deemed
necessary. For instance, for certain
types of landslides and retaining de-
vices, only the foundation conditions of

7

the retaining device wiII 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 tle 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 applicabiiity
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 stabitity
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 tl¡e following analysis is
to estimate the degree of stability pro-
duced by a given method. In addition,
the relative merits and costs of several

tuE 1.2¡,a,d5 F6t æhb ¡þ r&..r.

Figure 7. Slide that developed when Lhe
toe was cut. Core-drilling located under-
lying bed-rock. Grrves I and 2 were estab-
lishecl by theoretical formulae. Curves 3,
4, and 5 were adjusted due to layers of

underlying stable maÈerial.
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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. Since all of
the corrective measures q¡hich are
considered are analyzed by the seme
method, the same relative stability
should be obtained. The major point of
concern is whetler tle 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 tle
average cohesion, or c of the soil at the
slip-surface. \flith the latter method,
laboratory tests are not used to deter-
mine the shear characteristics of the
soil. In eitler method, it is most de-
sirable to evaluate the landslide under
the conditions which existed before tlte
most recent movement. After the de-
termination of the safety factor or the
estimation of the shear characteriÈtics
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 t}te
estimate of the average c and tìe following
discussion deals primarily with t}tis type
analysis. The first step in tìe stability

Figure B. ttith 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 indi.caÈed by Curve B.
If the bed-rock lies as shown in the solid
line, t,he slip-plane will lieapproximately

in the position of C¡-¡rve C.

Figure 9. The presence of a reak soil lay-
er will tend to produce a failure within
its limits. On occasions, the actual slip-
surface will beasclose to the theoretical
position indicated, and the circle can be

used in the computaLions.

computations is to prepare typical cross-
sections parallel to tìe direction of
movement (FiS. Ð. 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 movernent. 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 tl¡en be se-
lected for the initial study. This section
will generally be near the middle of the
slide, will have tlre greatest over-all
stope (from toe to top), and the greatest
mass of unconsolidated material.

The next step is the most troublesome,
and perhaps tle 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 tle
intermediate portion wiII call for careful
interpretation of the drilt data. Observa-
tions throughout tlre 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. SoluLion by graphical inregra-
Lion. The total area is dividerl into rn-
crements of the same width as ABCD, ììeight
of the soil is compuLed and graphicalìy
resolved inLo its tangential and normal

componen Ls .

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

'*
ù;',r!8.

tIt

I

wiLl also be affected by the presence of
weak layers (Fig. 9). Tbylor (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
Iayers 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 tÌ¡at 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 tlre over-all stability. In some
cases, several slip-planes wiII appear
reasonable. Each of these should be
checked as outlined in üe foltowing.

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 mov'ement. Referring to Figure

Phocograph of roadway in
Note break aL

.J
j

tr

l'.a 
_\

1r

Figure 11. Vi rgini a .
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10, ABCD is a typical increment. The
width of the increment is dependent upon
the irregularities of the ground surface.
Generally, an increment width of 10 to
30 ft. will produce results well witlin
tle 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 fL in
width þerpendicular to direction of
movement). The weight should be com-
puted for both tlre original ground surface
and the ground surface after movement.

The weight may then be rePresented
by a vector, i. €., a scaled length rep-
resenting the weight (Line EG). Graph-
ical resolution of this force is accom-
piished by drawing a line tångent to the
centerpoint of the segment of the slip-
surface (l,ine EF). Anotler 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 tJ¡e normal. The resolution

of the forces is accomplished for each
increment of weight, and the sums of the
shear forces (:T) 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 c of tl¡e soil. The forces
tending to cause movement are those of
shear, seepage, and hydrostatic pres-
sures. There is a diversity of opinion
as to tÌ¡e 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 tJ¡e
normal force as well as to increase the
shearing force and the result is signifi-
cant in the opinion of Taylor (8). In the
initial stability analysis, tlat follows,
hydrostatic and seepage forces are neg-
Iected, except in their combined effect at

s'.1t.',o**nlt 
.
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Figure 12, Same elirle as that in Figure ll. 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 ttre
following:

Safety factor =ItI tan ó + cL:T-- (r)

wherelN = the summation of the normal
forces in pounds
IT = the summation of tl¡e shear forces
in pounds
é = the angle of internal friction
c = cohesion in pounds per foot
L = length of tlre slip-surface. in feet

l*r'+q¡ kil t:
(l) OF cGb h 0l6d sto6 .i liF 16.

ø Wbr ulær úqh.'nt d f,m O.

f¡ h. ülli4 ll4ûd bddt ol h 4,12, d þ.

g.clhn I-X d haah ol B.r.¡.¡ìl -vt..

R¡.ll-(tih14)
q.r.5l1-(IRha+É)
R..Rrffil ot lùci

diE d Fm X-X.

b.Rffi d tud bb
â¡(Fd bd d ffi
X-Xhffiffi.

Figure 14. ltlethod for computing the forces
acuing at a given point in a slide. The
value of T and N is determined for the area
desired (from X-X to Èop in this sketch).
The difference between the forces causing
movemenL (IT) and the resistance to move-
ment (Ði tan ó + cL) is designated as R¡.
The resisbance that will produce a safely

factor of 1.5 is designated as fo.

and probably to the effect of hydrostatic
and seepage forces. Slopes in nature
have been known to be stable even though
t}te safety factor was computed as 0. ?5.
This latter figure would. indicate that the
shearing resistance was only 75 percent
of the shearing force. If tlte safety factor
for a stable slope is less than 1.0, or if
greater than 1.0 for an unstâble slope,
it appears certain that some factor has
been disregarded. Numerous examina-
tions have been made of landslide areas,
and t¡e computedsafety 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 tlte conditions that exist at
time of failure. However, if the start-
ing point for the analysis is tlre ground
line prior to movement and Equation 2 i.s
used, the effects of these troublesomb
variables are accounted for as a part of
éorc.

For tlte following analysis of the sta-
bility an estimate is made of the value of
ç. From Equation 2 it is then possible
to compute the average c 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 surlace con-

567C
too

S¡
æ=
rc!
æ

-50

Figure 13. Cross-section of the slide
pi.ctured in Figures ll and 12. The slide
has been divided into incremenLs and the
compuùaLion of IT and n\ is given in Tabìe l.

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

:T =:N tan É + cL (2)

It will be noted that the left side of
Equation2 represents tlre 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 ó 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 soÍI, to the difli-
culties in obtaining undisturbed samples,
to t}te problems of laboratory technique,
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Figure 15. Resistance offered by a rock
buttress. Ihe design resultant indicated
in Figure 14 must be produced by the shear-
ing resistance of the rock. If the base
of the butÈress is not bed-rock, a possible
shear failure under the but[ress must be

inves ti gated.

ditions that existed prior to recent move-
ment. From these calculations, the
average c value is determined for use in
the estimate of t}te effect of the various
corrective measures. The assumption
of the d should not lead to serious dif-
ficulties. lühile tle c value is very
susceptible to varying conditions, the é
is relatively constånt for a given mate-
rial. Some investigators have recom-
mended the assumption of d = 0 for
saturated clay soils. This would lead to
a more conservative design, since the
resistance offered by the normal forces
would not be includeò

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 É values.

APPLICATION OF RESTILTS

At the conclusion of the stability a-
nalysis the nelt step is to estimaté 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 tl¡e
life of tl¡e structure. The Ímportance 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

0.5. This increase can be accomplished
by increasirig the resistance or decreas-
ing the force. The type of eorrection
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 t]¡e ratio is less than 1. 5, the
solution should be considered as an
expedienL

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 metl¡ods there are, of eourse,
no problems. Recommended procedures
to be used for t}te 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 lieu of no other quantita-
tive method, hortrever, the values will be
helpful and on the conservative side.
In Figure 15, the resistance offered
by a rock buttress is illustrated.

In the metlod involving an estimate
of c, it will be interesting to note the
relative sizes of tìe corrections re-
quired by applying the upper and lower
limits of the range of c values. In many
instances, tÌ¡ere will be a rather insig-
nifieant change in the size of the cor-
rective action needed. For example,
a range of 10 deg. in tfie value of É,
made a difference of only I 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 tåe basis of economy, appeer-
ancg, effect of the change on driver-
safety, or by such other means as es-
t¿blished as the policy of tl¡e organiza-
tion concerned.

SUMMARY AND CONCLUSIONS

(1) For highway engineers, tl¡e basis
for the classification of landslides should
be on the mechanics of the movement
rather tJtan 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-
Iem 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.

(a) By classifying tlre types of cor-
rective measures in common use, it
is possible to clarify tlre 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 tåe slip-surface.

(7) et the moment just before failure
the force tending to cause movement is
equal to the resistance to movement.
Theproblem is to determine theseforces.

(8) fne 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:

5T=INtanÉ+cL (2)

(9) The forces acting against a re-
taining device can be estimated as can
the resistance offered by the retaining
device.

(10) The beneficial effect of any cor-

r3

rective action can be estimated in terms
of Equation 2.

(11) The procedure suggested may be
an over-simpli-fication in its present
form. Observations and eveluation of
the corrective measures thus far effect-
ed will be necessary.

(12) Consi¿erable research work is
neeessary 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 ANALY$S

To present an example of t}te typical computations in a stability analysis, a landslide
in Kanawha County, near Charleston, lilest Virginia, was selected. Trvo 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 Irom this slide. The underþing 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 incre ents
from lines 1 to 15, inclusive, was ten feet. The two end increments were not an estab-
lished length. These latter two division lines were set so that the weight of one incre-
ment (between lines 1 and 2) would not require a resolution of forces.

The areas of tl¡e 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 widttr þer-
pendicular to tìe 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 þaraltel to the
movement) of the increment. Table I is a summary of the areas, weights, tangentials,
and normals for each of the increments. The:T and IN for the entire slide arèa are
also shown in Table 1.

The lengtlt of the slip-surface was determined to be 180 fL The range of é values grat
was considered reasonable was 0 to 10 deg. Referring to Equation 2, all of the variables
ere norP available except the cohesion of the soit. The following summarizes the computa-
tions involved in determining c.

IT=INtanÉ+cl,ror

c=5T-fNtané

Assumingø=0deg.

(21

(3)

c = 53,800 - (285,000 x 0.0) = 299 lb. per ft.r
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t T = 53,800
t x = 28s,8oo
t (il - ¡, = r55,s!û

Assuming+=10deg.

c = 53,800 - (285,800 x 0. 1763) = 18 lb. per ft.

-ï80--The relatively low c value for this silty-clay soil indicates that d is probably smaller
tltan 10 deg. , or that there were strong hydrostatic or seepage forces existing at the time
of movement.

For tàe particular slide in question, assume that ttre ground water lies as shown in
Figure 13. The equation which can be used to account for the hydrostatic pressure is as
follows:

:T = ã(N - ¡r) tan ó + cL, or (4)

c = ãT - :(N -¡¿) tan é
r, (5)

\ilhere p = hy *1 = water pressure in lb. at the slip-plane
h = depth in feet from ground water line to slip-plane

zç, = unit weight of water = 62.4 lb. per cu. ft.
1 = Iength of increment in feet along slip-plane

The values for (N - ¡r) are listed in Table I as intergranular forces.
For é = 0 deg., there is no change in c due to hydrostatic pressures since

tan ç = 0.0

For p = 10 deg. , the following is indicateù

c = 53. 800 - (r55. 530 x 0. 1?63)r
c = 14? lb. per fL
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APPENDIX B

ELIMINATION METIIODS

The five methods included in this classification ere:
1. Relocation of structure - complete
2. Removal of landslide

a.. Entire
b. Partial at toe

3. Bridging
4. Cementation of loose material - entire
phe factor common to tìese metlods is tlte lack of a requirement for a stability anal-

ysib. Atl 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 ¡pill lead to near complete removal. In any event,
when carried on as an expedient, no stabilit¡r analysis is used.

As a very general guide, tÌre following is a list of the elimination methods in order of
increasing costs.

1. Removal of landslide - partial at toe
2. Relocation of structure - complete
3. Removal of landslide - entire
4. Cementation of loose material - entire
5. Bridging

I. RELOCATTON OF SÎRUCTURE - 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 existing conditions.

Principle Involved - A firm found¿tion is obtained for tàe structure.

Best.{nntication - The method is readily appticable to every type of mass-movement. In
many òases, tåe 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 tl¡e uphill side.

Disadvantages - The cost is usually high if the pavement is of permanent type. Further-
more, tlte line change may result in poor and unsatisfactory alignment, and finally, the
movement is not controlled in event liability is involved

Method of 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

U. 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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Principle Involved - The moving mass that is causing the problem is completely removed.

Best.å,pplication - Ideally suited to shallow soil profiles (10 to 20 ft. )and 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 failures should be considered.

Disadvantages - May be too costly for extensive movements. Design care must be taken
to insure against undermining t}re area above, particularly with reprd to rocMalls.

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

ru. 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, is¿ç. Since part of tle ioe 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 so as to permit passage of vehicles,
to temporarily relieve pressure against a structure, etc.

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.

I
Disadvantagás - This expedient method does not produce a permanent solution.

Method of .â'nalysis - No analysis is necessary except for quantities involved in a cost
estimate. For determining follow-up or permanent correction, a ståbility analysis of
the type required for the permanent solution will be necessary.

Principle Items in Cost Estimate -
1. Excavation
2. Right-of-way damages

ry. CEMENTATION OF LOOSE M.ATERIAL - 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 tlre 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 tìe area will not be possible unless the mov-
ing mass consists entirely of granular material-

Disaôvantages - The principle disadvantage lies in the fact that the method is still ex-
perimentalãnd relatively expensive. There is no clear-cut method of estimating the
ãmount of cementing maieriàt that will be required. In areas of extensive subsurface
seepage, hydrostatii heads may produce flow of entire area urùess 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 ltems 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 moving area wiII not provide a stable foundation for even a
part of the roadrvay or structure. Therefore, firm, unyielding foundations are selected
and the area completely bridged.

Best Apptication - Ttre method is applicable to all types of mass movements. It is par-
ticularly suited to steep hillside Iocations 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 high cost of tl¡e corrective
action. In addition, the movement is not controlled in tàe event liabitity is involved.

Method of Analysis - Standard bridge design is followed. In most insÞnces, a single
span will be desirable due to the lateral tlrust that would be applied to a pier construct-
ed within the moving area. Particularly thorough foundation examinations will be
necessary to avoid placing the abutments on material that may move in tlte future.

Principle Items in Cost Estimate -
1. Bridging
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APPENDIX C

DESCRIPTION OF CONTROL METHODS - RETAINING DEVICES

The corrective measures included in this classijication are:
1. Buttresses

a. Rock
b. Cementation of loose material at the toe
c. Chemical treatment - flocculation - at toe
d. Excavate, drain, and bacldill - at toe
e. Relocation - raise grade at toe
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 provisions for preventing extrusion
c. Fixed - provision for preventing extrusion

5. Tie-rodding slopes

Further details are available on the following:
Cementation of loose material - Appendix B
Chemical treatment - flocculation - Appendix D
Excavate, drain, and backfill - Appendix D
Relocation - Appendix B
Drainage - Appendix D

Ðescription - A resistance is placed in the path of the moving mass. The resistance
is placed somewhere between the structure, or area to be protected, and the toe of
the slide.

Principles Involved - Since all retaining devices produce additional resistance to move-
ment, the benefit derived is resisting lorce that will be added to t}te shearing resistance
(Equation 2).

Advantages - Retaining devices will often permit correction with the least amount of
right-of-way damages. In certain cases, only a part of the landslide is brought under
control, and a savings is realized over an attempt to control the entire movement.
When the area is exposed to stream erosion, the retainer can be designed as a slope
protection device.

Disadvantages - Except for floating piles, most retaining devices represent a relatively
expensive solution. In addition, except for cribbing, failure of the method will result
in a complete loss of the investment involved in the corrective action.

Method of Analysis - Having completed a stability analysis, the point at which the re-
tainer is to be used is selected. The assumed value of ç and tle average c as com-
puted in the stability analysis are used to obtain the summation of the shearing forces
and shearing resistances for the area between the location of the retainer and the top
of the slide. This is shown diagrammatically in Figure 14. The summation of shear-
ing forces (>T) is multiplied by 1. 5. This product will represent the summation of the
required shearing resistance for a permanent solution. The actual shearing resistance
of the soil is subtracted from the required shearing resistance, and the di.fference is
the fcrce that the retainer must be able to resist without failure.
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For all retaining devices, the type and location of stable foundations is a critical
factor. In the event bedrock is close, tlie retainer should be anchored into bedrock
In the event the retainer is placed on soil, the foundation must be below the slip-surface
(except for the tie-rodding solutions) and a stability analysis must be made assuming
that the slip-surface is diverted to a location below the retainer. In this latter case,
the primary benefits of the retainer will rpsult from lengthening the slip-surface, and
increased normal forces for g > 0 deg.

The resist¿nce offered by a retaining device will be tlte minimum value obtained
from the following: (1) friction or shear between the base and the underlying bedrock
or soil; (2) increase of normal forces on a slip-surface extending beneath tlre retaining
device (for É > 0 deg. ) and the lengthening of the slip-surface with a corresponding
increase in total cohesion resistance; and (3) resistance to shear or to overturning of
the retaining device.

The only other factor not considered is the bearing capacity of a soil under a retain-
ing wall. However, there will be few cases c¡here the size or dimensions of the retain-
ing wall wilt be governed by this factor.

In determining the actual resistance offered by the retaining device, each of the ap-
plicable factors mentioned above must be investigated. The original design will be
based on the factor that usually controls that particular type of device. the design or
location of the correction device must be changed until the minimum resistance offered
by one of the three factors is approximately equal to the required shearing resistance.

1. Friction between tl¡e base and tìe underlying bedrock or soil - With the exception
of piling, one of the sources of resistance for a retaining device is the frictionor shear
between its base and the underlying bedrock or soil. The formula for estimating this
value is:

s=c+ptanÉ, where (6)

s = shearing resistance of soil in Ib.
c = cohesion of the soil at location of slip-plane (lb. per ft. )
p = the weight (directionperpendicular to movement) of the retaining device (tb. perft.)
é = angle of internal friction between the retaining device and the bedrock ( ø of ttre

foundation soil).

In cases where the foundation is bedrock, the failure will be at the surface between
the bedrock and the base of the retaining device. Thus, for bedrock or granular soil
foundations, c = 0 and Equation 3 becomes:

s=ptané

For bedrock or granular soil, @ will range between 25 and 35 deg. A conservative
assumption can be made or laboratory tests can be used to determine the value of é.

For cohesive soils witìin a buttress or under any retaining device, the cohesion will
not be the average c determined for the slide itself. The value for c refers to the
material beneath or within the ret¿iner and should be obtained frcm laboratory tests of
undisturbed soil samples.

2. Increase of Normal Forces and of Cohesion Forces on a Slip-Surface Extending
Beneatì the Retaining Device - This factor will apply only to those retaining devices
not founded on bedrock. In addition, for piling the cohesion effects appty but not the
increase in normal forces. Another qualification, if the device is placed at a higher
elevation than the center of gravity of the slide, the load of the retainer will increase
the shearing forces on the over-all slope stability. . Thus, full advantages of increas-
ing the normal forces and the total cohesion will rarely be realized unless the retaining
device is placed at a lower elevation than tlte center of gravity of the sliding mass.
Finally, an increase of the normal forces will not benefit slides in which é = 0 deg.

(?)
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The computation of this factor is accomplished by dividing the cross-section into
increments similar to those used in the original stability analysis. For tlte new sIþ-
surface (recalling that the foundations of the device must be placed below the original
slip-surface) the summation of the normal forces will be increased and the length will
be greater witì a corresponding increase of cohesion resistance.

3. Resistance to shear or to overturning of the retaining device - In order to esti-
mate the resistance üo shear or to overturning of the retaining device, it is necessary
to know the magnitude, distribution, point and direction of application of the forces
acting on the retainer. A suggested method for determining these factors is pictured
in Figure 15. From the stability analysis, the required shearing resistance can be
determined. The horizontal component of the force can be evaluated by graphical reso-
lution. It is then a reasonable assumption that the force decreases uniJormly to a value
of zero at the ground surface. There is a vertical component of the required tangential
force but the vertical force can be neglected unless the retaining device is placed over
a steep portion of the slip-plane. This force does change the direction of the resultant.
However, it can be assumed that the resultant acts parallel to the slip-surface. See
Figure 15.

DETAILS ON INDIVIDUAL METHODS

1. Buttresses - all types - In each instance, the slip-plane should be assumed to be
extending through the buttress. For rock and cementation of loose material at the toe,
the slip-surface through tf¡e buttress can be assumed to be a straight line extension
(Fig. 15). The resistance can be computed from Equation ?. thJresistance required
at this point is the required tangential force obtained in tle stability analysis. Theo-
retically, a rock buttress should be a triangle that is sufficiently large so as to resist
the shear at any point. As a practical consideration, however, the top of the buttress
is normally built horizontal for 5 to 10 ft. In Figure 15, a line shows tlre theoretical
Iimits within which the edge of the buttress should fall. The horizontal widths at various
levels are defined by the uniform reduction from the maximum at the slip-plane to zero
at the ground surface.

For the buttresses involving soil materials, the resistance of the buttress to shear
is computed by Equation 6. The é and c of the material in the buttress should be de-
termined by laboratory tests. For the drainage solution, laboratory permeability tests
or field well points should be used to determine tlre feasibility of drainage. FurtLer-
more, the P and c values should be those obtained from laboratory tests on a sample
of tìe soil under the reduced moisture conditions.

Referring to the example used in Appendix A and to Figures 14 and 15, the fo¡owing
is a typical example of tl¡e computations for a rock buttress:

For ó = 0 deg., c = 299 lb. per ft., L = 144 ft. for buttress at line 3.
IT = 54r 900 lb. (from line 3 to 16, inclusive)
:N = 2471 400 lb. (from line 3 to 16, inclusive)
1. 5 x:T = 82,350 tb.
cL = 144 x 299 = 43,000 lb.
rN tan ç + cL = 0 + 43,000 = 43,000 lb.

RD = 82,350 - 43,000 = 39,350 lb.
Rp = (z¡ x Area ABCD) tan Øg
7R = 100 lb. per cu. ft.
eg = 30 deg.
Alea ABCd= 39,350 = 680 so. ft.

67.64

For 0 = 10 deg. t c = l8 lb. per ft.
1.5T=82,350lb.
: N tån Ç + cL = (247,400 x 0. 1763) + (18 x l4a)

R¡ = 82,350 --4-6,-140 = 36,210 Ib.
Alea ABCD = 19¿19 = 63i sq. ft.

= 46,140 lb.

57.75
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From the foregoing, the condition of ó = 0 deg. gives an I percent more consen¡ative
figure than prat oi O - 10 cleç , therefore, design tl¡e buttress with at least 680 sq. ft.
AËsuming that the eposed slope of tl¡e buttress is on a t l/2: 1 slope (Horizontal:
Vertical), and the backslope is vertical:

Bases of buttress = Area 1 1.5h

-- a-
Ifh=16ft.

Top width = 680 - 12 = 30.5 fL
Tõ

Base width = 680 + 12 = 54. 5
TF

The principle items of cost in a buttress are as follows. Not all of the ltems will be
required in every buttress.

(a) Excavation
(b) Bacldill (Rock or Soil)
(c) Admixture (Cement or Chemical)
(d) Drainage Pipe
(e) Drilling (for Admixtures)
(f) Equipment Rental (for Admixtures)

2. Cribbing and Retaining Walls - Use is made of standard design methods for tÌ¡e
type of wa11 unãer consideration. Cribbing should be considered as a gravity-type wall-
ihe magnitude, point of application, and direction of the stresses against the wall will
be as indicated in Figure 14.

3. Piling - In order to be fully effective, the piling should extend one-third of its
length below the slip-surface. The following is a formula for resistance to shear of tlle
pites (?):

- - 
Ap * fu, where (8)

o --T-
s = shearing resistance offered by a pile, in lb. per inch (in a direction perpendicu-

lar to tÌ¡e movement)
A- = cross-section area of the pile in square inches
f.t= allowable stress in shear for the pile, pounds per square inch
D = center-to-center spacing of the piles in inches

A pile should also be checked for the resistance to the soil shearing atrong each side
of the pile. A formula has been suggested by Hennes (?):

s=2chd (9)

s = shearing resistance per pile in lb.
c = cohesion of the soil, lb. per sq. ft.
h = height from slip-surface to ground surface in feet
d = diameter.of the pile in feet

A sufficient number of piles must be available so that tlte soil shearing resistance
or the sum of the shearing resistance of the piles are eguel to or greater than the re-
quired resultant of the horizontal forces (FiS. 15). The piling will mt be subjected to
Cantilever action until movement has occurred. Due to partial restreint offered by the
surrounding material, it should not be necessary to compute the stability of the Biles
from a caniilever viewpoint unless there is a possibility of movement of the area below
the piling.
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Referring to the example used in å,ppendix A, no experienced engineer or geotogist
would be likely to recommend piling at tl¡e location selected for tåe buttress (Line 3).
The computations verify this opinioru

.Assuming a 12 in. diameter, timber pile with a cross-section area of 113. I sq.. in. ,
and Ç = 0 deg., c = 299 lb. perft.

"=Ao*fu--T---
fr, = 100 lb. per sq. in.
s' = 39,350 lb. per in.---Tt-

D= 113. 1 x 100 x 12 = 3.45 in.
----Bg;50-o-

s=2chd (9)
= 2 x 299 x 15 x 1 = 8970 lb. perpile

39,350 = 4.4 pites per ft.-Tgfo-

D= 12 =2.7in.
T.T

For é = 10 deg. , e = 18 lb, per sq. ft.

s = 2 x 18 x 15 x I = 540 lb. per pile

39,350 = ?3 pites per fL--540-

D=12=0.16in.
75

_ The obviously low value of 18 pounds per ft. for the cohesion is not a legitimate
figure to use unless the material is very fluid. It will be recalled tlrat the average c
of 18 lb. per ft. represents the material at the slip-plane. It is not unreasonable to
e:<pect a much weaker material at tlre slip-plane. A more legitimate value for c in
Eq"ation 9 is a representative c for the material from the slip-surface to the ground
surface at the location of the piles. This could be adequately determined from-labora-
tory tests.

A more reasonable location of piling would beatLine 10 (Fis. 1B). The computa-
tions follow:

For é = 0 deg. , c = 299, 12 in. diameter timber piling

lT = 29,600 lb. (tines 10 to 16, inclusive)
L=66ft.
1.5 T = 44,400
cL = 19, ?34
Rp = 24,666

D =135,800 = 5.5 in.

For average c = 400 lb. per sq. ft. (above slip-plane)

s = 2 x 400 x 16 x 1 = 12,800 lb. per pile

(8)
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24,600 = 1. ? piles per ft.
T2;mõ'

D=L2 =6.?in.
T.T

The use of steel or concrete piles would permit wider spacing. The computations
would be si¡nilar to those for timber piling. However, even a location near tlte road-
way would require very close pile-spacing for a permanent solution.

4, Tie-Rodding Slopes - Resistance will be offered by the piling, cribbing or other
retaining device. The remainder of the required resultant must come from the anchor-
age system. The required resultant (F.ig. 15) must be equalled or exceeded by the
combined resistance of tlte retainer and anchorage. The resisting force obtained from
the tensile strength of a number of steel bars of a given dimension.

Rel,ative Cost - As a very general guide, t]¡e following is a list of the retaining devices
in order of increasing costs:

1. Piles - floating
2. Buttress - rock
3. Buttress - excavate, drain and bacKill at toe
4. Buttress - relocation - raising grade at toe
5. (a) Buttress - cementation of loose material at toe

(b) Chemical treatment - flocculation - at toe
6. (a) Cribbing

(b) Piling - fixed - no provision for preventing extrusion
7. (a) Tie-rodding slopes

(b) Piling - fixed - provision for preventing extrusion
8. Retaining wall

APPENDIX D

CONTROL METHOÐS - DIRECT REBALANCE OF RATIO
BETWEEN RESISTANCE AND FORCE

The corrective measures included in this classification are:
1. Drainage

e. Surface
(1) Reshaping landslide surface
(2) Stope treatment

b. Sub-surface (French drain type)
c. Jacked-in-place or drilled-in-place pipe
d. Tunnelling
e. Blasting
f. Sealing joint planes and open fissures

2. Removal of material - partially at tope
3. Light-weight fill
4. Relocation - lower grade at top
5. Excavate, drain, and bacldill - entire
6. Chemical treatment - flocculation - entire

Furtl¡er details are available on the following:
Relocation - .Appendix B
Removal of Material - Appendix C
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Chemical Treatment - Flocculation - Appendix C
Excavate, Drain and Bacldill - Appendix C
Drainage - Appendix C

Description - The forces that are contributing to the movement are decreased or the
natural sourees of the resistance to movement are increased. There is no artificial
treatment with the exception of chemical treatmenl

Principles Involved - The drainage solutions may depend upon the reduction of tìe shear-
ing forces by the elimination of part of tlte weight of the moving mass. Drainage rnay
also increase the shearing resistance by increasing c or increasing the intergianular
forces (normals) by eliminating hydrostatic pressules. Methods other than diainage
either reduce the shearing stresses to a greater extent tlan the reduction of tl¡e noimal
forces or increase the c value of the soil by increased densities or by treatment of thesoil. Chemical treatment may also reduce the water-holding capacity of the soil, which
would tend to reduce the shearing forces. Btasting combines the advântages of drain--
age and the permanent displacement (vertically, upward) of the slip-surfice. The slip-
plane dispacement by btasting tends to reduce the shearing forces by decreasing the
weight of tÌ¡e moving mass, while the beneficial effects of drainage are probably
temporary.

Disadvantages - Most of t}re drainage methods are ratìer costly, as are excavating,
draining and bacldilling and chemical treatment. Also, tìe estimate of the value tõ be
obt¿ined from a drainage solution is extremeLy difficutt. For sealing joint planes, there
is a problem of determining whether or not the seepage will devefop in another location.

There may be construction problems in installing drainage belory the slip-surface
in the moving mass. Furthermore, tle advantages from drainage of cohesivè soil
masses may be delayed or may never develop due to low permeability.

Method of Analysis - Having completed the basic stability analysis and having the aver-
age c value to be used, the reduction in shearing forces is estimated for the drainage
solution by estimating probable reduction of unit weight of the moving mass, and for
removal of material at top, relocation by lowering grade at top, and the light-weight
fiII. The increase of shearing resistanee results from the increase of c value for the
following: all drainage solutions (except blasting); excavating, draining, and back-
fitling; and for chemical treatment. There is an increase of normal foice due to elim-
inating hydrostatic pressures for all drainage solutions, and for excavation, drain and
backfill.

The method of analyzing for hydrostatic pressures is a complex field problem of
measuring existing ground-water Ievels (or exeess hydrostatic pressures) and estimat-
ing probable maximum height. In computations, t}te effect is shown by Equation 5 or
Appendix A. If hydrostatic pressures are to be considered, Equation-5 shoutd be used
instead of Equation L or 2, in the original stability analysis.

The excess hydrostatic pr-'essures will be particularly troublesome in landslides that
contain pockets or layers of free-draining material. It is probable that such pressures
are also troublesome in areas where \ryater is relatively free to move down thó süp-
plane.

Terzaghi (4) points out ttrat in impermeable soils, flash pressures may develop due
to heavy rains. Such pressures are relieved before a signilicant change õan be brought
about in tl¡e water table. He, therefore, recommends a form of piezometric tube to
observe these phenomena in the field.

It should be emphasized that the effort to check the effect of hydrostatic pressures is
necessary in the procedure outlined herein in order to determine the degree of improve-
ment brought about by drainage solutions. The values obtained by Equations 1 and 2
n¡ill be misleading from an academic consideration. However, if is assumed that the
most serious condition has been accounted for in t}te computation of the average c. fire
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TAE.E 2

Df,TArl.s rcn uoil-rElclT nrr

9- r0 l0- ll

IDc¡6@t

It- 12 12- 13 l! l4 lþ15 llll

lcight of orig"inal ¡oil (lb.)

lncrænt ercr (aq. ft. )

lncrøent rcight
(uit reight = ll0 lb. pcr cu. ft')

lcight of ¡oil (lb.)
rcid¡t of L.I. fill
(uit æight = {o tb' pcr cu' ft.)

Iorrl rciaht of þil
+ L.r. fi¡r (lb.)

Yoml forcc ( lb, )

Iugcntiel force (lb.)

15,850

105

13,650

Il6

rt,550 12,?00

4,:Ð0 950

9, 200 5,920

8, 500 6,8?0

8,200 ó,300

2,+lo 2,9m

19,?00 23,800

25 75

2, ?50 8,250

tó,950 t5. 550

t,000 3,000

17,950 18, s50

l?,500 18,200

3,920 3,900

22,000 21,200

105 105

ll,550 lr,550

10,,150 9' 650

a, 200 a, æ0

I{,ó50 13,850

¡4, 500 13, ?50

3,200 3,260

18, 500

t05

ll, 550

ó,950

a,200

ll,150

10,850

2,720

Fol ¡re¡ bctæcn linc¡ 9 and 16, incluaivc, dth liglrt-æig$t fill:
>N = 89,300 lb.
tT = 22,330 lb.

For cnti¡c ucr ritl¡ tigùt-Éi8ht fill:
IN = 89,300 + l54,8oo = 24,t,loo ¡b.
:N = 22.330 + l9,9oo = {2,2æ lb.

relief of hydrostatic pressure by the instatlation of a drainage system is not reflected
ln the stability corhputations using Equations I and 2'

Referring io the-example usedln Áppendix A, for the case 9f @ = 10 deg. , the aver-
age c was ðomputed to ¡ã f¿Z tb. peift. , using Equation 5. - If a drain were installed
aã Line 16, belõw the slip-plane, and in a position to lower the groundwater Þble-so
that it coincided with the pósition of the slip-plane, the following computations indicate
the improvement in stabiüty:

S.F. =r(N-¡,)tané+cL
T (5)

= (285, S00 - 0) x 0. 1763 + (180 x 14?)

@
= 1.43

Thus, the installation of the drain would increase the safety factor by 0' 43, wltich
\pould be sufficient to be termed a permanent solutioru

TABI..E 3

.ACÂTION . T,OTERING MAD GNADE AT TOP OF SLIDE

9- r0 10- 11

Incraqt

II- 12 12- 13 lþ l,l t4-15 lÍ 16 t

-*. of -, ,t-

Tangotirl force (lb')

Nomal force ( lb. )

16,950

3, ?00

16, 90

1S,550 10, tso

3,no 2,n0

t5, I00 10,a00

9,6 50

2,2ú

9, 550

6,9 50

l,690

ó,?50

4, ilO 950

\2n &s lr,8{

{, r80 8?0 63' 5t

For ¡¡c¡ bctrccn linc¡ 9 ud 16' i¡clu¡ivc;
I t¡ = 69, sso l¡.
tT = 14.845 lb.
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Referring to the same example the value to be obtained from a light-weight fill can
be estimeted as follows.

Assume that the area between Lines 9 and 16, inclusive, and above the elevation
90. 0 is to be removed and replaced with a light-weight material that weighs 40.0 tb.
per cu. ft. (unit weight of original soil = 110 Ib. per cu. ft. ). Table 2 summarizes the
change in normal and tangential forces between Lines I and 16, inclusive.

Assumingé=0deg., c=299 lb. perfL

S.F. =INtané+cL
:T (1)

= (244,100 x 0) + (299 x 180)w
= 1.27

Assuming @ = 10 deg. , c = 18 lb. per ft.

S. F. = (244,100 x 0.1763) + (18 x 180)w
=1. 1

Thus, the light-weight fill increases the safety factor by 0.1 to 0.27. This would
not be sufficient to be considered a permanent correction.

If the grade of the road were lowered to an elevation of g0. 0, the foltowing S. F. is
obtained (data in Tabte 3):

Assuming ó = 0 deg., c =299

S.F. =INtané+cL (1)
ST

=0+(299x180) =1.55-TTJ4F--
Assuming ó = 10 deg., c = 18

S. F. = (218,150 x 0. 1?63) + (18 x 180)

= 1.20
Therefore, loweri¡g the grade would fall slightly short of being a permanent solution.

The degree of importance to attach to the é = 10 deg. assumption would be tf¡e controll-
ing factor.

Relative Cost - As a very general guide, the following is the list of the metlods that
modify the shearing resistance or shearing force. This list is in order of increasing
cost

1. Surface drainage - reshaping landslide surface
2. Surface drainage - slope treatment
3. Blasting
4. Light-weight fill
5. Removal of material - partially at top
6. Relocation - lowering grade at top
7. Jacked-in-place or dilled-in-place pipe
8. Subsurface (French drain type)
9. Tunnelling

10. Sealing joint planes or open fissures
11. Excavate - drain - backfill - entire
t2. Chemical treatment - flocculation - entire
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Chapter 3

(I) Igneour
granite, trap, basalt and lave

(II) Sedimcntary
massive sandstone and limestonc
interbe<ided sandstoner,
shalc! and limestone
massive clay stonc and

. silt stonc

(III) Metamorphic
gncirs, schist and marblc
s¡atÊ

SLOPE DESIGN IN
BED ROCK CUTS

Field investigation and examination of rock samples should be conducted rvith a view
to determining the resistance of rocks to weathering and the probability of a rock fall as a
result of discontinuities in the rock strata. A field examuratio¡r of outcrops of the bed rock
will generally provide some kind of a general answer. It may also indicate the possibilities
of irregularities in rock likely to e>rist subsequent to the blasting required for e-xcavation.
Ifthere are such indications, rock falls should be regarded as a potential danger and accord-
ingly the slope angle of the cut should be chosen judiciously. As a rule, a slope should be
fitted to the material and not the material to the slope. The concept that all tJre rocks are
brothers under the skin and should be cut on I to I is faulty. There are all sorts of rocks and
what is a good slope for one type in one situation may be an entremely poor slope for a different
rock in the same situation. Table 4 is meant as a guide for general use.

In situations dernanding high rock cuts, rock fall whether incidental or continuous,
threatens road safety considerably. The approach to the rock fall problem should be
one of trying to restrain the rocks from falling by rcsorting to methods such as benching
of slopes, flattening of slopes, pinning down loose rocks, covering the area with wire mesh
ctc. (Sec Chapter 6). Although certain designs are taking into consideration the fall out
zones, they do not keep the rocks off highrvays. Rccent rescarchcs have shown that thc
above relationship is arbitrary and un¡calistic. The corrcct approach must recognise

(") Minimum width of fall out zone as detcrmined by the frequency of stones
making impact at a maxirnurn distance from the base of the cliff.

(b) Destroying the angular velocity of falling stones as a result of impact.
(") Physical and chemical properties of rock.

As a result of study on hard basaltic rocks of all sizes, a relatioruhip bctwcen width
of fall out versus height and angle of slcpes has been established, Table 5. Sincc softer rocks

TABLE4. AVERAGE SLOPE VALUES FOR BED ROCK E](CAVATIONS

horizontal: vertic¡l

lll:ltotl2;l

lll:ltoll2tl

ll2':lto3l4tl

3/4:ltol:l

.:: ::: 'JÅ:i::;'; ,'¡
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TABLE 5. REI,ITIONSTIIP Of VARIABI,ES
ROCK FALL AREAS
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are less resilient and do hardly have rebound characteristics, they are less violent on impact.
Also, with 4:l off-shoulder slopes, many rocks roll as much as 80 or 90 ft. from the basc of
the cliff Ncarly all rocks make their initial impact within a 20 ft. fall out zone. Eventually,
the attempt to dampen the rolling velocity or to. deflect thc falling stones back towards the
cliff seems to be an obvious solution in reducing the w'idth of fall out necessary to contain the
rock fall.

It has becn observed on the basis of field investþtions that the usc of a 'rock fence'
to decelerate a rolling stone and to retard its angular velocity would prove really effective in
controlling rock falls. The installation is mounted on the slope above the ditch line or on
the back side of guard rail posts on the shoulder of the road, Fig. 19. The fence, nearly 6 ft.
high, is suspended like a curtain, from a cable. The cable, in turn, pulls on a compressivc
spring tq absorb the shocks of the rocls and is supportefl by fence posts at intervals of 50 ft,
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I_SUBSTITUIE CHECK FENCES ON
LOT¡G SLOPE¡I 

'F 
DESIR.ED

<¡- BOuNc,E

LOCATION FOR ROCK FENCE

tlrl' WIIEN USE,D WIÍH
ROCK FENCÊ,

Fig. 19 Pæitionofi¡xtallationofrockfenccusedeitherascheck fence on slopc or as protcction on highway.
Though ditch design for | :l and f :l for a 100 ft. high slope is s¡¡me, yet rock| rl slope must Iover a
greater distance bcfore encountering same fence

fn rock fall areas, gentle oflshoulder slopes provide the ramps for stones to come up
on the highway and therefore steeper shoulder design should be preferred in place of thã
gentle one; for what was thought to be a feature contributing to the overall r.t ty of t igtr-
way has now been proved to be a detriment and a hazard in rock fall areas. Alternativel¡
af-ter the facton ofweathering and discontinuitic have been analysed, an appropriate choice
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Fig.20 Types of bedrock cut slopes

of the type of slope to be adopted should be made, viz., uniform, variable angle, permanent
berm or temporary berm (see Fig. 20). If discontinuities exist, one of the berm solutions

should be adopted in order to intercept the anticipated fragments from a rock fall. If no

discontinuities exist, a suitable type of slope has to be selected on the basis of the resist¿nce

of rock to weathering, vertical height of the cut and economic considerations..

Table 6 indicates the conditions of suitability for each type of slope.

The desþ of benches should include important considerations such as longitudinal
and transvene.slopes, minimum u¿idth and loc¿tign with respect to strong or wea,k strata.

For weak stÉta¡,the longitudtral slope should be parallel.to the grade line from both con-
structional anc! aesthetic considê{aticrn;-(scs Fig.2lr(")). For hard rock stratum, howevcr,
longitudinal slope may be permitted to follow tl¡e surface of the layer as shown in ftg. 2l (b).
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TAsLE 6. CONDITIONS OF SUITABII¡TY OF EAC.H TÏPE OF SLOPE

Suitability RemarksType of slope

(I) Uniform slopc

(IÐ Variable Angle

(III) Bcrms

(l) Vcrtical height of cut is lc¡s For heigha greater than 50 ft.,
than 20 to 25 ft. uniform sloper should not be used.

(2) Uniform cross scction is invol- Bctwecn heights 25 and 50 ft,,
ved and uniforrb weathering is an- uniform slopcs may l¡e used if the
ticipated. rock stratâ exhibit uniform !!'ea-
(3) No discontinuities exist thering characteristics and contain

no discontinuities.

(l) No discontinuities exist in the When a deep cut of 100 ft. or nìorc
rock strata. is to be made lvith steep natural
(2) Differen'ial weathering is anti- slopes, an el¿borate investigation
cipated. may be justified and variable
(3) Fairly accurate data on the wea- anglc slopes may be adopted with-
theringpropertiesofindividual rock out berms. Variable angle design

stratum a¡e available. for use in cuts exceeding a height
of 30-50 ft., the general data given
in Tablc 4, should be rcgarded as

not very reliable.

(l) Rccommcndcdforstrati6ed Although berrns increase theinitial
sedimentary depæits. cost of construction, subsequent

(2) Where discontinuities exist in maintenancc expenditures are cut
rock stratum, down, thereby more than ofißetting
(3) Where rocks are liable to dis- the increased cost of capital in-
integrate on ex¡rosurefor any reaso- vestme¡rt.

nable slope angle.
(4) Where data on the type, thick-
ness, elevation and the weathering
properties of the bed rock are nrea-
gle'
\4¡here thc angle which the rock Debris on the berms is not desirable,
will tend to weather is known.
(l) Whereverylittledataondis- (t) Debris on thc berm is desired
continuities and weathering are so tirat part of the slope is protected
available. from exposure to air or moisture.
(2) Unde¡ all co¡rditions for whicl¡ (2). The appearance of the slope
permanent berm may be a solution. (irregular and disfigured) gives an
(3) lVhere economy is a major con- impression of an incomplete design.
sideration.

Where good weatheriDg data is (l) It serves as a protection agai¡Nt
available, fall of tiagments over thc road,

Berm should be cieaned ofl period-
ically.
(2) Should not be rsed if disconti-
nuities are located more than 30 ft.
aboçe the berm.

(l) lVbcrc rock stratum coutains For gcaeral guidance, heights and
discoatinuidc¡. widtls are i¡cluded in Table 7 and
(!) 'Wtere wcathcr'øg dztz is either Fig. 35 of Õhaptér 6.

uncçrtain or .irydequatc.

(u) Permanent berm

(b) Temporary berm

(I\t) Bench
(a) Single bench

(b) Ir{ultiplc bcnch
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\ \ \ \\ \\ \ \

(å) HARD BEDRocK

Fig. 2l Longitudinal gradc for bedrock berms

At piaccs r,r'here soft material is encountercd and thin interbedded strata require blasting,
tåe minimum recommendcd width of bencl¡ should be 20 ft. Thc fint bench should be made
still rvider, say 25 to 35 ft., to receive anticipated fragments of roclç fall. As an interceptor
for the rveatherod nâtarial, cbhstruetion oFa s¡:rall bench of 5 to'10 ft. is also desirable at the
road level.
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Chapter 4
CHARACTERISTIC FEATURES OF

LANDSLIDES PECULIAR TO
DIFFERENT SOIL TYPES

4.I SLIDES IN DETRITUS

'Detritus' is a- term referring to a loose accumulation of relatively intact pieces of
rock intermingled with cqmpletely weathered ones. Usuall¡ detritus constitutes a blanket
soil covering a gentle rock slope for a thickness of about ZO or SO ft. Whenever such a soil
occurs at the foot of a steep rock clifl it is called "talus". Whereas in the dry or permanently
drained state' detritus can be stable with st¿ndard slopes, theyare renderi totå[y unstable
as soon as they get saturated, so much so that they start toflow even on gentle slopes. parti-
cularly, detritus slides on gentle slopes occur onþ in material 

"orrrpo*d 
of we^k, brittle orpartly decomposed fragments of chlorite-talc or mica-schists. rnã Xastr¡i slide along the

Jammu Srinagar Road, by and large, fits tlre patrern of detritus slides, although ü" 
"ruy,partake of the characteristics of stiff fissured ãlays in isolated patches.

4,2 SLIDES IN SAND

, Sand of any kind, permanently situated above the water table can be corsidered to
be generally stable in cuts witlr standard slopes. Dense and meclium san¿s located belorn,
the water table are also equally stable but sfiáes occur mostly in loose saturated sands. Since
slides occur only if a sand is very loose, the tendency towårds sliding can be cut down by
increasing the density of sand. The densiûcation can te achieved by several different -"urrr,such as by pile driving or by vibrations induced by explosive charges.

4.3 SLIDES IN LOESS

Loess is a wind-blown deposit having an effective grain size between 0.01 and0'05 mm. rt can easily be mistaken for a normal silt. Although it consists ge¡fity of
silt-sized particles, the soil grains are cemented together by calcium carbonate oåuy. The
soil is invariably characterised by its ability to stand vertical or almost vertical ,topÉ, *h"r,dry' When a loess deposit has not had an opportunity togetcompletelysaturatedji, pro.,r",
to be a stable soil, but for the fact that it is reaàity attackeJby 

"roiiorr. on the oíhrrïurrd,
when the loess deposit gets submerged or saturated, it is rendered very unsøbìr, ã"q"ì.i"sthe charactcristics of a tlr-ick viscous liquid. This happens because leaching ,.áouå *ortof the cementing material, thereby transforming the ioess into a cohesionleis and unstable
mass.

The sudden subsidence of a road in some situations c¿n be attributed to the collapse
of the structure of a loess or a loess-like soil upon saturation.

4,4- SLIDES IN STIrF C:¡.¡,V

By anð large, stiff clays are s"e{ly. $ar-acterised by ã net'worL of tiair cïack3,Fig.22. lVhen the surface of weakness subdivides the clay intå small f-s*ã;,;;" ¡,"l,
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Fig.22 Cracks in stiffñssured clay

Fig. 23 Development of terxion cracks



Compendium 13 Text 6

33

or less in size, it is likely that the slope may become unsbble during the cut or shortly therc-
after. On the other hand, if the spacing of the joint is greater, it is likely that the failure may
not occur until many years after construction.

The stiff clays have gone through a process of coruolidation. The ove¡burdcn
pressure which caused this consolidation had subsequently got rernoved, resulting in what is
called "over-consolidation". When cuts are made in such over-consolidated clays, such as
shales, the soil swells due to relief of stress. Consequently, some of the fissures in the clay
open out. lVater then enters and softens the clay adjoining the fissures. Unequal oq¡non-
uniform swelling produces new fissures and the process of disintegration continues with the
result that sliding occurs as soon as the shearing strength of the clay becomes too small
to resist the foi - | gravity. Iüost slides of this nature occur along toe circles, involving a
relatively shallow body cf soil, because the shearing resistance of the clay increases rapidly
witlr increasing depth belorv the exposed surface. Certain clay shales in U.P. and Kashmir
represent some of the most troublesome types of stiff fissured clays encountered in India.
Fig. 23 shows the development of tension cracks.

4.5 SLIDES IN CLAY CONTAINING LENSES OR POCKETS OF WATER
BEARING SAND OR SILT

If a cut is made in a clay slope which is underlain by a layer or by even a seam of
sand or silt, it is conceivable that excessive pore pressur€s may develop in the pervious layers,
when the entire slope may fail by spreading out horizontally along the pervious stratum.
Invariably, failures in such a soil occur suddenly. It is also characteristic of this type of
failure tllat a gentle clay slope which may have been stable for many decades or centuries,
moves out suddenly along a broad front. At the same time, t}le soil in front of tÌ¡e slide
flows for a considerable distance beyond tåe toe of the original slope.

Catastrophic slides of this type are known to occur very suddenly and t}te surface
of failure often tends to lie mostly at or near the interface between the clay layer and the sand
parting.

Consider a section through a valley located above a thick stratum of soft clay merging
into the sand as shown in Fig. 2Aþ). Assuming that some thin horizontal layers of fine
sand or coarse silt, such as S-S, occur within the clay stratum, it can be seen that tJre pore
rvater in layer S-S communicates with the water in the farge body of sand. Ad and Be
respectively, represent t}e positions of the water t¿ble in the sand during a dry and during
an exceptionally wet season, respectively. Ab and Be, respectively, represent the corres-
ponding piezometric levels for pore water in S'S and ab represents a cut made into the clay to
a depth H. Bvery horizontal section beneath the cut including that through S-S is acted
on by shearing stresses, because of the tendency of overlying clay to settle vertically and
spread horizonølly under the influence of self weight. If the porewater pressure in the layer
S-S is low, corresponding to the piezometric line Ab, the shearing resistance along S-S is
likely to be considerably greater tJran the sum of the shearing stresses. When this is true, the
stability of the slope merely depends upon the cohesion value of clay. For any slope anglc
Iess than 53 degrees, the critical hcight Hc of the slope is given by

5.52c

u;here ï is the ri¡iit *¿Ot of the 'cl¿y. It may be noted tbat if.a firm baæ uuderlies. thc cl¿y
stratum at a shallow depth below the botto¡¡r of tÏe ç¡cavation, the cri¡'cal .heigtrt
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PIEZOMETR¡C LEVEIS IN
DURING EXCEPTIONLLY 7WET SEASON

B

'A
--3

ROCK

WATER BEARING
OF FINE SAND

Fig. 24 (a) Geological conditior¡s involving danger ofslope failure by spreading

(b) Diagram offorces which act on soil beneath slope ab

is even greater and it increases with decreasing slope angle upto a value oÎ + for slopef
angles of20 degrees.

Now, if t}re piezometric levels for the stratum S-S rises to the position indicated by
line Bg, due to orcçtionally heavy rainfall or floodsr'the pore water Pr€ssure ur would
increase. Since the layer S-S is made up of a cohesionless soil, its shearing resistancc is

determined by the equation
g:(p-u¡) tan ø

Hence, the shearing resistance on any horizontal section through the layer decreases rvith

an increase in piezometric levels. When the available shearing resistance decreases to the

value of shearing stresses, thc slope above S-S fails by spreading, inspite of the fact that

it may have an adequate factor of safety with resPect to rotational failure.

When the pore water pressure.in the layer equals p, thc shearing resistance along S'S

becomes zero. Thc implications of this condition are illusrated by Fig. 2aþ).
If P¡ and P" dcnote tha activc and passive eartb pressures on the vertical sections

aer and bbl respectively a¡rtl if the shearirÌg resistance oo,-ar br is zerg, tlr rlopc wülbe ou tba

vergc of failure when P¿ egualS Pe.
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The active earth pr*sure on aa, is
Pr:l!2 T (H-¡-tIt¡r-2c(flgHt), and tl¡e passive earth pressure on bb, is Pp:lP

I H2L+2 cHt if the slope is on the verge of failure, P¡:Pp. If Pe:Pp, then it can be sholvn

that H:Hc :+ which value is morc or less equal to the critical heights for a verticalv

slope, given by the expression i.I!a . It can, therefore, be seen that the development of

excessive pore pressurcs in seam S-S rcduces the critical height of the slope to a little more
than the critic¿l height for a vertical slope, regardless of what the actual slope angle may bc.

The danger of instability by this mode of failure cannot be, therefore, very much
reduced or eliminated merely by flattening the slopes of the cut. The correction has to
be in the direction of preventing the possibility of the sand or silt layer becoming tl¡e seat of
exccss hvdrost¿tic prcssure. This can sometimes be accomplishcd by the use of relief
wells or by vertical drains or by horizont¿l drains.

4.6 For the choice of the most appropriate corrective m€asure, for such landslide
types, see Chapter 6.
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Chapter 5

ûray scrve as

(r)

(2)

FIELD AND LABORATORY
INVESTIGATIONS

Marry minor landslides probably will deserve no more than a cursory inspection by the

landslide specialist who will be interested in merely classifying thc slide before prescribing the

corrective measures. Very ofterr, landslides are contributed by more than one factor and
it becomes neceJsary to assess the importance of various factors involved. Any attempt
towards the attenuation of even one of the several factors, can provide the needed stability
to the slope. For actual methods of analysis concerning stability of slope, please see

Chapter 2.
The purpose of the field investigation is very often to map a landslide, to obtain and

record in a graphic forrn such data as can be observed in the field, to f¿cilitate significant
inferences to be drawn relative to the cause, mechanism or potentiality of movement, beha-

viour of slopes in the past and in the present. The map scale should be decided upon after

studying the e¡<tent and economic importance of the slide under consideration. A scale of
5 to l0 ft. to an inch may be suiøble for small slides whereas a slide covering several hundreds

of acres may have to be mapped on a scale of 50 to 100 ft. to an inch. However, impor-
tant structures of slide area might be selected for mapping on a much larger and a more
revealing scale.

The preparation of contour map may be often desirable to map topography of the

area. The absolute necessity of such a map and choice of suitable contour intcrval is gene-

rally left to the judgement of the engineer.
The fietd methods employed in mapping the slide atea ate selected according to the

importance of the work and the degree of accuracy required. Plan and profile illustrations

are nec€ssary to exhibit complete graphic portrayal of the slide. The accuracy of this mapping

becomes more important if continuing ground movement exists or is anticipated.
Regular surveying methods may be adopted for preparing contour maps and for

determining the positions of reference points within and outside the slide area.

It should be borne in mind that surv'ey and mapping of affected glound alone

is not adequate, but its relationship to the associated terrain etc., is especially important.

The area to be included in inapping is a function of topographic features but the following
thumb-rules to help the judgement of the investigator.

Along or parallel to contours, the map should cxtend about twice the width
of the slide on both sides of the slide area.

Across the contours, or up and down the slide, the minimum distance that
the map should illustrate is the first sharp break in the slope above the slide
crown and below the slide toe.

Thc mapping should indicate all sources of water in the area adjacent to the slide

aLreÍr.

Complete description of thickness, classiûcation of soil, te¡rtu¡e and structurer rela-
tivc pe¡meability ctc., st¡ould be recorded. The bed rock should be mapped according to
nond¿l gcolagic m€thods to show the type of rock and its structure, including bedding,
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cleavage, joints, folds, faults or any other geologic features of significancc to the
slide.

- The purpose of subsurface investigation is to determine the physical, geologic and
mineralogic characteristics of the slide, the location of the surface a"a aåpú oitfr" jia".

Bore holes, test pits and test trenches are most commonly used means of subsurface
o<ploration. The shear tests, standard penetration tests or soundings may be particularly
useful for determining approximate locations of weak strata, and by inferencc, theìüp surface.
For homogeneous, deep, soft clay deposits, the vane shear tests should be particulariy helpful
in obøining reliable values for shearing resistance.

Recovery of undisturbed samplæ whenever necessary should be made by a rotary
drilling rig. The nature of laboratory tests generally depend on the problem in hand.
These tests may be routine identification tests such as field moisture content, Atterberg limits,
mechanical analysis etc., and/or shear tests such as the direct shear, the triærial-or the
unconfined compression tests, or they may involve mineralogic or weathering tests.

SLIP CIRCLE METHOD

Fig. 25(a) Slip circle method for estimating depth of a slump slide

Determination of the Depth of Rotatio.al Stides

A reasonable estimate of the maximum depth of a slide is often helpful in deciding
upon the depth of subsurface o<ploration and to get an idea about the magnitude of the slide
etc. Consider a slump block as shown in Fig. 25 (a). Only the field measurements relating
to the position of the crown A and the foot B and the profile of the ground between A and B
are required. Make a plot of points A and B and the ground line on a graph. Locate point
O at the intersection of the perpendicular bisector OC of line AB and the horizontai line
OA. With OA as radius describe an arc, defining the maximum depth of the slide material
at point D.

Alternatively, if there has beer¡ an appreciable offset of some distinct reference pornts,
such as the edge of a pavernent, an idea of the position of the centre of rotation and thãrefore
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PAVEMENT BEFORE
AND AFTER SLUMP

DITCH

CONCEiITRIC CIRCLE METHOD

fig. 25(b) Concentric circle method for cstimating dcpth of a slump slidc

the maximum depth of the slide, can be determined as shown in Fig. 25 (b). Positions of
points C, D and the crôwn A can easily be determined. The foot B can also be determined
or estimated. Points A, B, C and D are plotted on a graph. Drarv lines AB and CD and
bisect each line. The bisectors will intersect at point O, which represcnts the centrc of
rotation of ¿ unit shunp block. By scaling the distance FE directly from the graph, the rnaxi-
mum thickness of the slide is determined.

Any of the above two methods can be applied to a slump made up of several individual
blocks. This is done by'having the geometry of the lowest block in the series analysed,

bc-cause invariably it happens that the rupturc surfaces of individual slump blocks of a multi-
ple block slide tend to lie tangent to a common shear plane.

Gomputation of Shearing Resistance fron Slide Datr
A field study of landslides in a particular area yields valuable information regarding

the average value of shear strength of soil, s, in that area. On the basis of on the spot

study, the shape of surface of sliding should first be asccrtained. The surface of sliding is

then replaced by the arc of a circle having radius 'R' and centre 'O' as shorvn in the Fig. 26.

Referring to figure 26

Wrfo - WrLn +.R dG
from which

WL _ WJ,'
t-

Rdle¡
Where W, is the wcight of slice a k f e which tends to produce failure, and Wr is the weight

of slicc k b dr which tends to rcsist it.
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Fig. 26 Deformation associated rr'lth slope failure

Signiffcance of Cracks
It is very necessary on the part of the landslidc investigator to cultivate the faculty

of obserwing small cracks and displacements in the surfacc soils and to interpret their
significance or mcaning. This ability to read into the significance of cracks can add to the
understanding of thc causes and character of movements, that is very often a prerequisite to
corrcction. For instance, tiny cracks observed at or near a l¡oulder or root of a trce should
be regarded as evidence ofstretching ofthe ground surface. Soil creep and strctching ofthe
glound surface are generally regardcd as two scparate things. 'stretching' is to be distin-
guished from 'soil creep' inasmuch as it indicates a comparatively deep scated movement,
whereas soil creep is more of a superficial origin. Very often, stretching is obsen cd in
granular materials that cannot form or retain minor cracks readily. Invariablr., small
cracks that surround or emanate from a rigid body, such as a trcc-trunk or a root or a boulder
in an otherwise homogeneous soil, constitutc evidences of stretching. Since tensional forces
tend to concentrate at or near rigid boundarier, these cracks are found in association with
objects like tree-trunks, roots or boulders. Fig. 27 shows small en+chclon cracks r+,hich are
discerniblc in the surlacc 'soil of the affected area. These cracks generally form long before
other signs of rupture manifest. Thcreforc, thev should be regarded as particulatly useful
tools for the recognition of potcntial landsliclcs. It can generally be said that in many a
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TENSION CRACKS AND STEPS,
ár-ââ,aì RooT OF

/DEPRE\sLlDE
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Fig. 27 Plan of typical slide in cohesive material

Fig. 2B General orientation of trees on a slump landslidc. Becausc ofrotation, thc tr¿cs on the blocks are

bowed upbill, a rcsult of thc trce.topa iørding to grow vertically while tbe srump portion cbangcr

with the rotating land zurface
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situation, the map oî the cn-cchelon cracks will delimit the slide area more or læs acanrately,
despite the absence of any phpical movement.

Also, cracks can be of help in determining the landslide type with which one is
dealing. In a rotational slide, the walls of cracks are somewhat curvcd in the vertical plane
and are concave towards the dircction of movement. For the rotational slump block rvith a
size¿ble vertical offset, the cracks wedge shut in dcpth. In the case of a block slide, the
cracks are found to be more or less equal in width from top to bottom and therc is no narrowing
of width in the opening with increasing depthbelowthesurface. Thisfeature isaccountédfor
by the fact that in the case of a block glide, failurc begins from the bottom of the block and
procecds upward, towards the surface. The distinguishing feature between a block glide
and a Iateral spreading, is that lateral spreading is often characterised by a maze of inter-
secting cracks, whereas block glide shows only a few major cracks in the upper part of the
sliding materiial. Also in a block glide in clay, the cracks are almost vertical regardless of the
depth of the sliding plane. On the other hand, in tÏe case of a block glide in rock, the incli-
nation of tJre cracks would depend on thejoint system in tl¡e rock.

It is significant to note that by studying the pattern of cracks, a distinction c¿n be
made between incipient block glides and rotational slumps. Very often, a pattern of cracks
resembling a hone-shoe in place with or without cracks within it, is a sure indication of a
rotational failure. On the other hand, if there are cracks parallel to the slope or the rock
face, it heralds the development of a block glide.

Yet anotJrer feature that is of help to the landslide arralyst is the occasional clue given
by the general orientation to trees on rotational slumps where, invariably, the trees are bowed
uphill, because of the trees tending to grow vertically whereas the stump portion of the trees
tend to change or rotate with the rotating land surface as shown in Fig. 28. Fig 29 shows
tilting of trees which is indicative of surficial creep.

A description of the surface features of the various parts of active or recently active
slides, as an aid toward the identification of different landslide types is given in Table 9
included in Chapter 8.



Compendium 13 Text 6

Chapter 6 TECHNIQUES OF PREVENTION
AND CORRECTION

6.I LIST OF CORRECTIVE TECHNIQT'ES AND PRINCIPLES INVOLVED

-Different 
types of corrective measures are listed below and details regarding the

limits of their application and the principles involved and other remarks are set forth for
each of the types listed.

Corrective measure Application Principles involved Remarks
(l) Relocation All. types

landslides
of Structure moved to

location where mass
movement is not pre-
sent. A permanent
solution.

Because of the degree of perma-
nency, a very desirable solution.
Very often this is the most econo-
mical solution. Its use will de-
pend on obtaining a satisfactory
line and grade.
All slide material should be ex-
cavated to solid rock, drains plac-
ed to intercept seepage, and the
area backfilled. Unless highly
organic, the same soil can be
used for backûll. Good constru-
ction metåods must be used.
l{here bedrock is not encounte-
rcd, stability estimates based on
shear values of reworked soil
should be made, and a 2 ft. deep
granular course should be placed
at the bottom.
Surface drainage should be assu-
red for all types of corrective
measures. Generally, drainage
should be designed to intercept
water before it enters the slide.
fn an impervious soil, the water
source must bc reached so as to
be effective in controlling move-
ment Subsurface drainage may
not be feasible due to the under-
mining of slide material above
the excavation. Subsurfacc dra-
inage can best be achieved by the
wc of horizontal drains, Fig. 30.

(2) Excavatqdrain fn shallow soil The sliding mass is
and backfill or deep soil in removed and the area

combination st¿bilized by improv-
with light ing foundation condi-
weight back- tions. A permanent
fill. solution.

(3) Drainage-
surface,
subsurface;
tunnels

Subsurface
drainage is
good for shal-
Iow soil.
Tunnel can
be used for
deep soil when
water sourcc
is deep. Sur-
face drainage
should beused
for all types
preferably.

Removal of water re
sults in (i) lower den-
sity of the soil, (ii)
higher soil cohcsion,
(iii) elimination of
lubrication of slip
plane, (iv) removal
of excess hydrostatic
pressr¡re, (v) re.uroval
ofseepage forces. A
permanent solution.
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ü^¡e, tEr4ÊL3 Petazm
txttT^LLAt,OH 0F tþ2n0u7 L DPNrt

tont þìtt(8t
vêFtøL taltnt

Fig, 30 Slide treatment coruisting of hqþontal drains and vertical dr¡i¡ wcll¡. (Co"ttcty of C¿lifomia
Division of Hþhways)

Correctivemeasure Application Principles involved Renarks

(4) Removal of
material.
Entirely

Partial at toe

Is applicable
for shallow
soil.
Is applicable
to clear road
for traffic.

Is applicable
to deep soil.

Entirc slidc mass is For shallow soil profiles, conside-
rcmovcd. A pcrma- ration should be given to a solu-
ncr¡t rclution. tion involving the entire remo-
The condition relier¡- val of thc slidc. For dcep soil
cd tcrnporariþ. An profilcs, the reooval of material
o<pedient solution. at thc top of the slide will increase

rtability. For correction by
A large part of the renoval, undermining of areas
main sourcc of shcar- ¡hould be considered. The re-
ing forcc is rcmovcd. moval of the material at the øjþ
A pcrrnanent solution. of a slide is rarcly desirable, al-

though at timcs necessary,in ordcr
to open a ¡oad for traffic. If the
only corrcctivc action applied
is thc removal from the tce, thc
slidc will continue.

Largc tnâs¡¡ blocks An orccllcnt method of correc-
thc movcme¡rt and tion when the situation at the toe
ariy further movè pcrmis-action ¡s that of z
ment involvcs displa- rctaining der¡ice. Much less cx-
ccncnt of thc buttrcss. pcnsive than cribbing or a retain-
Apcnnanøtsolution. ing wall. The buttrcss should be

for¡ndcd below the slip zurface,
for rurlcss thc sliding material has

tF anglc of intcrnal frictioq

Partial at top

(5) Buttress at toe When good
foundation is
available at
toe in shallow
or deep soil.
Buttress
should entend
below the slip
planc.
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(6) Bridging

(7) Cribbing-
tirnber, COn-

crete o¡ metal

The troublesome area
is bridged and future
movement pass€s

under the structure.
.4, pennanent solu-
tion.
A retaining mass,
with or witlrout
additional lateral
restraint, placed in
path of the mass

movcrrrent - furthur
movement involves
displacement of the
retaining mass. A
permanent solútion.
A retaining 'mass

with lateral restraint,
placed in path
of the m¿ìss

moverirent - further
movement involves
displacement of the
retaining wall. A
þcrmanent solution.

Piling offen a re-
taining influence.
For soil masscs, the
piling may tend totpitr' the moving
and stable materials
and bring about a
more letgthy slip

greater than l5 degrees, the
addcd normal force of a buttres
has little influence on the safety
factor, Figs. 3l and 32.
Very satisfactory solution. The
foundations must be in bed rock
that is not subject to movement
or erosion. Too costly for general
application.

Good method where applicable
but relatively costly. Less
stable foundation reqrired than
for retaining wall as shifting is
permissible before cribbing. In
slide areas, the resistance requi-
¡ed can be estimated by using
the for¡¡rula for the safety factor.
Not recommended in creep
and flow âreas.
The applications are similar to
to tlose of cribbing. Thc cost
is a deterrent. Walls are
advantageous in urban 

^tea.A wall requires a foundation
in bed rock or good soil below
the slip surface. Standard prac-
tice is to include weep holes in
designing the wall. The formula
for the safety factor may be
used to estimate resistance
required to lateral thrust.
Retaining walls in creep and
flow movements may take full
weight of soil.

Floating piles do nor appreciably
penetrate bedrock or the slip-
surface. Such methods have
lastcd from one to l0 years.
With a slip surface at bedrock,
the fixed piling penetrarion for
a distance of 3 to 5 ft. into
thc bedrock offen resistance

Steep hillside
Iocations with
a narrow fail-
urc parallel to
road in deep
soil.
Suiøble for
shallow soil
foundations.

(B) Retaining
wall of stone
or concrete

(9) Piling.
Floating

Fixed wìth no
provision for
orui¡sion

Shallow soil
where good
foundations
are available.

Used in sha-
llow soil to
hold the slide
mass tem-
porarily.
Suitabl'e in
shallow soil
wÌú nunfe.
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l¿*

Fig. 3l Drop channel *'ith buttress wall

PEFIIOUS BACKFILL
ORIGINAL QROUND

uMiT 0F
EXCAVATION

Fig. 32 Modiñed buttrcss. Pewious blankct of gravel or rock prevcnts sliding of wet cut
slope by providing drainage of slope and also by increasing strcngth of slope by
buttr€ss action. (Courtesy of California Division of Highways)
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I'ixed with
provision for
prevçnting
extrusion

(10) Sealing
joint planes
and open
seams

(l l) Cementation
of loose
material

(12) Chemical
treatment-
flocculation

(13) Tie-rodding
slopes

(1.,f) Blasting

rous large
rocks.
Suitable in
shallow soil.

Deep source
of w'ater.

Permeable
material only.

Permeable
material.

Shallow soil
with large rock
fragments.

Shallow qoil

underlai.n by
.goôdtock,

surface with.a corres-
ponding increase in
shearing . resistance.
Floating piles are cx-
pedient. All others
are perm4nent solu-
tioru.

The sa¡ne be¡refits are
sought as for drain-
age solution. A per-
manent solution.

An attempt to im-
prove thc shear
characteristics of
the soil.

Same principles as

above, e(cept that
chemicals are used. A
permanent solution.
The retain_ing device
insufficient . to with-
stand movement is
anchored to bedrock.
A permanentsolution.
Aq qlte.r.r¡pt,is'.pade
to di¡4rntr|¡p sli{,qg
'qrr,S.co3s,;1vætl +s, ¡q
develop a drainage

equal to the forc: required to
bend thepiling. If thesoil is wet
and fine grained, movenent in
.tþe area is likely to be due to
o¡trusion between the piles, for
piling in deep soil where the
base of the pile penetrates 5 ft.
past the slip surface, the
recommendation is to estimate
tlle forces on slip surface curv-
ing under the piling. Stability
can be estimated by obtaining
safety factor. For piling with
provision for preventing extrusion
(such as l-beam and cribbing
combinations) the principles of
retaining wall apply.
It is esse¡rtial to locate the source
of water and to block its entrance
by grouting. Difficult to achie-
ve and to estimate quantities.
The effect of blocking the water
should be studied for the area
above and around the slide.
This method of correction is
still orperimental.
Stability is achievcd by cement-
ing the slide material. fn order
to produce deep soil stabili-
zation, a pcrmeable material is
essential.
This is esscntially the same as
cementation, ð(cept tl¡at the
chemicals are used.
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Correctivemeasurc Application Principles involved Renarks

(ls)

(16)

( l7)

spt€n. An exped-
dicnt solution.
Scc iterr No. 3. Arca improvcd by sealing surface

Mcthod gcncrally so as to preveJ¡t tbc e¡trancc of
usd in combination wat€r.
with othcr actions,

Sce itc"' No. 3. Area improved by sealing sur'
Mcthod generally face so as to prcvent the entrance

uscd in combi:oation of water and to minimise erosion.

with othcr actions. Use seeding or sodding, blan-
keting with cinden, guniting or
sealing of surface. Usc asphalt
mulch technique.

Rcducing of thc The heavier soil is replaced

weightcausingrlovG- with a lightcr permeablc mate-
mcnt. Rarely a rial. Often helpful whcn it is

solution in itsclf. desirable to hold a given grade.

NOTEz Thcrc are a few other misccllaneous methods available but most of them

are yct to Pass into routine usc in thc field.

6.2 REMEDIAL MEAST'RES GENERAI¿'T RECOMMENDBD FOR THE LANI}-
SLIDE TYPES DISCUSSED IN CIIAPTER 4

Dctritu¡ Slidcs

Tbe most effectivc mea¡u¡ of prarcnting thc danger of dctritus slides along gentle slopes

is adequate drainage. Sincc thc layer of dctritus is commonly shallow (not more than 20 ft-

deep) äetritqs flows can sometimes be stopped by driving piles through the moving material

into thc firm base. Normally, scveral rowr¡ arc drivcn at right angles to the direction of

mov€ment.
Since rro slides in detritus can take place without an abr¡nda¡rce of water, the possibility

of such slides can be climinatcd by prerrcnting temporary saturation. This is best done by

meailr of a catch water drain running along thc uppcr boundary of thc area to be protected

and covering the surface of the slopc by means of an impermeable material, or by providing

a vegetative cover.

Slidc¡ tn Sa¡d

Siucc f,ow ¡lidcs i¡ sand occur ortly wben thc sand is,¡cry'loosc, the tendency towa¡ds

sliding cal.bc nit¡g.t"d þ deoír$tng tbc.sad. Thic can be accomplishcd by diffcrcnt

-åui*.n u U'y ¿¡tvbg..a pUcræ bysçptedi+g oall chargca of blasting powder in thc

intcrior of the loosc sand úass.

Reshaping Uscd whcre
slide matcrial face to slide

bas opcn
ûssurcs. B€n-
ching likcly to
causcponding
ofwater.

Slopc Shallow soil
treatment in combin¿-

tion with
othcrmcthods
or any crosion

Problcms,

Light weight In cascs

fiU wbere loading
fu critical.
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Elides in Loess
Slides in this type of deposit, it is beliwed, can be corrected by preserving the strength

of the loess by means of suitable bituminous treatment preventing the ingress of water into
the soil mass.

Slides in Stiff Ctay

Since stiff clays are known to suffer a decrcase of strength over a period of many many
years, from a high initial value at the tirne of tl-¡e cut to a low value at the time of the slide,
it would seem uneconomical to select the slope angle of a cut in such soils on thc basis of
the ultimate value of the shearing resistance, Flowever, it is desirable to delay the deter-
ioration of the clay as much as possible by draining the strip of Iand adjoining the upper
edge of the cut for a width equal to the depth of the cut and to treat ground surface of the
cut area to reduce the permeability. If local slides occur, they are to be subscquently co-
rrected by local repairs. If Celayed slides would endanger life or cause orcessive damage
to property, the slopes should be provided with reference points to enable periodic level
observations to be made, in order to detect possible movemcrts in advance of failure so
that the slopes in the danger sections may be flattened.

In similar circumstances, there have been instances where stone rubble drains have
been successfully used to prevent movements at dangcr sections. These drai¡s are built
up of dry stone masonry or rubble. These drains run up and down the slope at a spacing
of about 20 ft. The drains are constructcd in trenches dug out to a depth equal to that to
which the clay has bee¡r softened. A concrete foot-wall supports the lower ends of all the
ribs. The beneficial effcct of this type of construction is often attributed to the function of
the ribs as drains, but it seems more plausible that the principal function of the ribs is to
transfer part of the weight of the unstable mass of clay through side friction to the footwall.

Slides in Clays, Slopes Underlain by Layers or Seams of Sand or SiIt
The solution in such circumstarices would be to prevent the building up of excess hydros-

tatic pressure in the sand or silt seam or layer. This can be accomplished in different ways,
such as by the use of relief wells, vertical sand drains or horizontal drains as the case may be.

6.3 DESIGN CONSIDERATIONS AND DISCUSSION ON CHOICE OF CORREC.
TrvE AND PREVENTTVE TECHNTQIIES

Avoidance of Potential Landslides by Relocation, Bridging ctc.
It is not often practicable to avoid a potential landslide by changing the location of a

qrgloSd highway but the possibility should not be overlooked. In some cases it may be
shifted into stable ground by a slight change in alignment.

Where the proposed excavation will cross formations that are srrsceptible to bedding
plane slides, the slide hazard can sometimes be reduced by adjusting the ãtignment so thai
the cut slopes intercept the beds at a more favourable angle to the Ucáding plãnes. In some
qlac¡s' for example, it may be possible to choose the opposite side of u 

""tì"y or hill where
the bedding plancs of the rock will dip away from the ãut slope rather ttran áip rowards råe
cut, Fig. 33.

Wtrilc locaiing ¡ew frnes sf'trãnspörtatioh; it ib nrorth kèepirig in ú¡ind'some of the typical
situations condúcive to landsliding, induced by proposed c,iis ãr aur. These áre:
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(l) Restriction of ground water flow by sidehill fill.
(2) Ovcrloading of relatively weal, underlying soil layer by ûll.
(3) Overloading of sloping bedding planes by heavy sidehill fill.
(4) Oventeepening of cuts in u¡¡st¿ble rock or fill.
(5) Rerroval of cuts of thick ma¡¡tle or pervious soil if such pervious soil happens

to be a natural restraining blankct over a softer core.
(6) Increa.sc in seepage pressure caused by cut or fill tl¡at changes direction or

character of ground water flow.
(7) Exposure by cut of stifr fissured clay that is liable to soften and swell r,v'hen

e<poscd to surfacc water.
(8) Removal of mantle of wet soil by sidehill cut. Such a cut may removc toe

support causing soil above cut to slide along its contact with stable l¡ed rock.
(9) Increase in hydrostatic pressure below surface of a cut in silt or permeable

clay.
All these facton should be carefully considered when evaluating the probable effects

of new construction.
Recognition a¡rd consideration of these factors are essential in determining whethu or

not an attempt should be made to forestall a potential landslide by avoidance.
Prer¡ention of landslides by avoidance does not always requirc a change in alignment

or location of a road. In some situatioru, a mere revision in the grade line of the proposed
highway may prove effective in preventitrg slide move¡nent. For irstancq where the most
desirable grade line for a new highway construction requires undercutting of an unstable
slopc, it may be possible to adjust the profile grade of tlle road so as to avoid any o<cavation
at tJre toe of the hill and irstead, to provide additional support by construction of an embank-
ment which will act as toe support or 'strut'.

If there is no way to avoid a potential landslide and if preventive treatment lvill not
as$ure stability, it will sometimes be necæsary to construct a bridge across the unstable area.
Since the cost of a bridge is usually prohibitive, extreme care must be exercised in designing
a structure that will not itself be damaged by moderate slide movement.

Thus, due to the degTee of perrranency involved, relocation should be regarded as a
desirable solution. Very often it is the most economical solution although its use will clepend
on obtaining a satisfactory line and grade.

6.4 EXCIIWATION METHOD
Excavation methods invariably contribute to increased stability of the soil ma.ss bcneath

a slope. The principal methods, Fig. 34, used for prevention or correction are:
(l) Removal of he¿d of slide.
(2) Iowering of the grade line.
(3) Flattcning of slopes including benching of slopes.
(4) Completc removal of all unstable material.

Renoval of Head of a Slidc

hittciph

Thirr.tbpd airy¡ a! unlæ{in!.q¡. _i}isg +wày's'rèl+Iivclylàrgc qu4ntlty" pl.material
Êom the hêad of a laúdslide, thereby reducing tho'activating forcè.
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Fig. 33 Dip favourable for the road and unfavourable for the same road beyond
the turning
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Fig. 34 Excavation techniques

Pr e a entio n of lands lide s

This method is seldom applicable to prevent landslides although it has been occa'

sionally used in controlling potential slides in talus material. The method is essentially

applicable to treatment of an existing slide.

Corrcction d landslides

The method is suitable.

Situations where the method uitl, proue promisíng

(l) The method is a very practicable one provided the quantity to be reaoved
is not e¡rcessive.
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(2) Thc method is best adapted for distinctly rotational slides. In slides with
cunred slþ planer, thc gravitational force in the upper parr of the stide is
particularly large and therefore unloading of thc maæriral is apt to give tan-
gible corrective benefits.

Situations. wh¿¡c tlu m¿llud will be of qwstionablc bcrcfit

(l) The method is inapplicable for flows.
(2) The method is not suited for correcting planar slides with straight surfaces

of rupture.

Design considnations

(l) Methods of stability analysis involving application of soil mechanics principles
ca¡r be advantageouly used to evaluate the benefits of removal and- also the
quantities to be removed. 

Z(2) The quantity to bc rcmoved from the head generally works out to be I to l{t
times the quantity removed or to bc t.tt o*d from the toe of the landslide.
This will give a relatively flat surface (15 : l) at the head.

(3) In situations where there is little or no indication that removal of toe material
has been or wilr be accomprished by m¿ur or nature, approximately 0.15 to
0'25 times the movi4g mass represents the quantity to be reinoved from the head.

(4) Renoval of head should not in ie turn cauie movements above the excavation.

Flattening of Slopcs including Bcnching of Slopes

Preventive mcasures in excavation :rreas coruist primarily of proper slope design and
drainage.

It is generally more e¡onomical to design the excavation with slopes that will minimise
sliding rather tJlan to o(cavate steep.slopes and subsequently to flatien them after sliding
has occurred.

Ïn using this mcthod as a preventive measure, a study of existing cut slopes of similar
material in the locality is helpful but thc comparison shouid take intã u..o,-t whether the
heights and the materials involved in the o<isting and in the proposed cuts are at all compa-rable' For e<ample, I : I slope in a given formation m"y Ui st Ute for a 30 fr. high 

""t ¡",the same slope might prove too steep for the same type oisoil in a cut 100 ft. higi.rn homogen*"t 
1111,, 

thg strength ca¡r be ."tiàbly determined by laboraåry testing
and slopes carr be designed oá the basis of principles of soil mcchanics. Howerrer, ,ii, i,not a reliable mcthod in non-homogeneous soils a¡rd rock formatioru where trr" ,,r."gth
carurot be determined with any degree of accuracy. Even in such cases, u t"o*i"afå orthe character of the materi¿I, subsurface water conditions and, a rough ,t"fitity *åiyri,
can co¡nbine to help decide upon the proper slope angle. This can be supplernented by astudy of existing cut slopes.

It should be recognised that flattening of roclslopes may not be alasting benefit because
the gcologic stiucture of the rock caus€s it to assume ste€per slopes with the ãux of time.

'Excavation' is economical and practicabla as a preventive mcasure, whereas it costsrelativdy much morc in thc corrcction of landslides. Thls is because, unit costs for thc
relrr¡ively -large quantitiø of ca¡thworl involved are gcnerally lowo or, new constn¡ction
projects tåan on repair jobs.

163
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For purposes of correction, orcavation tcchniques are freguently tæd in all classes of

landslides. They are best suited to slides moving downslope towards a road and not for

slides that undermine a road on its downward slope. Bcfore a particular method of cl<cava-

tion is decided upon, one should know whetl¡er the failure is to be classified as a fall, a slide

or a flow and whether the slip-surface is curved or straight. It is also essential to know if
the failure dcveloped at the ìoc of an a<cavation and tlrereafter proceeded upslope or the

mov€ment developed simultancously in the whote slidc area. The need for such information

will be better illustrated in the succceding chapters'

f here are three types of slope designs possible, namely, the uniform slope, the variable

slope and the benched sloPe.

Uniform Slope and Slope with Varying Aaglcs

A uniform slope is adopted from ditchJine to the top of the slope. For most small

cuts less than 20ft. high, uniform slopes are probably the cheapest solution. For large cuts,

the geology of the region should be t¿ken into account in deciding on the angle of a uniform

slopã. Ii different kinds of rocks are interlayered, a uniform slope may result in improper

design for one or more of the layers.

Slope angle is related to the height of the cut and the geologic structure of the material.

In ãvery locality, one should observc the ma:cimum height at which the wea^ker rock

materials te¡rd to maintain søbility on a givcn slope. This observation will be very helpful

in determining the proper slope angle.

If the slope consists of straight sections with varying slope angles, it permits the use of
proper and most economical slopes for each of the geologically varying sections besides re-

ä"cing erosion along long slopes. This method however will ent¿il a detailed geological

investigation and occasionally it may prove to bc economical to over design or to adopt a

uniform slope based on less detailed investigations'

In soil slopes, such methods including benching are rarely suited to flows or to slides

with straight slipsurfaces.
The method is usable on embankments and in cuts which have caused small slides

above the top of the cut due to undercutting of the slope. Large slides are better øckled by

the .removal of head' method. Most talus soils are likcly to be stable on 2:l slopes for a
cut upto 20 ft. in height but may require 3 :l slopes for cuts greater than 30 ft. in height.

Benching of Slopes

This method involves straight slopes separated by near-horizontal benches.

Generally, slopes constructed with benches or 'berms' are considered preferable to

equivalent uniform straight slopes.

Benching produces increased stability by dividing the long slope into segments of
smaller slopes connected by benches. The proper width of bench c¿n be estimated by ana-

_lysis of stability of slopes for a given soil. It is generally observed that the width of benches

should be cqual to atleast 25 ft. to enable the slope segments to act independently.

The choice of a benched slope assumes the ineviøbility ofa certain a¡nount of disintegra-

tion in ncwly erposed rock faces. The slopc angle betu'cen the bcnches cancither be u¡riform
or varirable. The width of berrches, tlre vertical hcight bctwcco beucbes ¿¡4 tbc- slopc angle
shoutd be dcternined. Thc main ¿dva¡tages of this uethod are':

(a) If the geologic characteristics of tl¡c bcd roe,k c¿nnot b-e detcrnincd readily, this

l
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mcthod cones in handy compard to the other excavation methods.
(b) In shales and in similar rocks, susceptibility to erosion is cut down since benches

reduce the velocity of water running down the slope.
(") cor¡struction is easier since steeper slopes are feasible with benches.
(d) The weathering products are intercepted by the be¡rches and the benches serve

as clean-offareas. The debris failing on tÌ¡e benches can be removed periodically
making room for additional weathered material. But it may be preferable in
some cases to let the debris remain as insulation agairut continued weathering
of bed rock and ultimately to seed the surface.

(.) For most materials, the slopes betlveen the benches can be steeper than the ul-
timate.

Principles of Design

Be¡rches can either slope away from the roadway or slope toward the road.
A roadward slope permits immediate run off of surface water. Consequent upon

improved drainagq the tendency to sliding in clayey debris accumulating on the roadward
sloping benches is reduced. On thc other hand, in a bench sloping towards the road, the
run-off can induce serious erosion of the slopes lying below it.

In the case of a bench sloping away from the road, the accumulating clayey debris on
thc bench can hold water, remain plastic and may eventually slide. But where rock is
involved, a bench that slopes into the hill will resist sliding of rock debris whereas a road-
ward slope may irrclude movement of debris on to the underlying slopes.

As a guiding rule, it can be stated therefore, that the bench should slope away from tjre
road where there is no clayey material involved, preferably with a provision for longitudinal
drairu along the inner edge of the bench. Whenever clayey soil or debris is involved, the
slope should be towards the road.

A typical multiple-benching in bed rock is shown in Fig. 35. Likely valuæ of height
and width of benches and slope angles for different types of rock is set out in Table 7 to sene
as a guide.

TABLE 7. LTKELY VALUES OF HEIGIIT .AND WIDTH Of. BENCHES AND SLOPE á,NGTÍ'.S
roR DTFTERENT TypES OF ROCXGT (RETER TO Frc.35)

Heigh-t between ben- lvidtb of benches, ft.
ches, ft

Backslopes (hori-
zontal: vertical)

Typc ofrock Hr If¡, H¿, etc. W¡ lV¡, Wc, etc. S¡ S¡, Sg, etc.

G30 20-35

0-20 2G30
G25 20-35

3{L40
20-40

2G4{)

20:30

(l)

(2)
(3)

(4)

(5)

lvfajor cut in shale wirh interbeddcd
sa¡¡dstonc.

Major sandstone cut.
Major cut in sanclstone underlain by
shalc.

Moderatc cuts in sandstonc and
shalc
Major cuts i! st¡al,c

5-20r

1G30.
l0-30.

l&40i

1G25t

20-30

0-20

G30

2G,30

20-30

l:l |:l to |:l

l:l å:l
å,1 f:l to | :l

ltl å,1

l :l I l-tò 2:l

tUæ minioum if W¡=O.
Sö¡¡cc:' F.R.t. Sgècial Riport 2$.
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Fig. 35 Criteria for bed rock slope design as used by Wcst Virginia State Road Com-
mission. This techniquc cmploys a combination of benchc and relative steep

back slopes (Refer to Table 7)

The geologic structurã, such as the attitude of bedding planes or jôints has a very im-
portant efect on slope søbility. In a given case, the quantity of weathered products to
be expected on the benches is the deciding criterion for fixing various dimensions. Local
experience and observation are essential guides to desþ.

The benches should be corxtructed with a V or gutter section with a longitudinal
drainage grade and with suitable catch basins to carry the water down the slopes. Occasion-
ally, paving of the ditch may be necessary to reduce erosion or to prevent percolation of
water into pervious areas on the benches.

In the case of sofü which are fairy homogeneous, the width of benches can be evaluated
on the basis of the principles of soil mechanics.
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6.5 DRAINAGE METTIODS

Surfecc Ilninegc
heoention

All precautions should be taken to prevent the surface runoff water from entering a
potentially unstable area,

Whenever a nerv construction crosses an old landslide, its su¡face should be reshaped
a¡¡ necessary, to provide good surface drainage. It has been commonly observed that ìhe
culverts get clogged up due to poor maintenance as shown in Fig. 36.

Excessive or utrnecessary removal of vegetation will promote surface erosion.
Sealing of cracks on the surface of tlre slope ir *y type of landslide will prove bene-

ficial since it will prevent the ingress of surface water intb the slide mass and mìtigate frost
action.

For potential landslides, surface drainage measures represent a good investment com-
pared to any other type of preventive treatment although surface drainage may have to
be used invaríably in conjunction withbther types of treatment.

Methods of surface_draínage include (a) reshaping of slopes, (b) construction of paved
ditches, (c) installation of drain pipes, (d) paving or bituminous treatmenr of slopes.

Conectíon

Surfacc drainage will prove quite usefrrl and can be used at littlc extra cost in conjunc-
tion with other correctivc mcthods.

Usc of surface drains along the outer periphery of the moving area is particularly
desirablc. The surface drains help to intercept the runoff from higher ground.

If srú s¡trfäce dr¿ins are likely to be clogged by debris from above, a pipe should be
phccd in tLc ditch to.ensurc that the water will not be trapped. The ditch shoulá bc sloped so
as to drairt off-the water quickly or else thc base of the ditch should be sealcd with an i*pr"-
n¿ablc material. If this is not done, the ditch may prove detrimental inasmuch as it witt
scn¡c to fd water into the slide area.

Seeding or sodding or vegetative turfing by means of the asphalt mulch techniquc
can be used. Surface drainage techniques such as these are not adequate by themselver
for providing correction except in conjunction with other corrective procedures.

Sealing of cracks can be done by regrading the surface. Occasionall¡ individual
cracks may bc sealed more economically and rapidly by hand-ñlling with ciay, biturni-
nous materials etc. Immediate attention to crack-sealing seldom goes profitless in correc-
ting a slidc although additional corrcctive measur€s will be desirable in many instances.

Subdrainagc

Thc ärainage of subsurfacc \flater t€r¡ds to produce a more stable slope for the following
rcasons

(l) Secpagc forccs are reduced.

(2) Shear strength of the soil is increased.

(3) The excess hydrostatic pressurc within the soil mass is reduced.
(4) The unit weight of thc soil is reduced which under particular situations may

rcsult in rcducirqg the slide rnducing forcc¡,
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Fig. 36 Culverts clogged up due to poor maintenalrce practice

Fig. 37 Stripping as a]slide prevcntioú measure-a typical cross-section of highway showing stripping of

unstable material beforc corstructing embankment
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Fig' 38 Slide prevention by combination ofstripping and drainage trench. plan and cross-section of
preventive treatme¡t consisting of stripping unsuitable soil a¡d constructing drainage trenches,
(Source 

-Sketch 
furnished by C.P. Sweet: courtesy of California Division of Highways)
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Fig, 39 Timber cribbing for slidc control
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Prcve¡tion in Enba¡Lmcnt Areas by Subdrainegc

Two factors require consideration in the investþation of possible slipouts (a) wcak
zones in the foundation soil which are likely to be overloaded by the proposed embankment
load, and (b) subsurfacc water which is liable to result in the development of hydrostatic
pressure or rcduce the shear strength of the soil to the extent of initiating a slide.

Methods of Preventing Highway Slipouts

(l) If a surface layer of weak soil is relatively shallow and is underlain by stilTor
dense soil, the unstable material may be stripped, as illustrated by Fig. 37. If there is

pcssibility for seepage to develop cluring wet seasons, a layer of pervious material may be
placed before the err¡bankment is constructed. Clean gravel, free-draining sand or other
suitable local materials may be used. It may be necessary to use a drain pip: if spring's or
concentrated flows are encounteted

(2) If stripping the unstable material proves to be uneconomical, decp drainage or
stabilization trenches are sometimes ei<cavated with power equipment with the steepest side
slopes that will remain stable during the construction period. The trenches should e(tend
below any water bearing strata and into the firm base. After placing a layer of pervious

backñll material on the bottom and side slopes, together with an underdrain pipe at the
bottom, the trench is backfilled and the embankment constructed, Fig. 38. If the area
to be treated is small, one trench normal to the centre-line of the road may suffice. If
the area is large, a herringbone pattern of drains would prove suitable. Besides providing
subdrainage, the trenches add to the structural strength of the foundation.

Although the cost of this method incrcases rapidly with depth, this method of slipout
prevention is likely to prove more economical than any other type of treatment which might
bc cqually effective.

(3) If the depth to subsurface water is so great that the cost of stripping or drainage
trenches proves prohibitive, horizontal drains are recommended.

(4) Vertical drain wells may be used in conjunction with horizontal drains, if there
is need to provide a drainage path between lenses or strata of water-bearing material which
are separated by impervious strata. If installed under an embankment an outlct for
vertical drain can be provided by means of a horizontal drain, Fig. 30.

(5) Vertical drain wells are also recommended for use under embankments for purposes

of accelerating consolidation, through drainage of water from weak compressible foundation
soil. For desþ details, please refer to CRRI Road Research Paper No. 54.

Prevention by Subdrainage in Guts

All of the subdrainage methods discussed in the preceding paragraphs could as well
be applied to prevention of slides in cuttings. However, the success of methods such as

drainage trenches etc., can be rather dubious and costly, ifdeep trenches are required.

The most successful method of suMrainage for preventing slides in cut slopes is likely
to be the horizontal drain treatment. The drains are insølled, as the cuts are orcavated,
often from one or more benches in the cut slope. There have been many instances of cut
slopes drained by this method which have remained stable despite unfavourable soil forma-
tions and the presence of large amounts of subsurface watcr.
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Gorrection by Subdrainage
(l) Horizontal drains provide the most promising type oísubdrainage for correcting

a slide. For details of the technique, please refer to A¡ticll O.B.
(2) Drainage trenches or intercepter drains cari be used for the same purpose as

horizontal drains- Trench type drains are gcnerally timited by practical consiáe.aiion to
those places where water can bc interccptedãt aeptírs less than l0 to 15 ft. It ismost im-
portant that the drain pipe be based on unvielding material which generally means that it
must be below the slip plane, lest subsequcnt movement should tend to break or bend the pipe
and disrupt drainage before the benefits of drainage could be availed of.(3) Vertical sand d¡ains are generally to be recommended for use in conjunction
with horizontal drains so that lerues of permeable material are connected vertically by the
sand drain to remove the Yater' This approach is specially best suited to correcting íand-
slides that contain lenses of permeable rã.t¿ *itttit less permeable material.

6.6 COMPLETE REMOVAL OF ALL T'NSTABLE MATERIAL
As a preventive measure, the removal of all unstable material is usually not necessary

and is seldom economical except for very small masses.
As a corrective measure, this method is usable in all types of slides but its practical

limitation will be based on the size of the moving mass. For rïost slides, this technique may
prove prohibitive in cost.

The method is best adapted to situations where the road to be protected is at the toe
of the slide. If the road is located in any other part relative to the landslidg this method will
be of no avail.

6.7 RESTRATNTNG STRUCTURES (RETATNTNG WALLS ETC.)
Restraining structures like retaining walls, cribs, sausage walls, rock buttressqs are

very often used to correct a landslide. It is found that they have been used with varying
degrees of effectiveness, rarrging from partial success to totai failure in many cases. Tírore
situations in which restraining structures are likely to be both practicable and economical,
and particular situations in which such structures are likely to be unsuitable, are set out
below:

(l) Rctaining dcvices are seldom applicable for correction of falls and flows.(2) Rock or earth buttresses, cribs and retaining walls, can be used to correct
small slides cspecially rotational ones, but are not, generally speaking,
effective on large slides. Fig. 39 shows timber cribbing for slide control.(3) Retaining walls and cribs are, however, always usefuifo, purposes of gnder-
pinning foundations of structure, in any type of slide

The indiscriminate use of retaining walls or their misuse is attributable to the failure
on the part of the investigator to distinguish between slides and flows. In the case of slides,
thc relaining wall provides a significant amount of shearing resistance to sliding, besides
contributing to improved drainage near to toe of the slide mÃs.

Retaining devices placed in the path of a flow slide receive the entire force of the moving
mass because of the fact that there is little inherent resistance of the soil involved, in the flow.
Fig. 4O shows the use of retaining wall to protect a highway.

Fig. 4l illustrates a method for reducing damagl from rock fall by protection with
steel wire mesh.
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Fig. 40 Retaining wall as a protection of the road

Fig. 4l Wire mesh covering the slope to Protect
the highway from damage against

rockfall (Courtesy ol American Hoist
and Derrick Company, St, Paul, Minn.¡
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Fig. 42 Installation ofhorizontal drains
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6.8 HORIZONTAL DRAnIS

The use of horizontal drains reprcents a relativcl,v ncw approach in the control of
landslides.

Basically, horizontal drains are holcs or borings that are drilled into an errbankment
or a cut face. They are made usually on a slight plus gradc and cased with perforated or
porous liners.

Expcrience has shown that the horizontal drains are effective under a widc varicty of
soils and geologic, topographic, climatic and ground water conditions. They are tobeinva-
riably used in combination with otler measures to prevent or correct slides and slþuts.

Purpose
The principal function of horizontal drains is to remove e:rcess subaurface water from

hillsides, cut slopes and fills. They provide charurels for drainage of subsurface water eitÌ¡er
from the mass of sliding soil or from ie source in the adjacent area.

BeneÊts
The removal of subsurface water tends to produce a more stable condition in several

ways:

(.) Seepage forces are reduced. These forces are not necessarily inthe direction
of sliding, but by and large, they happen to be often detrimental rather than
benefici¿I.

(b) Shear strength of the soil is increased. The removal of water in cohesive

soils increases its strength, which otherwise have al¡nost negligible shear
strength ín a saturated condition.

(") There is reduction in e:¡cess hydrostatic pr€fsure. Removal of subsurface

watcr reduces any excess hydrostatic pressure that may dwelop. Excess

hydrostatic pressure is associated with a loss in normal forces and hence

a loss in frictional shear strength. Thus subsurface drainage would tend to
restore or increase the frictional shear strength of the soil mass.

Investigation

A field riview of the site should be made by competent engineers or geologists who are

familiar with the causes of slides and slipouts and the various methods of evaluating these

causes. They should also have a knowledge of various techniqucx of correction that might
be used for landslide correction.

The ûeld revicw should then be followed up by geologic investigations and/or ercplora-

tory boring-s, either vertical or horizontal. The exploration should also provide information

on ground water conditions.

Pþnnl¡g of Installatio¡
The location and depth of ground water together with toPograPhy will deten¡rine the

locations from which the drains will be started. Since the drains rcmove water by gravity,
the sørting point for a drain must be below the elevation of the point where the water is to

be intercepted. The spacing of the drains depends on the drainage characteristics of the

soil, the quantity of water intercepted, and the character and magnitude of the slide involved.

Usually drains arc planned at intervals of 25 to 100 ft, Drains arç often installed from morç
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than one lwel if the terrain permits and the distances are zuch that the subsurface water
can be reached from various levels.

Depths to which drains are placed ca¡r vary between 50 and g00 fr. The average

9S*o for depth of penetration vary betwcen 100 and 200 ft. This depth is usually control-
Ied by the depth to which the drairu will have to o<tend to cont¿ct thi water-bearing strata
and to properly drain the area and produce a stable condition in the slide. OthJfacton
involved are difficulty of drilling, quantity of water drained, the economy vcrsus effective-
ness of a greater number of shorter drains as compared with fewer but ionger drains etc.

The drains are usually installed on grades ranging from 3 to 20 per ceit, l0 per cent
being the best working grade.

A system of collection pipes should also be provided to canry intercepted water out of
the critical area. If the outlet of the dr¿i¡rs discharges into an o<isting jutter drain, tåen
no other arrangements are ne'cessary. If such a roadside drain is not readily 

"rr.ílubl.,6 to I in. galvanised corrugated metal pipes can be used to carry out the drain water to
any desired location outside the slide areã.

Equipnentt

The equipment' see Fig. 42, consists of a rotary drill, which is capable of advancing
a drill bit into the slope. Standard perforated 2 in. iron pipe with the fotiowing specification
is used for casing.

"Standard 2 in. black steel pipe perforated with $ in. diameter holes on 3 in. spacing
drilled in 3 rorrn at qua¡ter points, to be furnished in random lengths of 16 to 24 ft. without
threads or Qoupiirrgr. Pipe to bo vertically dipped in a standarã pipe dipping asphalt sub-
sequent to drilling."

lvlaintenance of horizontal drain installations is nccessary if they are to continue to be
effective for long periods of time. It is important that they should be cleaned at intervals
of 3 to l0 yean to rcmove root growths, corrosion and soil from drains.
Éfìfectiveness

Drain installations are most effective in areas where subsurface watcr could be inter-
cePtd in well defined aquifers or layers, where the soil is sufficiently pcrmeable to permit
ready rernoval of water and rvhere the water could be reachcd with holes not more thån 300
ft. long on 5 to 15 per cent grades through formations that can be drilled successfully and
whele the borinç do not cave in.

Two types of forsrations in which a successful installation is rather difficult to make are(i) silty fine sands, and (2) hard broken formations. In the siltyfine sands, caving presents
a major difficulty and in tåe hard broken formations, it is difficult to drill and thire is loss
of cira¡lating fluid during drilling and casing operations.

Thc quantity of water that is produced at the time of irutallation is not necessarily a
good index of the flow that will occur later or of the effcctiveness of the installation. Some
drains may produce large flows during the rainy season or during and after actual periods
of rainfall, and rernain dry or produce little water at other times. ôther drains *ay pioduce
flows that vary somewhat with the seasons. It should be noted that in some insiairces the
removal of, a small quantity of subsurface water will produce a stable soil condition whereas
other instancõ may reguire the removal of vcry largc quantities of water to produce the
dcsired results,
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Conclusion¡
Horizontal drains h¿ve a definite plaee in the correction and prarerrtion of slides in

ernbankments and in cuts and when propcrly planned, iastallcd and maintained thcy arc
effective. The C.R.R.I. has conducted field trials to gain fint-hand experience with such
installations.

6.9 SLOPE TREÄTMENT BY ASPHALT MttLCH TECHNIQT E OF VEGETATM
TT]RFING SPONSORED BY C.R.R.I.

The Central Road Research Institutg on the basis of recent field trials, has found the
asphalt mulch technique effective in the control of erosion on hillslopes by providing suitable
vegetative turfing. This method of slope treâtment.is considered promising especially as

an adjunct to be used in combination with other techniques of prevention or correction.
Brief det¿ils of the technique and the reasoning behind it are given below.

Firstly, the slope area proposed to be treated is demarcated and fenced by local prickly
bushes or barbed wiring. The slopes are then prepared into vast seed beds by rounding off
the tops, regrading or reshaping and by finally raking the top soil about I in. thick. If
the slopes are entirely raw and infertile and if the soil happens to be slightly acidic, (as in
Northern U,P.), calcium ammonium nitrate is applied at the rate of 100 lbs. per 5000 sq. ft.
The root slips of the most promising types of locally available grasses are dibbled, 6 to g in.
apart, root to root, and row to row, taking care to see that no turfs or clumbs are dibbled.
An asphalt mulch of a specified grade is then spread by a suitable sprayer. Fþ. 43 shows
the spraying operation. The sprayer should be capable of easy handling, and one that is de-
veloped cspecially for the pu{pose, enabling quick treatment to be undertaken over vast areas.
The optimum rate of application of the cmulsion shall be 0.15 to 0.20 gal. per sq. yard.
Thc thickness of the emulsion coating is to bc an optimum, because thicker application would
tend to retard the growth of plants and seeds, whereas applications thinner than optimum
rvculd not be effective in controlling erosion.

The advantages resulting from the application of asphalt are (i) suscçtibility to
erosion is cut down, (ii) the moisture content as well as the nutrients in the soil mantle are
conserv'ed, (iü) the soil temperature is raised by absorbing the light rays, promoting the
emergence of tiny saplings.

The asphaltic film gradually disintegrates, its place beiug gradually taken up by a
carpet of green vegetation. The carpet of grass, that supplants the asphaltic film, acts as

an immediate cover for the slopes till the more deep-rooted specic of shrubs and trees, develop
and take root.

The method provc:r particularly successful if it is so timed that advantage is trten of the
increased moisture content in the soil resulting from the first couple of monsoon showers.
Howwer', neither continuous heavy downpour nor a long spell of dry weather occurring
immediately after the completed treatment is desirable since in ¡uch an eventuality, the
proccss mþht perhaps have to be repeated partially or fully.

A comparison between Ftg. 44 showing the untreated slope and Fþ. 45 showing the same
slope after treatment speaks for iaelf as far as the bcû:fie of asphalt mulch technique arc
concerned. FtC. 46 shows a slope partly treated and partly untreated.
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Equipmcnt Rcquircd for Asphalt M¡rlch Techniquc

(I) Sprayen (Fig. 47)

(a) Knapsack sprayer. 2 to 4 gab. capacities. Wt. 6| to 16 lbs. Being port-
able, it is particularly suitable for steep slopes above the highway.

(b) Gator rocking spraycr. wr. 20 to 40 lbs. capacity of pressurc upto
200 psi. Can be used on upslopes with the provision of ramps.

(c) Hand compression sprayenl. Capacity 3 to 4 gals. Wt. 13 to 20 lbs,
(d) Charge pump with spray tanks.

(II) Spray guns and lances and boom.

(III) Spray nozzles
(a) Three action adjustable nozzle.
(b) Circular mist type nozzle.
(c) Flat fan type nozzle.

(IV) Hose connections and pressure plastic tubing I in. or suiting to hose corurection.
Enough length with connectors.

(V) t2 in: adjustable wrench, screw driver and a plier.

(VI) Straincr 30 to 50 mesh.

(VII) Kerosene.

(VIII) Bitumen ernulsion or cut backs.

(IX) Rope ladden and other equipment for facilitating sþraying job on steep high-up
slopes.

(X) Cotton waste.

(XI) Drum opener.

(XII) Buckets and trays.

The equipment should be cleaned thoroughly with kerosene or some other solvent at
the close of each day's work. Failure to do so would result in clogging and jamming of the
equipment thereby making delayed cleaning somewhat more difficult. After the bituminous
emulsion is fined in the container, it is pressurised by means of a pump upto 60 to 70 psi and
maintained constant subsequently. The use of higher pressure is avoided because higher
pressures generally give risc to uneven spray pattern,

6.10 SLOPE TREATMENT rOR EROSTON CONTROL USrNc JtrTE MESH
OR I\IETTING

It hasåeen found that if a heavy mæh of jute fabric is ñrmly laid on loose earth and,
sown with suitable grass seeds, it gives mærimum protection to the soil until the grass takes
root and furnishes a perrranent coverage. After the soil is stabilised, tåe nettings decompose
arrd provide nourishment to the grass growing on a soil medium which hardly possesses any
nutrient. A typical nettinghas one in. openings between the threads giving the grass plenty
of room to grow a¡rd at the same time providing a large numbcr of 'check dams' per sq. yard
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Fig.43 Spray'ing of
bituminous
emulsion

"';{

Fig. 44 Slope before treatrrent
(asphalt mulch technique)
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Fig. 46 Slope partly treated and
partly untreated
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Fig. 45 Condition of slope after treatment (asphalt mulch technique) 179



Compendium 13 Text 6

180

IJ

(u) (b)

Fig. 47 (a) Hand compression sprayer with 3-action adjustable nozzle
mist type nozzle (c) Knapsack sprayer with flat fan tlpe nozzle

(")

(b) Gator rocking sprayer with circular

Fig. 48 Timber piles as a protection to the road
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Fig. 49 Steel rails used to hold a slide

Íig. 50 Steel sheet piling to hold the embankr¡ent
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Boulders placed at toe of sliding mass to supplement piling
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of the material. The nettings are available in rolls, 48 in. wide. The nctting is justrolled out
on the area to be.treated and is properly secured over the ground where a concentrated
flow of water is liable to occur and where there is danger of undercutting of the soil. Thc
netting is firmly sccured on.to the sloping surface by means of spe'ciâl staples at specified
intervals. Control of erosion is effected immediately after thc netting is laid. One half
of the normal rate of secding is broadcast prior to the placement of the netting and the other
half is broadcast after the netting is in place.

The Central Road Research Institute in collaboration with the Indian Jute Industries
Research Association, Calcutta have conductcd field trials using such jute scrims for erosion
control and the results have been very promising. It is generally believcd that the use of
jute netting for erosion control may be resorted to especially where the erosion problem is
very serious and the kinetic energy of the flowing water is considerable and where othcr
conventional methods of erosion control prove to be of no avail. For further details con-
ccrning specifications, enquiries may be addressed to the Ce¡rtral Road Research Institute
or tfrc Indian Jute Industries Research Association, Taratola Road, Calcutta 53.

6.1T USE OF TIMBER PILES

Timber piles can be use<l to stabilise small potential slides.
fn order to stabilise a potential slide, the timber piles are driven i¡ito the ground at

the edge or shoulder of a cut. Fig. 48 shows closely spaced piling to hold the rouã in plu"..
In effect, the driving of piles helps to compact the mass espccially in sandy or silty soifi and
thus increase t]re qhearing resistance in the potential slide area.

More than one row of these timber piles rnay be required to be driven depending on
the extent of the slide mass to bc controlled. For best re*ults, the piles shoulcl 

- 
be driven

to a firm soil strata, such as firm shale. Piles should not, of course, be driven in soil which
may liquefy due to vibration. The timber uscd for piles can be square or round and of good
quality, prcferably locally available. IJntreated timber piles cair be used, but it should be
noted that their lifc is short.' Timber piles treated with a preservative such as creosote last
longer.

In any given slide arca, the chance* of timber piles becoming ineffective bccause of the
potcutial failure surface p¿ssing below the tip of the piles must be guarded against. This may
require a stability analysis to be carried out. Piles may bccome ineffective if a flow occurs,
the soil flowing out around a¡rd between the piles. Other possiblc modes of failure are
(i) the piles thernselves may fail in shear, (ii) piles may fail by overturning.

Rows of steel rails, as shown in Fig.49, have occasionaliy beenuscd for control of slides.
Attempts have also been made to use shcet piling to retain tJre fill as illustrated by Fig. 50.
Sometimes a load of boulders is used to s,rpplemcnt piling. The boulders *"r*Jåfr"i rf,"
toe of a fill as shown in Fig. 51, probably do cxcrt some restraining effect, but on the whole
their usc is of little value.

6.12 BLASTING

The basic principle of blasting, in simplcst tcrms, is to disrupt a volume of virgin rock
in such a rvay that the desircd stability of the slope is achieved. Þrcparation for the blast is
a vital factor which must bc meticulously planned with the fullest regard to all the known
characteristics of tl¡e rock to be removed. Details of drilling pattern, depth oihcles, quantity
of o<plosives. seguence of detonation etc., ulust be workeã Lut for tåe success of the work.
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As a general principle, chargcs should be so placed that thc line of least resistance to the thnrst
will bc towards a free or opcrr face.

The benefis of blasting as a metJrod for slopc correction is rather controversial. Accor-
ding to one school of thought 'blasting' is no solution to produce a long range correction
while the opposing school of thought bclieves that many an installation have given satisfac-
tory pcrformance for many yean.

The beneûts of blasting may be listed as follows.
(l) It can produce better drainage t¡eneath the surface of rupture thereby provi-

ding a release to tlre o<cess hydrostatic pressure.
(2) It can disrupt ar¡d relocate the critic¿l surf;ace of sliding. This rclocation of slip

surface in changed soil conditions improves tJre shearing resistance.
Blasting as a method of slope correction is generally recommended wherc slide failures

are imminent. For flow types of movement, it is considered not suitable. The method is
limited by operational and long range economic factors to masses of less than 50,000 cubic
yards in size.

The reason for preference of this method over the others is the initial economy of ins-
tallation. Experience with blasting and other methods of slope correction has bcen that
where applicable, tlre former will usually cost one fifth to one tenth of the cost of tl¡e latter.
It should be noted that a couple of blasts over a period of several years can be more economical
than a single correction by other possible methods.

The points agairut blasting are unpredictability of success and the possibilities of
da^rnage due to the dynamic effece of thc blast and the dangerr of overshooting. It should
be remembered that this method cannot be a success r¡nless a relatively firm bed rock under-
lies the surface of rupture.
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Chopter B
BASIC RULES ON ANALYSIS FOR

(l) PREVENTTON, AND (2) COR-
RECTION OF LANDSLIDES

Some of the basic rules to be followed concerning the steps that arc to be ta&en to
prevent or control potential or incipient landslides whenevcr hill roads have to pass through
troublcsome ground and also thc steps that are to be talen in correcting a landslide tl¡at has
already occurcd are set forth in this Chapter. The rules, more or less, represerit an outline
of a step-by-step procedure which can be usefully followed for purposes of field investi-
gation of actual landslides. The rules have bcen formulated solely from the criterion of
either reducing landslide susceptibility or correcting actual landslides. As such, gcneral
rules pertaining to alignmert, grade, design, speed on hill roads etc., are considered to fall
outside the scope of the Har¡dbook and are not included in this Chapter.

A. Rules Relating to Locetion of New Lines of Transportation in Hills fron tåc
View Point of Landslide Prevention

(l) In locating new lines of traruportation, avoid '.troublesome' ground. The
following types of soil constitute troublesome ground and should be avoided as far as possible:

(a) Sand below water table.
(b) Homogeneous soft clay formations.
(") Stiff ûssured'clays like over-consolidated clay shales.
(d) Loess or loessial for¡¡rations.

' (2) Certain types of landforms such as thore listed below in which landslides are most
susceptible should be avoided as far as possible:

(Ð Basaltic lava.
(iÐ Serpentine.
(iiÐ Soft cþ shales.
(iv) Tilted sedimentary rock.
(") Weathercd rocks containing chloritc-t¿lc or mica-schist.
("i) Detritus and talus materials.

(3) The construction ofcuts in favourableground, such as cohesive, sandyor cohesion-
less soil in a moist or dry state, is a fairly well standardised procedure. Experience shows
that slopes of l! horizont¿l to I vertical, are commonly stable. As a matter of fact, thc
height of some of the highway cuts less than 20 ft. rise at that slope, as do the height of many
deeper stable cuts. Therefore, for a cut, a slopc of l! horizontal to I vertical, is considered
the standard for highway construction. The standard slopes for flooded cuts such as those
for canals, i"ange between 2:l and 3:1. Stceper than standard slopcs should be established
only on rock and dense sandy sl,opes intcrspcrsed with boulders, and on true loess soils.

(4) If the cut is to be made Ín troublesome gtound, the engineer responsible for the
alignment should con¡ider the combined coil and.hydraulic co¡ditio¡¡¡ thai are obøining
alo¡g the proposed alignment, $o .that he may r¡ake tbe required:depárture from the cusrg-
mary srandar{s of safety. The engineer-in-charge of t}re location rnust be capable of idcnti-
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fying favourable, troublesome and vcry troublesome ground on the basis of surface indic¿tioru
and occasional borinç. He must also be able to visualize the worst corutruction difficulties
that may arisc at the va¡ious places and to evaluate the corresponding expenses or delays.

(5) If troublesome ground cannot be avoided, the following tasks must be performed :

(a) Locate tJre most critical site and explore the site by sampling and testing.
(b) Select the slope angles on the basis of a reasonable compromise between

economy and satèty.
(") Ðoigtr the drainzrge system (such as road side ditches, catch water drains.

drop charurels and cross drainage works) whenever necessary..
(d) Programme the observations that must be made during constmction to

remove the uncertainties in the knowledge of the site conditions and elimi-
nate the risk of accidents.

(.) Stabilise those slo¡res that begin to move out at a minimum of expense and
delay.

Whe¡rever the analysis of the landslide does not lend itself to simple classification on
the basis of visual observations ¡rnd whenever the landslide defies correction on the basis
of simple corrective measures, the problem may be referred to an expert or a research organi'
sation dealing with the subject.

(6) By means of a personal visit and irupection of the hill slopes, try to identify
and recognise potential or incipient landslides by watching out for evidences of 'stretching'
of theground surfaca 'Stretching' is distinguished from 'soil creep'inasmuch as it indicates
a cmparatively decp-seated movement, whereas 'soil creep' is of superficial origin.
Usually, stretching is most comnronly observed in relatively cohesionless materials that
cannot form or retain minor cracks readily. Onc of the prominent evide¡¡ces of stretching
would consist of small cracks that surround or touch some rigid body, such as a root or a
boulder, in an otÏerwise homogeneous material. These cracks form because the teruional
forcee tend to concentratc at or near tJre rigid bodies. Evidences of creep ca¡r be had
from the fact tåat certain trees have got tilted invarirably toward the direction of soil creep.

(7) Look out for visible signs of ground movernent such as a settlement of the highway
or depending on the road's location within the moving mass, an upbulge of the pavement.
fn somc cases, it is possible to find evidences of landslide movement that has not yet a^ffected
a highway but that may do so any time, Thus, minor failure in the embankment, materials
that fall on the roadway from tÌ¡e uppcr slope or even the progressivc failure of the region
below a frll may well presage a largcr landslidc that will endanger the road itself.

(B) Collect otÌ¡er evidences of movement such as can be fou¡rd in broken pipe or
polyer lincs, spalling or othcr signs of distress in concrete structures, closure of o<pansion
joints in bridge platcs or rigid pavemenk, or loss of alignment of building foundations. fn
rnany cas€s, arcuate cracks and minor scarps in the soil give advance notice of serious failure.

(9) Cultivate the ability to recognisc small cracks and displacemcnts in the surface
soils and understand their sþificance. Undersønding the meaning of cracks is a faculty
which can help produce an accurate !:nowledge.of the causes and charactcr-of movement
ttrat is a prerequisitc to corrcction. Small 'en echelon' crecks comnonl¡l-devalop in +he
surface soil before othe¡ sþs of -rupturc ta.ke place, lig 27:. Tlrey are thus.particularly
valuable tods in. the:ecognition õf pôt€t¡tial or ineipient slides --In Erin)r€¿sesr. a r¡rrp
of co-ech':lorr'-crackswill deliae¿de tleslide¿ccr¡¡atel¡-even thot¡gh ne eth€F vísiblè s¡or¡e
mcnt ñas-taken place., -
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(10) Making use of tJre data collectcd and by studying the cracks in tl¡e surface soil
þee Chapter 5) determine the typcs of slide with which'yolr .r" dealing. For o<ample
in a slump, the walls of cracks are slightly curved in the vcrticål plane and are conc¿ve towards
the direction of movement; if the rotating slump block has 

"n appreci"ble vertical offset
the curved cracks wedge shut in depth. In bloct glides, on the otfier hand, the cracks are
nearly equal in widtl¡ from top to bottom and do t át *.dg" out in depth. This is because,
failure in block glides begins with tension at tJre base of-the block åd progresses upward
towards the surface. Block glide can be distinguishcd from lateral spreadùg Ëy'the på.rr".
of a few major breaks in the upper parts of a block glide whereas laieral ,päding i, ch"ra"-
terised by a maze of intersecting cracks.

Cracks in block glidcs in cohesive soils are commonly almost vertical, regardless of
the dip of thc slip-plane, whcreas in block glidcs of rock, the'inclination of thecraãk, d.perrd
on the joint systems in the rock..

One of the most helpful applications of the study of cracks, lies in the distinction
between incipient btock glides and slumps. If the outline of the crack pattern is horseshoe-
shaped in plan, with or without 

"on"".rt"i" 
cracks within it, a slump is almost certainlyindicatcd' Ifl on thc other hand, most of the surface cracks are essentially parallel to the

slope or cliffface, a block glide is probably in the making. In either case, additional cracks
may develop as major movemcnt gets undcr way, but thesc will generally conform to thc
earlier crack pattern.

(ll) Using T'able 8 as a guide, identify the typc of landslide. Tablc gsummariscs
the surface fcaturcs of the various parts of a slide and could scrve as 

" 
griJ" ør,h"-irJ."ri

ficaion of different landslide types.
(12) Once thc fact of land movement has been established, thc ncxt esscntial stepis to 

-identify 
the type of landslide as suggested in rulc I I above. Having idcnrified rhe

landslide typg make an appropriate choice of thc prel-entive mcasures on tÌ¡e basis of reason-ing given in Chapter 6.
(13) For purposes of slope design in soil cuts and in bcd cuts, please see Chaptcr2 and 3 respectively.
(14) If the formation through which the road

ground such asdctritus, loosc sand, soft homogeneous clay,
see Chapter 4 and Chapter 6 for further information.

passes constitutes troublesome
stifffissured clay or loess, please

The following represent othcr basic rules concerning alignment and drainage in hillroads passing through areas of potential landslides:
(15) Where the proposed cxcavation will cross formations tl'rat arc susccptible to

bedding plane slides, the slide hazard can sometimes be rcduced by adjusting the aiignment
so- that the cut slopes interccpt the beds at a more favourable a.rgl" to the Ëeddingî**.
The alignmcnt should be so adjusted that the bedding plane of tie rock rends to dip awayfrom the cut slopcs rather than towards them.

(16) In locating an alignment, consideration should be gi¡¡en ro some of the typical
situations conducivc to landsliding, induced by .proposed cuts oi fiils. These are :

(.) Rcsrricrion of ground warer flow by side hill fill.
(b) Overloading of relatively weak underlying soil layer by fill,
(.) oveiloading of srorpirqg b.ddittc planes by heavy.sidehil filr;
(d) Qversieçpesjng. of curs in.rur¡t¿büareek or.ß11..
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TABI.È 8

Tbc foll,ovi¡lg rcprc¡cût e dcscriptioa of the ftatr¡¡c¡ th¡t wiü aid recognition of activc or tlccntly
actitre la¡d¡lidcr.

I. IAI.L
(¡) Boc¡e¡¡l

C¡æm
Lo6¡c roct: probablc cracb bchind rarp; incgular shapc controllcd by local joint systcm.

Mah&uþ
Usually almæt vertical: irregular, bare, frcrh. Uzually consists ofjoint or fault surfacc*

Fl¿oútt

Mctly bare edga of rock.
H.4¿
Usually no wcll-dc6ncd hcad. Fallen matcrial forrns a heap of rocl ncxt to scarP.

&o¿t
Irregular surfacc ofjumblcdrocl, sloping away from rarp. If very large and if trec¡ or material of
contrasting colour are includcd, thc matcrial may sbow di¡cction of movcmcot radial from scarp. May
contai¡ deprtssionr.
Fæt
Foot cornmonly bunic¿ If visibl€, tbc foot gcoerally shows evidcncc of rea¡on for failure, such as under-

lying wca¡. rock or banls r¡ndcrcut by water.
Tæ
Irrcgular pilc of debrir or tah¡¡ if srnatt If the roc!,fall it L¡g", the toc may bzve a roundcd outline and

consi¡t of a Èroad, cun¡cd tra¡svcrtc ridge.

(ü) Soîlått
C¡oun

Cractr bchind rcarP.
Maineúþ

Ncarly vcrtical, frcrh, active çaüing on n¡rface.

Flu,ltt
Oftco ncarly vcrtic¡!.

H¿d
Unrally no well-de6ned head. Fallen matcrial formr a heap nerrt to scârP.

Bo¿,
Ir¡€gula¡.

Foot
Sane fcatu¡c¡ ar pcr 'Roc&fall' dcscribcd abova

Tu
Irregular.

2. SLIDES

(Ð Srup (soil)
Ctwtt

Numcrorx cracls, mæt of them cr¡rvcd concave toward slide.

Møi,t&dþ
Stccp, barc, concerr! toward rlidc, conmoily bþü. May rhow striac and furrow¡ ou su¡facc running
f¡om c¡pwn to head. Uppcr Part of rarp may bc vcrtical.

Flørht
Saiac o¡ flan& scarpo have'strongvcrtical componcot nea¡ hca4 strong horÞontal component near
foo¿ Hclgüqof fino& rarp dccrca4o towa¡d tì¡où f¡s¡ik of d¡dc EÀy trc þighcr ùan o¡iginal ground
surfecc bctwccs foot and loe. Eo ecþctoo cracl¡ oudinc al¡dc in câ¡ly sta1cs

I{cad
Rcn¡¿¡t¡ s¡[ l¡¡â s¡¡f¿ç¿ ültGr. ûâ¡] órigiü¡l rlo¡rc or èvca tiltcd-i¡to bilt€rcating dcprc*sions at fòót of
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rnain-rcerp in which perimacr pon& form. Tra¡sr¡e¡¡e craclt, ainor rca¡pc, grabørsr ¡nd f¡¡¡It blocl¡
may bc ¡roticcat{c. Attitudc of bcdding ditrerr frorn ¡ur¡ouoding arca- Tlcc¡ ¡can uphi¡t

Bodl
original slurnp blocls gencrally brohen into srnalle¡ ¡nasscs: tongitudinal cracls, pre¡¡¡¡E úlg¡ ,occasior¡al overthrusting. commonly deverops a ¡¡nall pond jrxt ãbovc foot

Foot
Transve¡se prcssure ridger and cracks com¡nonly developcd over tbc foot: zonc of uptift, abænce of
large individual blocks, trees lean downhill.

Tæ
Oftcn a zone of earthflow, lobate form, material rolled over and bu¡ied: bcec lic fat or ¡t va¡ior¡
anglcs mixed into toe mate¡ial,

Slump (Rock)
Crcun
Cracks tend to follorv fracture pattem in original roch.
Mah Scarp

Same features as per .Slump (Soil)' dacribcd above
Fla*

Same features as per ,Slump (Soil)' dcscribed abovc.
Heød

Same featu¡es as per .Slump (Soil)' describcd above.
Bod2

Samefeatu¡esasper'Slump (Soil)'describcd above, but material docs not brcahup asmuch or dc-
form plastically.

Faot
Same Gatqres as pcr .Slump (Soil)' dcscribcd abovc.

Toc

Littlc or no earthflow: toc oftcn nearly straight and clæe to foot: toc may have ¡teep &o¡¡L
Bloc& Glidc (Roct or Soit)
C¡ount

- -Moc] 
cracts arc nearly vcrtical and tcnd to follow contour of slopc.

Mah&arþ

- 
Nearly vertical in upper par! nearly plaae and gently ûo steepry inclined in rowcr part

Fldtles

Ftank scârps very low, cracls vcrtical. Flank cr¿c&s'nraly divergc downhill.
H¿ad

Relatively undistu¡bed. No rotation
Body

Body usually compæcd of a siagle or a fcw uniB, undisturbcd exccpt for so¡nmon tmqion cract¡s.Qracks show littlc or no vcrtical dþlaccrncnl
Foot

No foog no zonc of uplift.
Toc

Plowing or ovcrriding of ground curfacc.

Rod¡¡ltdc
Crown

loose roct, cracl¡s betwcro blocls.
Main&arþ

uzually rtcpd according to the rpacing of joins o¡ bcdding planes. surfacc irrcgut¡r io upp.,
--.P1q ""d 

geutly to rtccply inctined ia lowcr parq may bc ncarly-p'lanar * *-p-"a of ¡oc¡. chutcr
þ'lalry'-t

Irregular.
H¿ad

Maoy bloclis of ¡ocl¡.

(üi)

(iv)

189
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Bdt
Rough surface of many blocla. Somc blo<ùs may bc in approximatcly their originâ¡ artitude, but
lowcr down, if movement was slow translation.

FE
Unnlly no t¡ue foot.

Tr
Accumulation of rocl fragrnents.

3. FLOWS

(i) RocL Fr:rgrnclt Flow (Ilry)
Craon

Samc frcaturer as per'Roclfall' de¡cribcd abovc.
MahScaþ

Same fcatu¡es as per 'Roctfall' dcscribed above.

FIûhJ
Same features ar per'Roclfall' de¡cribcd above.

Hca¿.

No head.

Bodl
Inegular surface of jumblcd rock fragmcnts sloping down from ¡ou¡cc region and gencrally cxtcnding
lor out on vallcy floor. Showr lobarc tr¿ursvenc ridge and vallcys.

Fût
No foo¿

Tr
Compocal of tongua. May ovcrridc low ridga in valley.

(n) S¡¡d Ru (Il'ry)
C¡dttt

No cracl¡r.
Main&atþ

Funncl+hapcd at anglc of repocc.

Flo*¡
Continuow curvc into main scarP.

H?2¿

Usually no head.
Bút

Conical heap ofsand equal in volumc to head region.

Foot

No foot

(iü) Dcbû¡t Arr¡I¡¡cüc or l)cb'ri¡ Flow (ltct)
C¡dltt

Fcw cracts,
M6ißeúþ

Uppcr part typically scrratc or V*haped- Long and narrow bar,e, commonly ctriatcd.
Ftanh¡

Stcêp, irregular in uppcr part. Lcvcca rnay trc built up along lowcr parts of flanb.
H,a¿

lvfay -bq ao bcad.
.eql

Wct to ver], wet. Largc blocls rnay bc pushcd along in a m¿trix of Êncr material. Flow li¡d. Follorç
drainage liner and can male sherp turnr. Very long comparcd to brc¿dth.

Fæt
Foot ¡bcc¡t or b¡uied i¡ dcbrL
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Ta
Spreads lateralty in lobes. Dry toc may have s ¡tecp front a fcw fect high.

ErnhIlow (Wct)
Crown

May be ¡ few cracls.
Main Scarþ

Concave to*'ard süde. In somc typcs, scarp is nearly circular, slide issuing ttrrough a na¡¡ow ori6ce.
Fhn*

Curved, rteep rides.
H¿ad

Commonly corsists of a slump blocL,
Bodt

Broken into many srnall pieces. Wet. Shows flow structurt
Foot

No foot,
To¿

Spreading, lobate. See above under'Slump',

Sa¡d or Silt Flow (lYet)
Croun

Few cr¿cls.
Mah Scarþ

Steep, concave toward slide, may be variety of shapes in outline-nearly straighÇ gentle arc, circular,
or bottlc-shaped.

Flatlts
Commonly flanls converge in direction of movgnent.

Hca¿
Gencrally under water.

Bodl
Sprcads out on u¡derwatcr floor.

Foot

No foot.
Tu

Spreading, lobatc.

(t) Removal by cuts of thick mantle or pervious soil if such pervious soil happens
to be a natural restraining blanket over a softer core.

(f) Increase in seepage pressure causd by cut or fill t}rat changes direction
ar¡d character of ground water fiow.

(S) Exposure by cut of stiff fissured clay that is liable to soften and swcll when
cxposed to surfìace water.

(h) Rcrnoval of mantle of wet soil by sidehitl cut. Such a cut may rcmove toe
supPort causing soil above cut to slide along its contact wití¡ st¿ble bed
rock.

(Ð Incrcase in hydrostatic pressure below surface of a cut in silt or permeable
soils.

(17) The surface dlinage of steep hills should be meticulously plarrnedso that the
potential danger of landslide by thc hþh vctocity offlori¡ in stormperiods is obviated, ensuring
roads safety. It is customary to have a drain on either sidc whãn a road traverses througÈ
a plain cor¡ntry but on hills, normally, there should be two drains on one sidc only-one
along the side of the road ø drain off water from the road surface a¡rd the other higiier up

(i")

(')
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OPEN DITCH-
OR CATCH PIT.

NTERCÜTING DITCI{

ROAD SIDE
OPEN DITCI.I

SECTION ON AB

fig. 57 A typical drainagc ryltco
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the hill in order to intercept the run-off from the hill slope and draining into the culverts.
Fig. 57 shows the plan and the section of a typical drainage systcm.

(18) Catch water drains require special attention and on ocassions it may be nece-
3sary to build two or more catch water drains, one above the other, on the hill side discharg-
ing into a main drain, leading directly to culverts or to one of the aájoining drainage crossir,gs
on the road' A catch water drain of suitable cross-section, prcfe"a=bly tiiea .nt i its wetted
perimeter, laid at a longitudinal gradient of say I in 50, heips consiåerably towards surface
drainage.

(19) When the road traverses through a hillycounty, the width available is restricted

"lq ï such any drain placed by the side oithe ,o"à i, bound ro reduce tbe availableeffective
width of the road. ft is, therefore, desirable to build the drain in such a way that Ucsiaes
functioning as a drain it may also act as a part of the road surface in an emårgency when
fast moving vehicles are compelled to movã to the o(trerne edge of t}tc road to-.uio¿ ,oa¿
accidents' To attain this objective, 'angle', 'saucer'or 'kerb' and tchannel' drains would
be helpful, Fig. 58.

(20) The efficacy of catch water drains is somervhat questionable unless thcy arc
lined with bitumen or cerrient plaster in order to minimise percolation of storm wat; but
lining in most cases may become impracticable for want of 

-funds.

(21) For unimportant roads, stone or timber culverts, built of locally available stone
or timber may prove adequate.

(22) To prevent a shallow road sidc drain from flooding the road surface, culverts
or cross-drains should be provided at suitable intervals thereby guiding the dischárge from
the road side down to the valley.

- (23i For proper maintenance of the drainage syst€rn of the hill road, the drains and
culverts should be kept perfectly clean before the monsoon sets in and laier on inspected
after each shower of rain. Any blockage of the drain should be cleared otrimmediatcly.

(2+) Whenever frequent choking of drains is ineviøble, tile drains maybeused. úlo"
consist of porous fire clay pipes placed in trenches and surrounded with siones and sand.
This material should be suitably graded and, if need be, placed in layers of de"rcaring grain
sizes. The aim is to present a minimum of resistance tã the passage of water, .rrdui O"
same time to prevent soil particles from being washed through into the drain.

(25) It is generally preferable to take a,road as much as practicable along the ridge
of the hill with a view to limit the number of drainage crossings to the minimtä. Eif. ss
clearly illustrates that an alignment ABC should be preferred to tt 

" alignment eC øi tfre
only reason that alignment ABC avoids thc requirements of drainage aithough the length
of the road in this case will be somewhat longer.

(26) In cuttings through unfavourable ground, the hill sides get freshly exposed and
are rendered particularly susceptible to serious erosion hazards. In fact, anyìoil slope

denuded ofvegetation should be regarded positively as a potential seat oflandslide. In all
thesecases, vegetative turfing using the locally available species of grass anddeep-rooted plants
should be resorted to. Invariably, the appropri¿te time for taking up the work of sårding
the slopes is just prior to the onset of moruoon or alternatively at tf,e iime of withdrawal of
monsoon. However, in the case ofsteep slopes and in situations in which the erosion problem
i1 

serious, all the painstal¡ing effort involved in the seeding of the slopes would pr*. fr.tit"if the first couple of monsoon showcrs should wash away thã seeds which h¿ve been broadcast.
Furthermore, the job of turfing cannot normally be undertaken during 

"r,y oti", ,o*o
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PAVEMENT

ANGLE DRAIN

PAVEIvtENT

PAVÊMENT

STONE OR CONCRETE SLAB

KERB AND CHANNEL DRAIN

Fig.58 lypc of dra¡D!

due to the inadequate moísture content of thc soil slopes. fn order to obviate the risk of
erosion taking place immediately after seeding has been done, the asphalt mulch technique

shoutd be resorted to. Thc deøils and principlcs of the technique arc given in Articlè 6.:9.
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Fig. 59 Alignment ABC should be prderred to alignmcnt AC

Under particular site and climatic situations, vegetative turfing without the use of
asphalt mulch can be resorted to, provided it is ensured that (i) the moisture conditions
under the tre¿ted slopes are favourable for the germination of the seeds, and (ii) the risk of
erosion or washing away of thc seeds is not imminent.

B. Rules Relating to Field Investigation of Actcal Landslides r¡ith a View to
Planning Control a¡d Gorrective Measurcs

The following rules are mcant to guide the engineer as to the steps he should take and
thc manner in which he should go about with regard to field investigation when a landslide
has actually occurred, ç'ith a vier.t' to planning the appropriate measures for repair ancl re-
construction.

(l) One of the ficrcmost and important steps in the ûeld investigation of an actual
landslide is to visit the affected area and to bring oneself to climb up the hill slope so as to
look out for visual evidences of the character of movement and the probablc causes of tbe
slidc. The investigator should inspect thc crown of the landslide and look out for thc pre-
sence of cracks and fissures in the ground which will bc of significance to him in the analysis
of the landslide.

(2) Thc investigator, by means of a pcrsonal visit to the sitc, should obtain a kno¡ulcdge
of thc general setting. By setting is meant all the factors that make up the physical environ-
mcnt-geology, soils topography etc. Accompanying such a procedure, he should try,to
obtain thc necessary background knowlcdgc by studying available aerial photographs and
all topographic, geologic and soil maps of the locality, if possible. By a pcrsonal survey of
the affected area combined with such facilitics, the trained observer can obøin a great deal
of inforrnation on the character of the slopes, of surface and subsurface drainage, and on the
character and distribution of the different kinds of rock and soils that cover them. He should
collect all relevant infornation and try to provide answers for the questions containcd in tbe
'Questionnaire' appended to the Handbook. Moet of the answers could be .collected by .a

visit to the site of the landslide and by o<amining the phlnical conditions obtaining at the
site, by local inquiries and from maintenance records.
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(3) Study the site of the landslide from a distance, for the forest is more easily recog-

nised than are the trees. Give special attention to the slopes, changes in slope and their
relationship to the different materials involved.

(4) Map thc landslide so as to obtain and record in graphic form such data as may

be obrrved in the field from which significant inferences and facts relating to the cause,

mechanics and potcntialities of movenent, past, present and future, may be drawn. The
mapping procedure is classified into (a) general or areal, and (b) geographic. The purpose

of thegeneral or aerial mapping irrocedure is tofix th: slidc area in space sothat there can

be no doubt as to its geographic position. It is desirable, though not essentlal to locate the

slide with reference to the mean sca level. For this pu{pose, some point near or associated

with the slide area must be refercnced to an acceptable benchmark. Such benchmarks may

be available on bridge abutments or on easily recognised topographic featurcs. For details,

see Chapter 5.
(5) The map scalc to be used is largely a fr¡nction of the areal extent and economic

importance of the slide in question, and in some cu¡sex¡ it may also depend to some extent on

thJ use to which the map is put. A small slope of only a few hundred feet, but involving

crtensive property damage or physical injury to the public may justify mapping on a scale

such as I in. on the map to 5 or l0 ft. on the slide area. On the other hand, a slide

covering several hundred or thousands of acres may be mapped on the scale of I in. on map

ø 50 or 100 ft. on the ground. Howancr, some smaller portioru of the same slidc might

be selected for mapping on a much larger and more revealing scale'

(O) It is often desirable to map not only the areal limits of the slide and the position

of significant features within it, but also the physical configuration or topography. In this

casera contour maP may be prepared. Here again, the judgement of the analyst must

be exercised, fint to decide whether a contour rnap is essential, and second, in the choice

of the most desirable contour interval to illustrate the surface features of the slide. Whcreas

2-fcet contour intervals may be required in one slide study, a l0 or 20 or even 50 ft. contour

inten'al may be satisfactory in another.
(i) The field methods employed in mapping the slide area are flo<ible and the choice

would'vary with the importance and dcgree of accuracy required. The accuracy of mapping

becomes more important if continuing ground movement exists or is anticipated. In order

to cnsürc high acãtrracy, triangulation sdations should bc established on stable glound, out-

sidc the slopc area. From these, baseline points in the slide area may be established and

checked periodically for movetncnt.
(B) It may be desirable to survey and set up a grid system over the slide region. In

such a äse, thc grid squares may be on 25 or 100 ft. centres, or any other dist¿nce that

scems applicable io the problern at hand. The grid corneñ¡, once determined, may be used

ø checi toth hotizontal and vertical movements. Sections, or topographic profiles, may be

prepared along the grid linæ, and ovcrlays representing various time intervals often

6"ä strikint changes in the slide surlì¡ce that otherwise might go unnoticcd. Regular

chcck may indicate changes in thc movcment rate such that rðurgent acceleration may be

indicated in timc to forestall a catastrophe.

(g) Usc cithcr a plane tablc or regular suneyurg metlrods for preparing planimetric

ol oontour maps and for determining the po,sitions of reference points within and

o¡tsidc thc slide arca. Either method is applicable to mapping of small areas, but level

and tra¡rsit mcthods are pcrhaps to bc preferred for larger ones. Accurate maps also çan
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be made, of coursc, by special methods from aerial or svcn terrestriial photographs. It is
doubtful, howaner, whether such methods can be applied satisfactorily and,economically to
most ordinary landslide problems.

(10) Across the contours, or up and down tåeslopes, the following principles may be
applied. The minimum distance upward should be atleast to the first sharp break in slope
above the slide crown. The maximum distance needed would beupto thetopof thcslopc.
Intermediate dista¡rces can be chosen, depending on the physical features of the tcrrain and
the judgement of the analyst. The minimum downward distances that the map should
illustrate is to the first sharp break in the slope below the slide toe. The manimum downwa¡d
distancc is the bottom of the slope. Again, intermediate distances depend on the terrain
and the analyst's judgement.

(tl) The final map should show theslide proper, associated water conditions, and
its geologic framework. The limits of the slide can be mapped first so as to depict its shape
and size. The limits defined below are illustrated graphically at the bottom of Fig. 2 showing
the'Classification of Landslides.'

The upper part of tlre slide is the crown, or that point where the slide mass breals away
from the original ground slope. The cliffJike face below the crown is the main scarp. The
contact of the mass of slide dcbris with the main scarp is the head of the slide. Theú
together mark the upper limit of the slide. The lower limit of the slide is thetoe, whichis
the margin of the disturbed material most distant from the main scarp. The tip is that point
on the toc most dist¿nt from the crown of the slide, or the flanks. Displacenent and the
slide mass with reference to the crown and flanls should be mapped. Displacement at
the toe may not be measurable because the foot (the line of intersection bctween tl¡e
lower part of the surface of rupture and the originat ground surface), may be buried. This
displacment at the toe, howwer, may be inferred by interpolation and projection. Slopo
on the main scarp below the crown and on the flanls sho¡dd be deterrnined, because tley
may aid in determining the depth and character of the slide mass. The surface of separa-
tion is the basal limit, or else the surface of rupture.

(12) The surface of rupture is easily recognisable at the cnown and on the flants,
where it ¡ üs limit of displacement and where it may, in fact, be marked by a cliffor rcarp.
Underground, however, where it forms the bottom of the slide, no such striking er<pression
calls attention to its presence and it can only be determined by means of subsurface explo-
ration. In dealing with slides in whictr the slide mass and frame are composed of the same
homogeneous materials, the recognition of the slide plane or surface of rupture may have to
be based only on the striations or slickensides dweloped by motion of the slide mass
on the 'plane of failure'. Commonly, this plane of failure is a series of closely spaced
subparallel surfaces in and betweetr which detrital rock fragments, if prescnt, will tle
oriented in parallel with the plane of failure. The materials in this zone of failure are
usually softer than in the overlying slide mass or in the underlying stable ground. The
water content of the material in this zone is generally hþher than in the disturbed and
undisturbed materials abovc and below, because, of higher permeability of tle fractured
materi¿l and in nrany cåses, of a rather directconnection to a source of moisture. Relatively
higher water content a¡¡d lesser resista¡rce to penetration may often prove more reliable
indications of the location of the su¡face of rupture in borings and samples than are
slickensides and striations, fn many cases the zurface of rupture is to be determined ûnally
by correlating zones of hþh water content and low penetration resistance in several borings.
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( l5) It ir oft¿rr rieb€Bary'fti.csttmata tho tralrimum dçtlr of slide- from.the ground

$ltñ'ce ø the surfacr of rtrpture=and ic ir of groat signiflencc as- a guide tu detcnrirring üa
¡äagnitude of the slide and to the deptb to which subsurfâce øtploratiro* will have to bt
cärried out Adopt a quick method which parrnirc a l*irþ reliablc estimate for preliminary
purposeir which ir bascd-on-a rrtinimun of required' obscrvational date¡ such ¿.¡ methods likc
(a) slip circle ¡i'tethodr end- (b) coneentric circlo method¡ discrisrod in Chapter 5.

(14) TablesS'simimart¡esthesurfacefeature¡of thevarious plrtu of activeorrecently
attivë slídcs: as they aid i¡t tlie iderttific¿tio$ of different landslide typor. On the basis of
datir alreadf collected'and using the above table a¡ ¿ gutde, identify the typc of slidc that
yÕu are dealing with.

(If a landslide dwelops as a slump and over a period of tinto: tu¡nr into *fluw, thc
original report oñ thc natüf.d oS the slltlcwould.nof be v¿lid as abaeis.for planning the

correction of thc sllde at a laÍer d*tc; Thercforø¡ t$e identifie¿tion of the type of slidc should

b¡e made at' tlle sa;in€ time as it i¡ to ba cöËectìtll Ev¿rt when- * landslidc that ster¡ù at t
slump but later changes into a flow, is corrected as a flow, thi¡ docs not necô$3¿lrily'rrcen

th¡if the adjoinirrg area which:ritaf'still be,4¡luihp blook; or yet arnother aËca that has not
rñoved at all, should require the iarne kind of corection, Each slidc slmuld be classified

aÉdürdingto.its own char¿i¿teristic*at the time it i¡ to.lx cofræted. If tbiÉ not donG; t'imË

ñäy.úrstrÕy tlie valtir¡'of iderrtifieatíon work and a cor.recdve procedure bassd on the prariour
ehi*tacteristícs of tht slidc: b llliely re tË â wrong oaê)..

( I $) Frrra d;escr{ptiort of thesalient feature¡ offalb,slidcs'andffoivr¡plcase sec Chapt€r'tr.
(I$-) Onc¿ the fr¡ct of larrê novenr¿¡* hac bcd¡' esäblished¡ the,Áêrú e*serrtiaLstep b

t¡' idefitiry'the ¡tpe'of lendslid¿,as suggeeted in rulc No. 14 ¿b¡vc Having identified the
l-dndslidë typð fbgÉthcr. witþ ths netrss¿ry data (coll,cctédj ili the shape of a¡rswenr' t.) thc

Qires6orueøit'e âþþnded úo tåG FlåádböolÐ, rrake.art apprtryriaË choice-of thc'eoittctive
rütasufô$ óif tli{t basb oÊ råsorri"g givc*'in' Clraptbr 6.

(17) fbrË¡t'pos€s of.slope dcsþin*¡ilcutsendirrb€drÒckcürs; plersesco,Chaptcr 2
and Chapter 3 respectively.

(tS, If thc.typcð of soildeelswlñ ir esartially dot*ltur¡ loolË saad, soft homogeneous

dlât; stitrftsr¡red clay or loe*, ptëås¡t sèe'ghâpter4 and Gheptcr 6 fe¡r sålecting the appnoprietc

€ibntètívÜ ffl€â¡n¡f€È.-
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SUMMARY

CONSTRUCTION OF EMBANKMENTS

Highway embankment failures may result ftom a varicty of causes. The satisfactory

performance of an embankment is depcndent on its own stability and that of the

undertying foundation. Currentty, more embankment problems are the result of

poor foundations than of faulty placement of the embankment itself. This points

out the need for an adequate subsurface investigation of the foundation conditions

at cmbankment sites.

The route location phase should include provisions for considering sites where

subsurface conditions could cause embankment problems. Examples of these sites

include areas of potential landslides, sidehill cuts and fills, abandoned mining opera-

tions, soft foundations, buried stream channels, and sanitary landñlls. Soil surveys

provide detailed information of speciñc conditions along the selected route' In
many agencies, there is a need to increase the depth of exploration ih embankment

arcas to sample the materials afiected significantly by embankment loads.

Embankment construction begins with the preParation of the foundation. Any
unusual condition likely to cause problems during construction or during the life
o[ the embankment should have been identiñed and corrective measures prescribed

prior to start of construction. Consolidation of soft foundation material is a wide-

spread problem. The di.fficulties associated with sidehill ñlls and cut-toÊll transi-

tions are also classified as criticat by many agencies. Benching and adequate

drainage provisions are the most widely accepted solutions for correcting both

sidehill fills and cuþto-fill transitions.
In the design of embankments, geometric design criteria and safety standards

usually have precedence over other considerations such as soft foundation and

poor materials. The design of high embankments should consider the quality of the

fill materials because the weight of the embankment is critical.
Standard speciñcations of highway agencies continue to require fill material

to be placed in relatively thin lifts and compacted by rolling with suitable equip
ment. There is, however, a trend toward minimizing procedural specifrcations and

placing greater reliance on density requirements, Moisture content is a continuing
problem, particularly with silty soils and swelling clays. Current procedures for
building rock embankments are generally satisfactory. A move to thicker lifts may

bc justified with vibratory compactors.

Sand-cone and balloon methods are the two most prevalent test methods used

to determine in-place density. Both are time consumióg. The use of nuclear equip
ment to perform nondestructive density and moisture measureinents is increasing.

In-place densities are most commonly evaluated in relatlon to the AASHO T-99
maximum dcnsity. The most common procedures for the freld evaluation of maxi-

mum dry density involve the use of a one-point comPaction test with a family of
moisturedensity curves.

Density requirements, except s¡rccifications based on statisticâl quality control,
are considered io be minimum standards that must be exceeded by all ûeld test

results. Sratistical concepts.for density requirements help to evaluate the significance

of an occasional bad test.

Problems with cxpansive clays are morc common in cut sections than in
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cmbankncnts. It is usually possibtc to usc thcsc soils in trrc ûll so that thcy do not
æprcscnt a major problem to thc completed construction, Howcvcr, spccial methods
and controls may be required.

Frozco soils can¡ot bc compactcd satisfactorily. unless thc frozco taycr of
material can bc rcmoved from both the cmbankmcot a¡d tbc cut or borrow arca"
opcratioos should bc suspended.

Although construction practiccs directcd toward protcctiog the environment
havc always been cncouraged, improved pracrices arc bcing iniroduccd that will
have a significant impact on highway const¡uction. waste disposal and crosion
c¡¡nl¡ol are a¡eas that are receiving much attention.

For successful earthwork construction, it is important to iategrate desigp,
construction, a¡d soils considerarions, begiaoing with thc initial rõutc location
studics and continuing through the completion of construction.

CHAPIEI, ONB

INTRODUCTION

Geomet¡ic design and other routc location considerations
oftco requirc modern highways to b€ constructed at eleva-
tions above cxisting ground. Âlthough such conditions
havc long bee¡1 faced at water crossings and in moun-
tainous or hilly terrain, the limited access and more strin-
gent geometric design requirements of the Interstate High-
way System have introduced the problem of supporting
pavement systems above ground in areas of ftat topography.
lVhen a pavement is to be supporled above existing ground,
a bridge structure or an earth embankment is required. At
weter crossings, narrow ravines, and some sites of cx-
tremely poor foundation conditions, bridging usually will
be the most satisfactory solution. In some other cases,
strong considcration should bc given to adjustment of rhe
center line or the grade so ¿rs to place the pavement system
at o¡ below natural ground. However, in the vast maiority
of situations, an earth embankment will provide thc most
practical and cconomical road support system. As a con-
scqu€ncc, embankment constn¡ction is a major componcnt
of modern highway construction.

EMBATIKMET{T FAILURES

Thc function of a highway cmbankment is to provide sup
port fo¡ a pavement systcm abovc natural ground. An
cmbankment has failed when it causes roughness or damage
to thc roadway. The failurc may bc spectacu¡ar and catas-
trophic, as in the c¡sc of slides resulting from instability
of the cmbankment or the underlying foundation ma-
tcrial¡. A lolal loss of thc pavement s€ction and portions
of the cmbankment iti.lf may result (Fig. l). Howevcr,
tbe failurc is usually morc subtlc. Crccp and/or consolida-

tion of the embankment or the underlying foundation ma-
ter¡als may produce failure by the gradual development of
excessive diffe¡ential settlements of the pavement surface,
causing rutting, dips, or cracks (Fig. 2). Thus, embank-
ment performance is associated with the stability and the
deformation of both the emb¡nkment ând the underlying
foundation materials.

There are many reasons for unstable embankmenß.
Failures within the foundation may be the result of in_
adequate site investigations, insufficient consideration of
foundation conditions in design, or improper implementa-
tion of the design solutions during construction. Failures
originating within the embankment itself may be ôaused by
poor materials, unsatisfactory construction methods, or in_
effective quality control procedures. Currently, more em-
bankment problems are the result of poor foundation con-
ditions than of faulty placement of the embankment itself.
Thesc foundation problems are taused primarily by in-
adequate consideration of soft foundation.soils, sidehill
locations, cut"fill transitions, and groundwatãr conditions.
Rclatively few problems result from poor placement of fills,
becausc gencrally good construction practices and quality
control procedures for placemcnt of ôlls have been de-
velopcd throughout thc past 30 yeaß.

EMBANKMEÍI'T LOAD

Highway embankments are major structures that prducc
significant loads on the underlying foundation soiis. The
wcight of e¡ch foot of ñll is roughly equivalent to tbe
weight of onc story of ¡ conventional office or apartment
building. In othc¡ words, a ZGft-high earth embankment
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will weigh as much as a 2Gstory office building occupying

en cquivalent contact area. Furthermore, the rate at which

the contact pressure is dissipated with depth beneath the

natural ground surface depends on the least dimension of

the loaded area. Because of the great width of maoy em'

bankments, the slress beneath the center of the embank'

ment usually decreases very slowly with depth. The com'

bination of these factors means that large stress increases

can be produced at signifìcant depths beneath an carth

cmbankment.
The preceding principles are illustrated by the example

¡hown in Figure 3, in which the stresses produced b.v a

20ft-high earth embankment are compared to those pro-

duccd by a bridge pier foundation. Although l¡e contact

prcssures are much higher for thc bridge foundation, the

itresses decreasc very rapidly with depth. At depths of

morc than l0 ft, the stresses caused by the cmbankment

loading exceed those of the bridge foundation' At a depth

of 80 ft, the str€sses caused by the cmbankmcnt loading

¡re ¡titl morc than 80 Pcrccnt of the surfacc contact pres' Fisurc 2, Visual indication of cmbonkmcnt lailu¡¿,
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Figurc 3. Compadøn ol venical strcssêt b¿ßeath centÌ lincs ol bridgc píer and cafth embankments.

surc and arÊ morc than eight times greater than those under
the bridge foundation. The differences are even morc
dramatic for the stresses beneath a 40-ft-high embankment,
also plotted in Figure 3. Hence, an adequate subsurface
investigation of the foundation conditions beneath embank-
ment sites becomes an essçnlial prerequisite for satisfactory
embankment design and construction.

SCOPE OF SYÎITHESIS

For carthwork construction to be successful, materials, de-
sign and construction considerations must be intermeshed
from the initiation of the sitÈ investigation through the
completion of constructioo. Consequently, construction
practices cannot properly be separated from design and
materials considerations. For this reason, the synthesis
includes:

l. Sub'surfacc invcstigational practices for embankment
areat.

2. Design and construction procedures for the treatment
of embankment foundations.

3. Design criteria, specifications, and construction prac-
tices for embankments.

4. Quality control procedures for placement of embank-
ment materials.

Both good practices for normal conditions and special prac-
tices for handling unusual conditions are presented.

cut zones are not considered except as they affect em-
bankment construction (e.g., as sources of embankment
materials or special procedures at cut-ñll transitions). Spe-

cial treatments or procedures applied to the upper surface

of an embankment are regarded as part of the pavement

construction and have been excluded. Furthermore, the
special problems associated with the design and construc-
tion of bridge approaches have been presented in NCIIRP
SynrJresis 2, so are not discussed in detail herein.

Fou¡d¿ tlon Contdct Pressures :h' 20,. w. 200,¡ q. 2.5 ksfh. 4t)'. y' 280'; q. 5.0 ksf

/

E¿rth tmbankment

-h"20' h.40'-)rt<-

þr),'*"".i /
I

I
I
I
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CHAPIEI lWO

SUBSURFACE INVESTIGATIONS

Adcquate knowledge of subsurfacc conditions often is the
lcy to successful carthwork construction. Most agencies

have long rccognized the need for comprehensive suÞ
surface investigations al bridge sites. Currently, there is a
growing awareness of the potential effects of the extremely

hcavy loads imposed on the subsoils by embankments and,

¡s a consequence, the investigational programs for em-

bankment foundations are being upgraded.
Subsurface information can be used at several stages

in the develópment of a highway project. First, subsurface
conditions can be an important and sometimes decisive

factor in route location. Second, after specific lines and
grades are established, detailed subsurface investigations
are required for the design of embankment sections.

ROUTE LOCATION

Subsurface conditions can significantly affect the cost of
highway construction and hence should be one of the

considerations in highway location studies. Although other
factors often will outweigh the influence of the subsurface

conditions, many examples can be ciled of locations where

thc subsurface conditions were or should have been the
decisive faclor. These examples include locations in areas

of potential landslides, sidehill cuts and fills, abandoned
mining operations, limestone cavities, and various soft
foundation conditions, such as peat bogs, marshes, buried
stream channels, and sanitary laqdñlls.

The expertise of the geologists and soil engineers who
arc responsible for the detailed soil surveys, conducted
after the location has been established, should be used

in the preliminary investig¡tions. When the preliminary
investigation is conducted by special reconnaissance per-

sonnel, trained to consider a variety of route location fac-
tors, it is essential that lhese personnel also have suñìcient
training and experience to recognize potential geotechnical
problem areas for which the advice of the sp€cialists should
be sought.

Several agencies have successfully instituted a policy of
preparing preliminary geotechnical reports for major route
location studies" These ¡eports are prepared by geotechni-

cal specialists in advance of public hearings so that sub
surf¡ce conditions can bc considered fully together with
other route location factors. Preliminary geotechnical re-
ports Sienerâll!'are prepared from existing information and
from limited field reconnaissancc. Sources of information
include published and unpublished geological surveys and
maps, groundwater and h¡drologic surveys, topographic
maps, soil consenation reports, agricultural soil maps, air
photos, and cxisting detailed soil suneys from previous
highway projects in the vicinity of the proposcd route.
Field reconnaissancc commonli- is limitcd to recollections
of past personal erpcrience or to walking the line of cach

proposed route, Occasionally, geophysical cxploration tech-
niques. such as seismic and resistivity surveys, are used; and
in a very few instances, when extremely critical conditions
arc identified, probe borings and/or samples may be justi-
fied. The preliminary geotechnical report includes general
descriptions of the topography, the geolog¡ and the soil
conditions along each proposed alignment. Typical profiles
or geologic cross sections a¡e desirable. This information
is uscd to identify potential problem areas, including con'
sideration of the potential for landslides, stability of cut and
fill slopcs, extent of rock excavation, groundwater condi-
tions, potential foundation conditions for bridge structures
and embankments, and availability and quality of construc-
tion materials. The potential need for spccial foundation
lreatments may be. noted.

The potential of air photos for the preparation of pre-
liminary geotechnical reports deserves special considera-
tion. Almost all highway agencies currently are obtaining
air photos of proposed route Iocations for photogrammetric
purposes; i.e., preparation of topographic maps, right-of-
way acquisition, and ea¡thwork calculations. These same

air photos also can provide qualitative information on the
soil and rock conditions.

sotl suRvEYs

After the line and the grade for a proposed route have been

established, a detailed soil survey is made. It includes a

field exploration program, laboratory testing, ând, usually,
some soil mechanics analyses. The report of the soil su¡-
vey generally includes detailed descriptions of the soil and
rock materials encountered along the right-of-way, a plot
of the soil profile, and a summary of all laboratory test
¡esults. Problem areas are identified and design solutions
proposed. Also, the quality and quantity of materials
sources for embankments, subgrades, and pavement com-
ponents are reported. Several agencies (e.9., Kentucky)
have prepared extensive specifications for the preparation
of a soil survey. These manuals are excellent sources of
detailed information on the requirements of a satisfactory
soil suney.

The findings and ¡ecommendations ¡f the soil survey
must b€ adequately reported to the enginecrs responsible
for both the design and the construction of the cmbank-
ment. It is highly desirable for the boring logs and soil
profilcs to be plotted on the construction plans.

Ficld Erploratlon Proccdurcs

Typically. both geophysical and soil boring techniques åre
cmplo¡'ed for the soil survcy. The most common geo-
physical methds arc seismic ¡efraction and clectrical re-
sistivity. Thesc tcchniqucs arc mosl useful in detcrmining
thc position of the groundwatcr ¡able, the depth to rock,
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¡od thc dclincalioo of various rock strata. They arc lcss
effcctivc in differentiating among soil typcs and do not
providc for visual identiñcation of thc subsurfacc matcrials.
Thur, when these procedures are used, they are almost
always supplemented by somc sort of boring progrÍìm.

Cur¡cnl good practicc for embankment foundation in-
vcstigations includer the usc of disturbed borings and
samplcr supplemented with undisturbed sampling in criti-
cal arcas. Thc use of a hand or power auger to obtain
distu¡bcd samples is by far the most common soil explora-
tion technique. In addition, split-barrel samplers (stan-
dârd penetration tests), which provide undisturbed samples,

or static conc p€netrometeß sometimes also are used, When
rcft deposits of cohesive soils are encountered in embank-
ment are¿xr, undisturb€d samples commonly are obtained
with hydraulically operated thin-wallcd samplers. lvlost
borings for cmbankmen! foundations are terminated when
rock is encountered. ln some instances, rotary or diamond
core boriogs are used to investigate the soundness of bed-
rock or to obtain samples of soft weathered rock. For
cconomic ¡easons, undisturbed sampling lechniques gen-
crally are limited to critical problem areas thrt previously
have bcen identified from disturbed borings.

Thc spacing bctween borings will depend on the spccific
geologic conditions along the right-of-way and the need for
cxact data by the designer for speciñc locations on the high-
way. Because the critical areas commonly represent only
a small percentage of the total investigation, heavy reliance
must be placed on the judgment and experience of field
penoonel to obtain adequate borings in all potential prob-
lem areas. At least one boring should be made beneath
cach ñll. For long embankments the mLximum interval
between borings can range from 250 to 1,000 ft, with
spacings of 300 to 50O ft most common. In problem areas

lhe spacing between borings will bc signiñcantly reduced
and may approach 50 ft when defining the extent of soft
deposits. Typically, borinç are located along the center
line of the pavement, except when defining the limits of
soft deposits or investigating sidehill locations.

Many agencies continue to speeify inadequate minimum
depths for borings in embankmcnt areas. The required
depth of borings should be related to the width and height
of thc proposed embankment. On the basis of the depth
to which significant stresses are produced by embankment
loads, borings ought to extend to depths equal to the half-
vidlh (i.e., thc distance from the center line to the toe of
thc slope) or to t*ice the height of the embankment. The
width criterion is fundamentally more correct, but the
height criterioo is easier to use in practicc. These criteria
may be tcmpered by experience with local geologic condi-
tions. Also, borings may be terminated at shallower depths
when firm bcd¡ock is encountered. Conversely, borings
nevcr should bc terminated in a soft depos¡t, but should
continuc until ûrm material is located.

t¡boðtory lnva3t¡get¡oí¡

Routinc laboratory investigations includc mechanical analy-
scs and Atterberg Limits tests for classiñcation of all soils
encountered along the right-of-way. Depending on the soil
classification system used within a specific agency, addi-
tional tests, such as volume change, swell potential, sand
equivalent, resilience, or compaction tests, may tæ required
of all samples. In addition, field densities and moisture
contents are determined. Procedures for conducting all
tests are detailed in each agency's test mânual or by
reference to A,{SHO or ASTM standards.

When the strength or the compressibility of the foun-
dation soil is to be determined, undisturbed thin-watl sam-
ples are essential. Relatively conventional consolidation
tesb are required when soft compressible foundation ma-
terials are identiñed and settlement analyses are to be made,
If the stability of a soft found¡tion or a sidehill is of con-
cern, the shear strengths of the subsoils are determined
from laboratory unconfined compression, direct shear, or
triaxial compression tests. The type of test may be related
to the method of stability analysis ând the factors of safety
that will be employed. Carefully performed simple tests
can be more meaningful than poorly conducted sophisti-
cated tests.

EMBANKMENT SOILS

The field investigation of soils to be used in embankments
generally is limited to auger borings. The laboratory test-
ing of these soils includes the gradation, plasticity, and
miscellaneous tests ¡equired for classification. Some typ€
of compaction test is performed to determine a standard
maiimum density and the optimum moisture content at
which it is obtained. Frequently, a stiffness test, such as
a CBR or stabilometer test, is conducted on the compacted
material for use as a subgrade property in pavement design.
Shrink-swell factors may also be estimated for use in earih-
work computâtions.

Currently, there is only an occasional nsed fo¡ strength
and consolidation tests of embankment soils. Laboratory
and lield data indícate that the compression of an embank-
ment that has been compacted to current density require-
ments is usually negligible. Similarly, for the currenr
standard design slopes, the strength of an embankment
generally is not critical. Exceptions may occur in embank-
ments exceeding 50 ft in height or when extremely poor
quality soils must be used. In thes€ instances, strength and
consolidation tests should be conduèted on the compacted
embankmenl soils. Although there is minimal nêed for thes€
tests tday, it is likely that their use ivill become more
common in the future as higher embankmenls are con-
structed and lower quality soils must be used morc
frcquentty.
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FOUNDATION PREPARATION

Tbe construction of an embankment begins with the prepa-
ration of the foundation. When good foundation condi-
tions are encountered, only simple straightforward pro-
ccdures are rcquired. However, when poor foundation
conditions are involvcd, complex and expensive treatments
may become necessary to prevent poor performance or
cmbankment failure. Soft foundation soils, sidehill loca-
tions, cut-fill transitions, and groundwater problems are

cramples of conditions that generally require special treat-
ment. The occurrence of these four conditions is suflì-
ciently widespread that their treatments are discussed in
detail.

'Because special foundation treatments can be very ex-
pcnsive, it is extremely important that the need for special
Èeatments be identiñed in the soil survey and adequately
considered in the preparation of design drawings and

specifcations. Whcn unanticipated problem areas are en-

countered during construction, corrective measures not
ouly delay construction but also inevitably cost more lhan
if anticipated in the design. Thus, planning for treatment
of poor foundation conditions becomes an important aspect

of embankment design. Recognition and anaiysis of poor
foundation conditions and recommendations for corrective
t¡eatments generally are the responsibility of the geologists,

end rcils or materials engineers who prepare the soil survey.

TII¡IIMAT PREPARATION

Clearing and grubbing are the first steps in the preparation
of an embankment site. Tt¡e topsoil usually is removed. In
many instances, all stumps also are removed from the right-
of.way. However, because of increasing costs of removal
and problems of disposal, it is becomiqg increasingly com-
mon to allow stumps to remain in place when they are a

sufficient distance below the subgrade. Typically, trees may

be cut within 3 or 4 in. of natural ground and the stumps
left in place when the embankment height is greater than
5or6ft.

For very low embankments, the foundation material may
be undercut to improvc the uniformity within the subgrade
zone and to eliminate some cut-fill transitions. Generally,
the depth of undercutting is specifìed so as to produce a

minimum embankment hcight of approximately 3 ft. At
least one agency is underculting most foundation materials

to the ditch line and constructing low cmbankments, cven

in cut zones. More commonly, the natural ground below

shallow ñlls is proof rolled or compacted in place. lf soft

spots are encountered, undcrcutting may bc rcquired. In
some inst¡nces the cxcavated material can bc dried and

then recompacled: in others the cxcavated material must

be w¡sted and replaced by acceptable matenel.
lf satisfactory foundation conditions are cncounlercd,

the preceding procedures are all that are normally required
and the construction of the embankment itself can be
started. If unanticipated foundation problems are exposed
during these preliminary operations, geologists or soil
specialists should be consulted for recommendations of
additional treatments. If fhe poor conditions were an-
ticipated in the design, additional corrective treatments
already will have been prescribed in the plans or
specifications.

SOFT FOUNDATIONS

Soft foundation soils include a variety of peats, marls, and
organic and inorganic silts and clays. These deposits may
be localized, as in a peat bog or a river crossing, or they
mây encompass vast areas, such as tidai marshes or glacial
iake beds. The compressible material mây occur at the
surface (e.g., manhes and some peat bogs), or it may be

buried beneath a mantle of satisfactory soil. Examples of
the latter case include abandoned stream channels, lake
bcds, and prat bogs, which may be covered by a dessicated
crust or â more recent soil deposit.

When soft soils are discovered, both the strenglh and the
compressibility testing, and analysis, will depend on the
magnitude of the project and also the types of treatment
being considered. For example, if it is planned to excavate
the soft material, extensive knowledge of its properties
usually is not required. On the other hand, if a sand drain
installation is contemplated, ã very extensive investigation
is necessary.

Soft foundations create several types of embankme¡^
problems. The foundation soil may displace laterally under
the weight of the ñll, causing major movements and disrup-
tions of the embankment, as shown in Figures 4a and 4b.
lf thc lateral displacement is prevented, the foundation soil
still will compress and cause settlement of the embankment
and the pavement, as shown in Figure 4c. Some settlement
is to be anticipated in almost all embankment foundationsi
it is detrimental only if it,produces fracturé or excessive

roughness of fhe pavement.
The total or difïerential settlement ftrat can be toterated

by a pavement rarely is specified except in the case of
bridge approaches, for which the tolerable settlement com-
monly is speciñed as ló to I in. For roadway embank-
ments, the allowable srttlement afær paving depends on
the length of the fill and the rate at which settlements
develop. Experience has indicated that 6 to 12 in. of settie-
ment can be tolerated in long embankments, if any varia-
tions in the settlement are uniformly distributed along the
length of the cmbankment. At least one agency p€rmits a

differential setllement of 2 in. per 100 ft. In some instances.
predicted settlements of several feet can bc accepted if the
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a) Embankment Failure 0ver Soft Foundation

b) Embankment Failure - Soft Material
Overlain by Firm Crust

c) Settlement of Embankment
Over Soft Foundation

Fìgure 4, Typìcal cmbankmcnt problems over solt loundotions.

s€ttlement develops very slowly over long periods of time
(c.g., 25 to 50 years). In general, however, the amount of
lcttlement th¡t can bc tolerated by a pavement system is
not well deñned and requires further study.

When long-term settlement is anticipated, flexible pave-
ments often are used to facilitate future maintenance. AIso,
interim or stage construction of the p¡vemcnt sometimes
is employed. These procedures may be more economical
thân attempting to improvc the soft foundation conditions
prior to const¡uction of the pavenrents. ln some critical
situations, these procedures may bc necess¡ry in addition
to somc initial partial tre¡tme.nt of poor foundation
conditionr.

Scvcral trcahents commonly arc used to improvc soft
foundations. They include (a) removal by excavation or
displaccmcnt and (b) consolidation by preloading with a

waiting pcriod or surcharging with or without sand drains
and bcrms. Another procedure is the usc of lightweight
cmbankment materials, perhapc in combination with one
of the preceding tr€atmenB.

RcmoYrl

Rcmoval by excavation is perhaps the most common
method for treating soft foundation conditions. Excava-
tion usually is the most economical and satisfactory solu-
tion when the unsuitable material does not extend to depths
of more than 15 or 20 ft. Beyond this depth, alternate
solutions may be more eftective than excavation. Of course,
thc depth beyond which excavation ceoses to be the most
cconomical treatment for a specific site will depend on the
soil type and groundwater conditions at the site. Examples
can be cited in which as much as 40 ft of soft material have
been successf ully excavated.

Whcn excavation is employed, the depth of excavation
should extend to ñrm soil. However, the required lateral
extent of excavation is less clearly defined. Four typical
methods for deñning the zone of excavation are shown in
Figure 5. In examples (a) and (b) the width of the zone
of excavation depends only on the height and slope of the
embankment, whereas in examples (c) and (d) it also
depends on thickness of the unsuitable material. The use
'of the section in Figure 5 is restricted to deposits that are
less than 5 ft thick. Wide zones of excavation reduce the
danger of lateral creep of the embankment.

The chief advantage of complete removal by excavation
is the certainty that the potent¡al foundation problems will
be eliminated. The method is most effective for relatively
shallow surface deposits of limited extent (for example,
peat bogs and mardhes). It becomes costly and impractical
for extensive deposits of compressible clays or deposits that
are buried beneath a mantle of suitable material. Also,
every cubic yard of excavated material must be replaced
by an equivalent quantity of good ñll. Thus, the avaitability
of sufficient quantities of suitable frll material becomes one
c¡iterion for the effective use of the excavation method.
Furthermore. if unsuitable material is excavated below the
groundwater table, special placement procedures may be

required to dewater the excavation or to place the fill under
water.

Removal by displacement is an old technrque that has

been used effectively on p€at ¡nd marsh deposits. Today,
however. displacement methods are used infrequently and
with much caution because of tñe'uncertainty of complete

removal. Displacement is accomplished by.controlling the
position of fill placement so rs to displace the r¡nsuitable
material lalerally and ahead of the embankment construc-
tion. Usually the displacement force is produced by the
weight of ñll, but occasionally it is supplemented by blast-
ing, jetting, or surcharge. The tìlling operation must be

controlled very carefully to prevent entrapment of pockets

of unsuitable material. Because of these uncertainties, de-
tailed specilìcations and careful ñeld inspection cr€ [ec€S.
sary when displacement procedures are employed. Core
samples of the completed embankment are desirable 1o

verify that no pockes of unsuitable material remain.

FIRH I'IATERIAL

SOFT ¡{ATERIAL
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Con:olH¡tion

Other lreatmcnLs involvc the consolidation of the soft foun-
dation materials prior to finished grading and construction
of thc pavement scction. Becar¡se consolidation is ¡ time-
dependent process, these techniques generally require a

delay or waiting period b€tween completion of the embank- (a )
ment and construction of the pavement section.

When the consolidation of soft materials is considered,
it is necessary to cstimate both the magnitude and the time
required for development of the ultimate consolidation of
the soft foundation undcr the loads imposed by the em-
bankment and pavement system. .Also, the stability should
bc investigated to ensure that the stresses produced by the
cmbankment loads do not exceed the strength of the sub-
soil and produce massive slides and uncontrolled lateral
displacement of the found¡tion soils. Thcse analyses, to-
gether with the related consolidation and strength tests of (b)
the foundation soils, must be included in the soil survey
whenever consolidation procedures are recommended.

lf the predicted settlement is more than can be tolerated
by the roadway, first consideration is given lo constructing
the embankment to subgrade elevation and r*'aiting for
completion of the consolidation due to the embankment
loading prior lo final grading and construction of the pave-
ment section. In this case, the predicted magnitude of
s€ttlement is used only to estimate the additional quantities
of ñll required and thus is of secondary impotance. How-
cver, when settlements of several feet are produced, the
additional fill required to compensate for the settlement can (C)
become a significant percentage of the total earthwork.
The primary consideration when delaying pavement con-
struction is the time required for completion of the con-
solidation process. One year usually is the maximum
acceptable delay period. Occasionally, when soft founda-
tion problems are recognized far enough in advance,
scheduling can be arranged to allow as long as two years
for consolidation. Àlore commonly, however, when the
predicted delay periods are longer than a year alternate
methods are considered to accelerate the rate of settlement.
Because the primary consolidation time is related to the
square of thi drainage distance within the compressible (d)
rcil, the necessity of additional treatments becomes in-
creasingly probable rxith increasing thickness of the soft
layer.

The most common procedure for accelerating the rate
of scttlement is application of a surcharge load, which is
produced by constructing the embankment to a height in
c¡cess of the design height. Settlements will occur more
rapidly under the combination of the design and the sur-
charge loads than under the design load only; hence, the
waiting period will bc decreased. Suffìcient ñll nrust be

¡vailable to develop the surcharge. Also, the addition of
a surcharge load incrc¡ses the prospccts for stability proÞ
lems and may require additional adjustments in the em-
bankment design (for example, ffattening of slopes or
construction of berms) to compensate for this.

The rate of settlement also can be accelerated by im-
proving the drainage of the compressiblc layer with sand
blankets or vertical sand drains. Pl¡cemcnt of a thick
granular layer over the compressible slratum prior to con-

llOTE: Sectlon (a)'ltm'tte¿ to unsult¿ble
deposits that are less than 5' in
thl ckness .
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Figure 5. Exomples ol excavatìon of unsûi¡able mate¡ial.

structing the embankment insures free drainage of the
upper surface of the compressible layer. It docs not, how-
cver, appreciably shorten the drainage path in the com-
pressible layer; hence, its effectiveness is limited to rela-
tively thin surface deposits of compressiblc mate¡ial. On
the other hand, installation of vertical sand columns
rhrough the compressible stratum can appreciably reduce
thc drainage path by developing radial flow to the ¡rervious
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sand column¡. The radial drainage distancc, hcncc the
timc requircd for consolidation. rrc controlled by the
spacing betwcen dr¡in wells. Thus, the primary consolida-
tion timc can bc reduced from many years to sever¡l
months by thc installation of a properly designed vertical
sa¡d drain systcm. Surcharges commonly are employed in
conjunction with sand drains and the benefirs of borh tech-
niques arc combined. Surcharging also will decrease the
amount of post-€onslruction secondary compression.

Theories and design procedures for sand drain systems
now are readily available in the soil mechanics literature.
Moreovcr, bccause the initial ins¡allation by an agency
often has bcen treated as a research project, an increasing
number of well-documen¡ed case studies of instrumented
sand drain installations are becoming available. Although
many good case studies remain unpublished, excellent
reviews of the design and installation of sand drains are
found in Moore and Crosert (1968), Johnson (1970), and
Moran, Proctor, Mueser and Rutledge (1958).

As effective as the sand drain method may appear, it is
used infrequently in highway construction. The foremost
reason is that sand drain installations are relatively expen-
sive and should be considered only when other methods are
not adequate. Also, sand drains may not be suitable for
certa¡n very soft deposits. For example, in very soft rnarsh
deposiU, lateral movements under the embankment may
tend to disrupt the vertical sand column and eliminate its
cffectiveness.

Coosiderablc controversy remains in regard to various
methds for installing sand drains. The d¡ive¡ closed+nd
mandrel procedure is most common because it is rapid,
cfficient, and the least expensive installation method. How-
cveç it is also the most criticized method because large
volumes of soil are displaced and the resulting soil dis-
turbance may reduce stability and increase compressibility.

Nondisplacement installation methds, such as ietted
mandrcl or hollow-stem auger methods, ¡re believed to
reduce soil disturbance effects but are more expensive than
driven mandrel install¡tions. Some agencies now ban the
use of the driven closed mandrel and require more expen-
sivc nondisplacement installations; others believe that the
advantages of nondisplacement methods h¡ve not been suf-
ûciently documented to lustify their higher cost. Few ñeld
studies of the relative effects of various installation methods
are available. Two excellent unpublished field studies in
New Hampshire and Maine have led to the recommenda-
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Figurc 6. Typìcal cmfunkmcn¡ vìth be¡ms ond stdgc con-
ttrucl¡on.

tion of jetted nondisplacement methods for sand drain
installations in sensitive soils in these states. The installa-
tion method was less signiñcant in relativety insensitive
soils.

In all preloading methods, with or without surcharges
and/or sand drains, the stability of the embankment and
foundation system must be considered. The danger of
lateral instability generally is increased by the use of a
surcharge and sometimes by the installation of sand drains.
A factor of safety against sliding of at least 1.5 usually is
required. If lower factors of safety are calculated, the
embankment section may be redesigned by either flatten-
ing the slopes or adding berms. The choice between these
two methods is based on consideration of right-of-way
limitations and ease of construction and maintenaqce
When berms are used, it is important that they be sufñ-
ciently wide to be effective. This must be evaluated by
additional stability analyses of the revised embankment
section. F¡equently, the berm must extend laterally to
intersect the original critical stability circle. A typical
embankment section with berm is shown in Figure 6.

In a relatively few instances, stage construction of the
embankment is used to overcorne stability problems. Be-
caus€ the foundation soils become stronger as they con-
solidate with time, the factor of safety against sliding is
nqost critical initially. The rate of construction is con-
trolled so as to take advantâge of the increases in strength
with consolidation. Constructioû rates may be controlled
by specifying an incremental construction height to be
followed by a waiting period with no construction prior to
starting the next incremental height, or by specifying a

continual maximum rate of construction (e.g., 5 ft per
week). Stage construction should be avoided whenever
possible, because of the close construction supervision that
is required for it to be successful.

In all instances where soft foundation materials are being
consolidated, ñeld instrumentation and close construction
supervision are imperative. Because of the many un-
certainties involved in predicting ñeld settlement rates from
laboratory tests, field measurements commonly afe used as

guides to control the rate of construction or the duration
of waiting periods. The extent of the field instrumentâtion
will depend on the complexity of the project. On simple
projects, only measurement of the settlement of the em-

bankment surface may be necessary. However, often it is

also desirable to measure the settlemint at points within or
at the base of the embankment. As the_ pro¡ìects become

morr conrplex and stability becomes a major consideration,
thc pore pressures within the soft material and the later¡l
movements of the embankment and the foundation also

may be measured. These measurements arc needed par-

ticularly in projects involving sand drains, berms, or stage

construction. A discussion of the types of instrumentation
is presented in Chapter Seven.

Stability and settlement problems also can bc reduced

through the use of lightweight emb¡nkment materials,

However, applications of this technique are extremely rare,
primarily because of the limited availability or thc prc
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hibitive cost of lightwcight aggrcgatcs. Also, cxperiments

with various methods for deep limc st¡bilization of soft

roils havc been ineffective or prohibitively cxpensivc.

SIDEHILT FITLS

Sidehill fills are cited by many agencies as their most criti-
cal cmbankment problem. Instability and sliding generally

are associated with lwo geologic factors common to sidehill
locations. First, in many locations berJding planes or boun-

daries belween weathered and unweathered material tend

to slope downhill. The addition of a sidehill fill often
produces a tendency for sliding along these natural planes

of weakness. Second. lhe construction of a sidehill fill dis-

rupts the natural movements of surface water and ground-
water. The accurhulalion of water within the embankment

zone increases the tendency for sliding by increasing the
weight of the sliding mass and at the same time decreaSing

the rcil's resistance to sliding. Even when water does not
app€ar on the surface, the accumulation of groundwater
along the sloping bedding planes within the hill can pro-
duce a slippery plane along which sliding is likely to
develop. Thus, groundwater control becomes a major
coosideration in the construction of satisfactory sidehill
fills. However, befo¡e the groundwater can bc controlled,
its presence must be identified. This is often difficult dur'
ing field surveys because the groundwater conditions are

likely to fluctuate throughout the year, and the most critical
conditions may not exist when the field survey is made.

Because of the diñculties in identifying and correcting
sidehill problems. strong consideration should be given to
adjusting alignments so as to avoid hills. However, adjust'
ment often will not be possible and the sidehill site must

be used. In these cases, special construct¡on practices will
consist of some type of. benching to key the embankment

to a firm foundation and special drainage provisions to
prevent the accumulation of surface water and ground-

water.
Benching consists of excalating into the sidehill to estab-

lish a horizontal platform upon which 10 construct the

cmbankment. Benching is usually required when the

natural slope exceeds 4:l or 6:1. The specific dimensions

of the benches may be given on the design drawings or in
speciat provisions for each project. Somelimes the actual

sizcs of the benches on specific jobs are established in the

ñeld during construction. Often the minimum width of a

bench is cstablished on the basis of the width of construc'
tion equipment. There is a tendency lo make b€nches too

narrow. To be efiective, they must be wide enough to allow

the cmbankmcnt to be anchored in ñrm material. This
means, for example, that benches should intercept the tran-

s¡tion zone be¡ween weathered soil and the unweathe¡ed

panent material. Typical longitudinal bcnches are shown

in Figurc 7.

.A variety of drainage control procedures can bc used for
diflerent ground$aler conditions. Ilany of thes€. nol par'

ricularty timited to sidchill locations, arc discussed in the

$ction on "Drainage Provisions."

Stâbilizât¡on trenches arc used on some sidehill loca'

tions. ,{lthou¡h thc trenchcs art constructed primarily to

to¡t' trñtàing i¡ uru¡ìlt euiæd lf t¡oË-- ãf ùiriing g.oud'it g'..t.r ti¡n ¡il

Figurc 7. Cross ¡cction oÍ ryPicol longítudirul benchcs.

control deep groundwater, they also key the embankment

into stable underlying foundation soils. Stabilization

trenches are excavated with a bottom width of at least

12 ft and side slopes as steeP ¿¡s possible. The depth of the

trench is determined by the position of the groundwater

to be intercepted. Excavations have ranged as deep as

35 ft below center line. The bottom, high side, and ends

of the trenches are blanketed with a 3-ft layer of permeable

material and perforated pipe is laid in the bottom of the

trench. Short transverse trenches with perforated pipe are

conslructed at intervals along the main trench to provide

a drainage outlet. The embankment is theo started by

backfilling the stabilization trench. A schematic diagram

of a stabilization trench is shown in Figure 8-

CUT.FILL TRAI{SITIOT{S

Cut-ñll transitions basically are transverse sidehill locations

and lhus involve the same considerations discussed in the

preceding section. Benches and drainage systems may be

rcquired. However, in order to maintain a uniform sub-

grade, some details of the benches at cut'ôll transitions
differ from the bench sections in sidehills. The bench must

extend sufficiently into the cut zone to ensure that all un-

stable soil is ¡emoved from the subgrade zone' In addition'

the uppermost bench is tapered to provide a gradual transi-

tion from the embankment to the natural ground. An
example of typical benching practice at a cut-fill transition

is shown in Figure 9.
Drainage is particularly c¡itical at iransitions because

the cut slop€s provide a potential-sourcé of groundwater-

As a result, it is good practice to provide for drainage at

all cuçñll transitions. A simple pipe installation is shown

in the bcnched section in Figure 9. If necessary' trânsverse

stabilization trenches or other morc complex systems can

bc constructed.

DRAINAGE PROVISIOI{S

The control of groundwater is an important aspcct of em'
bankmcnt construction except in arid regions. A variety of
subsurface drainage systems arc used in current practice.

Except in a few spccial cases, they consist of pervious

làl¡ altlniloñ 
'Y 
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blankets and/or some type of drain pipe system. Most of
these subdrain systems anr very effective when they are
designed with sufficient capacity and placcd in the proper
locatioo.

Drainagc provisions for groundwatcr control can bc very
cxpensivc. For cxample, one agency bas indicated that the
cost of subsurfacc drainage facilities represented approxi-
mately l0 percent of onc $5 millioo project and almost
14 pcrccnt of another $ll million project. Thus, the eco-
nomics of groundwater control facilities becomes an im-
portant consideration. It may b€ extremely uneconomical
to providc subdrain facilities in locations for which their
necd is not indicated by the soil survey. On the other hand,
the consequences of omitting drainage provisions where
they acrually are needed can be even more eipensive. To
quote one soils engineer: "To ignore the subsurface water
in the construction of cuts or ûlls . . . in rhe hopes that
construction or natural conditions will improve the sub-
surface drainage, can bc a disastrous and costly process.

Almost without exception it is more economical and more
pr¡ctical to correct adverse subsurface drainage conditions
before construction ¡ather than to attempt to handle this
situation as a maintenance operation" (Smith, 1964). Some
drainagc facilities, such as pervious blankets or stabilization
lrenches, cannot be installed after the embankment has
been constructed. Even when the unanticipated ground-
water is discovered at lhe outset of construction, extra
costs are likely to develop because of the need for extra
materials and resulting construction delays. These eco-
nomic considerations emphasize the importance of a
thorough study of existing and potential groundwater con-
ditions during the preliminary field investigations for the
soil survey report.

In relatively ffat terrain with high groundwater tables,
many problems can be eliminated by ensuring that the grade.

line is several feet above natural ground. Such grade lines
frequently require the abandonment of the concept of
bal¡nced carthwork. Howevcr, the advantages in relation
to drainage and maintenance outweigh the advantages of
balanced design. In addition, for low embankments in
some northern regions, pervious blankets are used to cut off
capillary rise into the emb¡nkment and thus to reduce the
potential for frost heave.

As thc terrain becornes more hilly or mountainous,
groundwater problems are likely to become more severe.
In addition, the interruption of natural surface ¡unofi must

../--

DETAIL FOR TRANSVERSE UNDTRDRAIN
CUT TO FILL CONDITION

Figurc 9, lypícal rl.ctíon u cut-fill t¡ansitiotu,.
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FÍgurc 10. Typical dctaìI lor longitudinal und¿rdroin.

be considered. Furthermore, in these locations major sub-
surface drainage problems can occur in relatively im-
pervious fine-grained soils with ñssures, joints, or bedding
planes. These conditions do not lend themselves to the use
of rigorous analy'tical solutions for calculating quantities
and paths of scepage.

The most commonly used suMrain systems consist of
pervious blankets and/or perforated pipe subdrains. These
subsurface drainage f¡cilities may be more commonly re-
quired in cuts than in fill areas. With respect to embank-
ments, the most common need for subdrain systems will be
at cut-ñll transitions and in sidehill locations. The specific
design of underdrain systerùs and pervious blankets may
vary considerably. Both longitudinal and transverse sub-
drain systems are used, depending on the topography.
Typical subdrain provisions used by one agcncy at cut-fill
transitions are included in Figure 9. Similar installa-
tions in sidehill ñlls are shown in Figure 10. Sometimes
longitudinal drains are installed in trenches in cut or natural
slopcs abovg fills to intercept groundwater nroving down the
slopc. Whenever pipe drains are installcd in relatively
impervious materials. it is essenrial to provide a bed of
pcrmeable materi¡l for the pipe and to brckñll the
cxcavation with the san¡e material.

When large quantities of water are involved, a continu-
ous pervious blanket may be more economical than a pipe
drain system. Pen'ious blankets usually arc at least I ft
thick, and careful consideration must be given to lhe
Sradation of the pen-ious material. Tbe gradation specifìca-
lions must Ênsu¡e that the materi¡¡ is coarsc cnough to be
frce draining, yet not so coaõe as to permit migration of
thc finc-grained soil into or through thc pcrnreable ma-
tcrial. lrfuch has bcen wrinen on rhe design of filter sys-
tcms; end although mr¡ch of this literarurc is directed
toward filters for earth dams, the concepts gencrally are
rpplicablc to highway drainage problems. Thcsc design

sEcr¡ox t-D

WÇ a*;b of ,9+4b. ,ú.lb

proceilures generally relate the grain size characteristics of
the frlter materíal to those of the adjacent soil. One com-
monly used requirement, shown in Figure ll, is that the
15 percent particle size of the ñlter should be at least frve

times larger than the 15 percent size and no moÍe than five
times larger than the 85 percent size of the adjacent soil
layer.

In hilly or mountainous te[ain, the method of sub-
surf'ace drainage will depend on the topography and the
depth at which water-bearing strata are encountered. This
may be illustrated by considering the variety of drainage
methods employed in California. When the water-bearing
material is relatively shallow (at depths of less than 10 or
20 ft) and underlain by firm material, the soft wet mâterial
may bc ercavat€d and replaced with a pervious blanket;
rly'hen the subsurface water is encountered ât depths of
l0 to 30 or 40 ft, stabilization trenches, described in the
preceding section, nìay be employed. Occasionally, hori-
zontal drains are used lo lemove subsurface water at
greater depths than is economically practical by stripping
or trenches. These drains are installed by drilling laterally
from a point at or bclow the toe of the proposed ñll slope.

Such drains, which may be installed to'lengths of 150 to
300 ft, can reach well beyond thê toe of the uphill slope,

Sometimes additional drains are installed from tìe toe of
the uphill slope to intcrcept subsurface water before it
reaches the cmbankment. Usually collection rystems are
required to remove the outflow from the horizontal drains.

Croundwater at great depth can bc intercepted by in-
stalling verlical relief wells in conjunction with horizontal
drain systems. The primary purpose of the vertical wells
is to relieve hydrostatic pressures rather than to provide
for complete drainage. Relief wells have been installed to
depths of 40 ft. Six-inch-diameter pcrforated pipe is placed

in the center of a 24-in. hole, which is then backfrlled with
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permcablc material, Horizontal drains are installed to
intercept the relief wells. A cross section of a typical relief
well and horizontal drain system is shown in Figure 12.

Subsurface drainage methods, which vary widely in cost
and complexity, are available for the control of almost any
groundwater condition. The major problem is the identiû-
cation of the severity of the groundwater condítions ât
speciñc sites so that the most economical and effective sub.
drainage system can be employed. The importance of an
adequate site investigation of the groundwater conditions
cannot be overemphasized.

CIIAPTER, FOUI'

DESIGN OF FILLS

DEStGt{ CIONSTOERATIONS

ln practicc, the design of highway ñlts generally consists
of cstablishing the height and the side slopcs of thc cm-
bankment and spccifying criteri¡ for placement of the fill.
Thc placcmcnt criteria gencrally arc included in each

agency's general specifications and are discussed in Chapter
Five. The factors used to establish the size and shape of
thc embankment a¡e discusscd brieffy in the following
paragraphr.

Thc height of an embanlmcnt depends on the proposed
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highway gradc line, which is establíshed primarily on the

basis of geometric design criteria and secondarily on rhc
basis of balanced carthwork. On.ly rarely does the strength

or comprcssibility of the fill or the underlying foundation
matcrial influencc thc design height. Standard side slopes

¡rc cstablished to satisfy safety standards and to facilitate
maintcnance. Typical standard slopes cstablished on the

basis of such criteria a¡e shown in Figure 13. Current
trcnds indicate that the use of 2:l as a standard design

dope is common. Design engineers ordinarily will assume

that the standard design slopcs will bc stable unless stability
problems and alternate slope recommendations have been

indicated by the soils engineers in the soil survey for the
project. When such recommendations are inclu¡Jed in the

soil survey, they usually are incorporated into the design.

Thus, cxccpt in cases of poor foundation conditions,
described in Chapter Three, the engineering properties of
thc 6ll and underlying foundation soils have relatively little
influence on the design geometry of the fill.

Ealanced earthwork is practiced when it can be ac.
complished without violating geometric design criteria.
However, strict adherence to balanced earthwork design

can lead to serious construction and maintenance problems

by cncouraging the use of poor quality soils from cut sec-

tions and the use of locations with poor foundation condi-
tions. To accomplish a balanced design, it is necessary to
cstimate the shrink and swell factors for the excavated

malerials and to estimate the quantities of poor quality
materials that should be wasted. In areas of relativell flat
topography, balanced desígn appears particularly undesir-

able because the grade line would be established very close

to natural ground level, with frequent transitions between

small cuts and low frlls. Under such circumstances, con-
struction of a uniform subgrade is made more difficult.
Furthermore, surface and subsurface drainage problems

may bc introduced. and winter maintenance may be made

more difficult in northern regions. For these reasons, many

t5

cnginecrs now prcfcr to ignorc balanccd eartbwort con.
ccpts and to construct conti¡uous low cmbankments over
relatively fl at tcrrain.

The design load used to cval!¡atc the stability and de-
formation of an embankment is the weight of the over-
lying embankment and pavement materials. Except for the
upper few feet, embankments are not seriously affected by
trafüc ioads. In current practice, the density rather than
the strength or compressibility is specified for ñll materials.
When Âll is compacted in accordance with current density

requirements, its compressibility will bc negligible. Hence,
cxcep! for very high fills, the compressibility of compacted
malerials is not generally evaluated. Similarly, the strength

of compacted materials generally is assumed to be adequate
to maintain the standard design slopes. As discussed in
Chapter Two, stability and seltlement considerations pri-
marily concern the behavior of the foundation material
beneath the ñll. Current field experience tends to justify
the assumption that for cunent standard design slopes and

compaction requirements, the strength and compressibility
of the compacted fill usually is not a problem.

Exceptions are noted in the case of high embankments,

for which the strength and compressibility of the frll ma-

terials must bc given special consideration. Most agencies

define high embankments as those exceeding 40 or 50 ft.
In the construction of high embankments, sometimes low-
quality materials must be wasted, and in other instances

zoning of material must be practiced. Vy'hen zoning is

necessary, the higher-quality materials are placed in the
bottom of the embankment where the loads are the largest.

Lowerquality materials are used in the upper parts of the

embankment and capped with a layer of select material,
which will serve as the subgrade subjected to traffic loads.

Problem soils sometimes are placed in the center or lower
portions of an embankment, For examplè, expansive soils

will perform more satisfactorily deep within an embank-
ment where they are better protected from drastic moisture

STANDARD DESIGN

ROADWAY FOR 24 FT. P.C.C. PAVEMENT

l xrclr*Ây classEs ' MAJof,' .'aREA sERvlCE"Ar¡D 'COLLECToR- ,
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chaaçr a¡d their tendcncy to swell ir inhibited by rhc
weight of thc overburdcn. Similarl¡r, micaceous soils may
bc placcd whcrc they will not bc subjcctcd to traf,ñc loads.

Thc strength and the comprcssibility of thc fill must bc
considercd when lowauality materialr must bc used o¡ soilr
must bc placed undcr adversc conditions. This situation
most commonly ariscs when cxtremcly wet tìne-grained
soils must bc used. Recognition of such potential situations
in thc soil survey and consideration'of rhem in thc embank.
ment design will minimizc problems and delays during
constructioo. For examplc, if plan ootes indicate that cer.
tain soils will be troublesomc when wet, thc construction
division and thc contractor may be able to schedulc con-
struction so ru not to cxposc these soils during rainy sea.
¡oos. In other instanccs, plan notes or special provisions
may ildicate special zones in which wet soils may be placed
or s¡.ecial construction procedures (e.g., sandwiching with
good materials).'

Thc design of earth embankments is more significantly
inûuenccd by geometric design criteria, safety standards,
a¡d maintenance requirements than by the strength and the
comprcssibility of the embankment and its founda¡ion,
When stability and settlement are the dominant factors,
thc embankment design more commonly is influenced by
tâe properties of the foundation rhan by those of the ñll

matcrial. In other words, current proccdures and spccifica-
tions for placement of fill arc producing compacted ma-
tcrials with adequatc cngincering properties for current
standard designs, exccpt for thc special situations outlined
in the preceding paragraphs.

PREPARATTOil OF pl¡NS A¡tO SPEC¡F|CAT¡OI¡S

Construction practices for thc improvement of foundation¡
for cmb¡nkments arc reviewed in Chapter Three, It is
emphasi:ed that the necd for these construction pro-
ccdures must be identiñed during the soil investigations and
hcorporated into thÊ project desip. In the preparation
of design drawings and specifications, special treatments
for embankment foundations should bc indicated in suffh-
cienl detail by means of special provisions and plan notes.
Complete subsurface information, including .boring togs
a¡d soils proñles, should bc preseoted on the construction
drawings. Similarly, thc need for special embankmen!
placement procedures, such as zoning of materiab or
anticipated placement under adverse conditions, should be
specified clearly on the plans. Failure ro adequateti inform
the contractor of subsurface conditipns, special problems,
and procedures wheo contracls are le¡ inevitably leads to
additional costs and delays when the unanticipated condi-
tions develop during construction.
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LOCATING GROUND WATEB FOB DESIGN OF
suBsuBFtit"'fifiåiîf 

ütåltto"owaYs
J. A. TODI)

Engíneer, Bureau of Publíc Roøils
Gøtlinburg, Tennessee

A recent entry in one of our project diaries reads as follows: "4Yz
inches of rain occurred last night and yesterday; it is still raining today
on project. A fill failed at Station 80+00. All of the embankment slipped
out leaving bare rock in the bottom of the scour. A small stream of water
is flowing from a crevice in the rock. No water has been noted in this
area previously."

Such slides are not unusual in steep mountainous te¡rain. The fill failure
was caused by excessive rainfall, and intrusion of water into the briginal
ground beneath the embankment. Now what about that small stream in
the hollow? There is no water running there now. Suppose we go ahead
and cut a few slope benches and reconstruct the fill and forget all about
that little stream of water; what will happen when it rains again? [f the
point where the project engineer saw water issuing is plugged up and it
rains hard enough long enough, that fiIl will slide off the side of the
mountain again.

Now let us go into my subjeet, locating ground water for designing
subsurface drainage in roadways and embankments. I will begin by
talking about springs.

'We a¡e concerned with three types of springs:
(1) rFissure springs, so called because underground water passages are

located in cracks, crevices, and fissures in solid rock.
(2) Tubular springs, so called because underground water passages are

tubular in shape. These springs are found in soil drift or water soluble
rock,

(3) Seepage springs, so called because the issue occurs in a zone of
porouri material and there is no bold or turbulent spring point. The under-
ground water passages for seepage springs usually occur in a layer of
pervious material superimposed on less pervious material such as clay,
rock, or hardpan.

Atl three types of springs described above are quite common in this
area. ft is generally known that springs often dry up in periods of sus-
tained dry weather and that many will ff.ow only after periods of e cessive
rainfall. Springs that dry up in dry weather and flow in wet weat ¡er are
commonly called "wet-weather springs," Springs that continue to flow re-
gardless of rainfall are called permanent springs.

It is easy to locate permanent springs, but how does one locate a
wet-weather spring? Frankl¡ it is not easy, unless the engineer nrakes
frequent trips into the area in question during periods of excessive rainfall.
It is not always possible for the engineer to do this. Therefore, he must
rely upon surface features which generally are associated with springs.
The best way to lea¡n to identify these surface features is to visit active
springs in the general area of the site to be investigated and note the
following:

80
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il) Where does this spring occu¡?
üsually a spring will occur at an abrupt change in the slope such as

the base of cliff, bottom of a hill, or in a hollow or draw.
(2) 'What occurs below the spring?
Usually a spring run is evident below the spring point. In some cases,

there may be a deep gully-like channel. In other cases, there may be a
delta-like silt fan below the spring point.

(3) What other conditions may be observed at the spring?
One would expect to ffnd certain water-loving plants such as willows,

water eress, bullrush or moss in the spring area or along the spring run'
Also, one may observe the lack of leaf mold accumulation and crayfish
castings in the spring area.

After making these observations at permanent springs, it will be easy
to locate areas where wet-weather springs might occur. There is generally
but one difference. In the wet weather spring area there may be no flow
of water. Generally some or all of the other features previously stated
will be present.

During the course of eonstructing a highway, excavations v¡ill be made
and embankments will be constructed from excavated material to obtain
the grade profile. These excavations will no doubt encounter many under-
ground water passages. There will be a flow of water if these underground
passages feed permanent springs, and there may o1 may not be a flow of
water if wet weather springs are fed by these water passages. A good
percentage of cut slope failures occur where underground water passages

are encountered. This condition, I feel sure most of you have observed. It
is reasonable to assume that underground water passages may exist in
areas where embankments are to be constructed. When there are no active
springs in the embankment area tocating underground water passages
presents a problem. They can be located if the engineer will make a close
inspection of the back slopes of pioneer roads, haul roads and slope benches
constructed in the embankment area.

The engineer must know what he is looking for, otherwise, he may not
recognize inactive water passages. Now let us go back to our spring type.
There are three of them (1) fissure springs, (2) tubular springs, and (3)
seepage springs. Each type of spring is identified by the underground water
passages.

In fissure springs, the water passages ate cracks, crevices, or fissures
in solid rock strata. Suppose a pioneer road into an embankment area is
blasted into solid rock and the back slope reveals numerous cracks, crevices
or fissures in the solid rock, how can one tell whether they serve as under-
ground water passages, There are several ways to determine whether water
has actually flowed in the cracks and crevices. (1) There will be a notice-
able difference in color in the cracks, crevices or fissures which serye as

water passages. (2) In vegetated areas tiny feed roots of plants will be
found in the cracks and crevices. 'Where water is frequently present in
cracks or crevices the tiny feed roots are usually white in color and the
root hairs show no evidence of soil film. (3) The larger cracks, crevices
or fissures will usuatly contain sand, or fine gravel in the areas where
passages are enlarged. (4) The normal cracks and crevices may be frlled
with clay or silt in all areas except where water passage occurs.

Now let us consider tubular water passages and field methods of
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identiffcation. As stated previously, tubula¡ water passages are located in
soil drift or water soluble rock. Usually these passages are elose to the
su¡face of the ground when they are in soil drift, above the zone of solid
rock except in the case where the solid rock is soluble and contains water
passages. In the root zone of cover vegetation the tubular water passages
are likely to be identified as a root hole. If the passage is carefully exca-
vated for a short distance, one will observe that the passage will continue
to be singular and minor deposits of sand or gravel will be noted. The size
of tubular passages will vary considerably. In sandy soil or weathered
rock, passages up to 2 feet in diameter have been observed. Generally,
the passages that feed wet-weather springs are less than 3 inches in size.
In water soluble rock the passages will often enlarge into huge caverns.
Many caves are formed in this manner. It is not likely that the experienced
engineer will fail to recognize the tubular water passages in water soluble
rock or weathered rock unless they are destroyed by blasting or other
construction activities.

Seepage water passages are, as previously stated, located in layers of
pervious material superimposed on less pervious material. The layers of
pervious material may be either talus slopes with rock fragments up to
several cubic yards in size, or fine sand. The thickness of the layers will
vary considerably. 'Where active seepage springs are found during.periods
of dry weather, water passages are usually found in thin pervious layers
that slope very gently. Thick layers of pervious material above layers of
less pervious material are prime suspects for water passages that feed
wet-weather springs. As in the case of fissure springs there will be notice-
able eolor changes where a flow of water has occurred. Also, the white
feed roots of cover vegetation will be noted.

'We are now able to recognize underground water passages disturbed by
construction operations. When the material excavated for embankment
construction is porous and the methods of placing is such that a pervious
embankment will result, there is no reason for the engineer to install
mechanical mearu¡ for providing drainage for the disturbed water passages
if none are eontained in thick layers of pervious material, water soluble
rock or weathered rock. If the excavated material to be used for embank-
ments is impervious and/or the methods of placement result in a very
dense embankment, then drainage must be provided for all disturbed water
passages, otherwise, embankment failures will occur. If hard rock frag-
ment-q are used for embankment construction, drainage for small springs
can be effected through the voids in the rock. I might point out that cer-
tain types of rock weathers on exposure to air and water and eventually
the voids will silt up and block water passages. Rock fragments containing
iron and copper pyrites are likely to react chemically on exposure to air
and water, and serious settlement will result.

Design of subsurface drainage for areas where embankments are to be
constructed is very simple once the water passages are located. The only
factor that must be remembered is that water will not flow uphill. The
use of small diameter perforated pipes or porous material in trenches will
be satisfactory in most cases. The engineer can estimate the amount of
water that will occu¡ on the basis of area of water passages. The seepage
passages will be hardest to estimate. It is much more economical to over-
estimate than it is to reconstruct cmbankments.

B2
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After the highway is completed or partially completed, failures may
occur in embankments and subgrades due to excessive soil moisture. The
location of sources of water which contribute to the failure which occurs
after construction has started, is rather difficult as compared to methods
previously described. The issue point is not usually visible or accessible
without exploratory excavations, In most cases, the corrective measures
are simple once the souree of water has been located.

Since 195? a ne\M method of identilying sources of water has been em-
ployed in the Gatlinburg, Division of Region 15, Bureau of Public Roads.
This method, which I will describe briefly, is still in the experimental
development stage and data is not complete for publication.

This new method for tracing water sources involves the use of fluores-
cent dyes and portable ultra-violet lights or lamps. Fluorescent dye was
first used on the Blue Ridge Parkway in North Carolina. In the beginning,
the methods employed were more or less cut-and-dry. The methods used
today have evolved on a one-thing-follows-another basis. 'We are still
experimenting at every opportunity and improving our methods as we go.

To locate ground water where fills are failing the survey is conducted
as follows:
(1) Make a map of the filI are4 adjaeent cuts and drainage area above

the ffll. On this map, show the original ground contours, construction
limits, grade points, haul road diagrams, channel changes, existing
drainage structures and slope ben,.hes constructed.

(2) Indicate on the map, soil conditions encountered in the adjacent cuts
and soil types used to construct the fills. Also, in-place density data
if tests were made on embankments.

(3) In the area above the fill, locate all possible water sources using
methods previously described for locating wet-weather springs.

(4) Determine from the map and other data, the areas which are suspected
sources of water contributing to the failure. The following factors
should be considered:
a. Active streams above the fill area. In the course of constructing

cross drainage structutes, the streams may be diverted from exist-
ing channels tempotarily and seepage springs in the old channel
may be covered up. If no drains are provided in the old channel,
it is highty possibte that water may enter the fill a¡ea from seepage
springs in the old channel. The seepage springs in the old channel
may be fed from the active stream above the û11 area.

b. Haul roads cut for the contractor's operations. It has been noted in
the field that at locations where haul roads were cut below the
proÊle grade of the roadway and later backfilled with pervious
material that ground wate¡ in the cut areas was diverted into the
fill a¡ea.

c. Standing water in ditchlines on the uphill side of cuts adjacent to
the fill area, Due to haul roads or porous embankment material,
surface water impounded in ditches may seep downward into cracks
and crevices in blasted rock and via this media, enter the ûll area
and cause failures.

d. Existing drainage structures. Underdrain pipe eonstructed in cut
aÌeas may actually collect water and divert this water via cracks
and crevices in blasted rock into fill area. Also, cross drain pipe
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culverts which cross haul roads may actually leak and contribute
water to a fill area.

e. Porous layers of material placed in embankments. In ma¡ry in-
stances where part-width filI construction is performed, porous
pockets may result in embankments and actually perch water in
the embankment. Surface water may seep into the upper layers of
the fiIl and saturate the lower layers.

Now that we have determined the areas of suspicion, the next problem
is to identify the actual source of v¡ater. This is done by use of fluorescent
dyes in the following manner:

Put a quantity of dye in the aetive streams over a period of time,
say 10 to 30 minutes. This dye, easily seen in daylight, will quickly
color the water downstream from the point where it is introduced.
If the flow of wate¡ in the fill failure is enough to fill a 2-inch water
pipe, the dye will show up in the fiIl area in B0 to 40 minutes from the
time it is introduced at the source. If the flow of water in the fill area
is slight, it will take more time and the color will partially filter out
making it impossible to detect under natural light. In such cases, the
water is sampled at intervals and tested for fluorescence in a dark
chamber, or the survey may be conducted at night. \ühen the soil
mass between the point of introduction of the dye at the source and
the issue point in the fill is very dense, we have noted coloration as
much as 3 to 4 days after the dye was placed. If no dye shows up in
the fill area afte¡ a few days, then the source first suspected will be
eliminated. A cache of dye is then placed in another area of suspicion
and the follow-up sampling of water and testing for fluorescence will
either confirm the source or eliminate it, and so on until all areas of
suspicion have been checked.

The engineer must try to avoid use of the same color dye in more
than one area of suspicion. Suppose uranine dye is used in 4 different
places and ûnally dye shows up in the filI failure area, 'Where did the
water come from? Any one of the 4 places. 'We have experimented with
dyes and find we have only 2 dyes that can be distinguished in weak
solution and 4 dyes that can be distinguished in medium to strong
solution by use of ultra-violet light. The dyes we have used in our work
a¡e non-toxic.

We have used fluorescent dyes to locate sources of water where sub-
grade failures occur on old roadways. The survey is conducted in the same
manner as previously described. Usually due to the lack of stream flow
except in periods of excessive rainfall we cache the dye in areas of sus-
picion several months and check the wet area after each rain in darkness
until fluorescence occurs. Then we design corrective measures on future
paving projects.

'We have used fluorescent dyes to trace water discharged from drainage
ditches and structures when property orñ/ners complain of damage, In one
area, several tort claims were settled after we proved the sources of water
with fluorescent dyes.

At the present time, we have several suryeys in progress where em-
bankments have settled or cut slopes have failed. I might add that we
have not been 100% successful in all of our suryeys with fluorescent dye.
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I have with me several small samples of fluorescent dye; also, some dye
crackers which may be of interest. I also have three portable ultra-violet
lamps which we have used in our surveys,

The dyes I have with me are numbered from 1 through 6. Dyes
numbered 1 through 5 were purchased from Leeben Color and Chemical
Company, 103 Lafayette Street, New York 15, N. Y. Dye No. 6 was pur-
chased from Industrial Colloids, Knoxville, Tennessee.

Dye No. I is red in natural daylight. It fluoresees brown under long-
wave ultra-violet light; it fluoresces olive d¡ab uncler short-wave ultra-
violet light. This dye is identified by the produeer as No. LS671.

Dye No. 2 is blue in natural daylight. It fluoresces green under long-
wave or short wave ultra-violet light. This dye is identified by the producer
as No. LS665.

Dye No. 3 is violet in natural daylight. It fluoresces green under long-
wave or short-wave ultra-violet light. This dye is identified by the pro-
ducer as No. LS673.

Dye No. 4 is red in natural daylight. It fluoresces bright orange under
long-wave or short-wave ultra-violet light. This dye is identified by the
producer as DC Red No. 19.

Dye No. 5 is black in natural daylight (this dye must be used in heaw
concentration, otherwise it is not recognizable), It fluoresces dark green
under long-wave or short-wave ultra-violet light. This dye is identified by
the producer as No. LS663.

Dye No. 6 is yellow in natural daylight. It fluoresces yellow green
under long-wave ultra-violet light and yellow under short-wave ultra-
violet light. This dye is called Uranine Supra No. 59693.

'We have mixed dye No. 4 and dye No. 6 in equal parts to produce
another easily identified dye. This dye is green in natural daylight and
fluoresces bright yellow under long-wave or short-wave ultra-violet light.

The dye cracke¡s on exhibit were made by adding wheat flour in equal
part by volume to dye crystals and wetting to form a stiff paste. This
paste is spread on metal sheets and dried in the sun to produce the
crackers. The dye crackers do not dissolve as quickly as the dye crystals
and contamination from a cache may be had over a longer period of time.
The dye crackers were developed for this reason'

We have also discovered that soil wet with dyed water and oven dried
will fluoresce when pure water is added later. We are now planning to
investigate the capillarity fringe above the ground water table to see if
we can contribute any data in this field of research.

The three portable ultra-violet lights on exhibit were purchased from
Ultra-Violet Products, Inc., 5114 rüIalnut Grove Avenue, San Gabriel,
california. The M-12 portable ultra-violet light is battery powered and
very efficient. sho¡t-wave ultra-violet rays are emitted by this unit. short-
wave ultra-violet rays are dangerous to the naked eye and should be
handled very carefully. The uvs-12 is portable when operated from a
6-volt hot-shot battery using a converter. It also operates from a 110-volt
AC outlet with ordinary plug-in cord. This unit also emits short-wave
ultra-violet rays which are dangerous to the naked eye. The uvl-22 is a

long-wave ultra-violet light. This unit is not dangerous to the nal<ed eye.

The fluorescence produced by this lieht is somewhat brighter than that
produced by the short-wave ultra-violet rays. It is portable when operated

from a 6-volt hot-shot battery using a converter.
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I have discussed location of ground water in three stages: Before any
construction activity has taken place, after pioneer roads and slope benches
in ffIl areas have been coristructed, and finally during construction or after
t:ur¡tPlel¡gtl 9¡ I'uãuw'üJtJ. t rte-Ësü- -ltreb '¡ttwr9*-r¡rJ-lrêPet- 'stH'l,r¡eÞ¡ffi

methods of correcting ground water founcl during eonstruction does not
obviate the need for thorough field investigations in the preliminary de-
sign to avsid problems caused by ground water.
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Reference I
LANDSLIDES: ANALYSF AND CONTROL

Schuster, Robert Li Krizek, Raymond J., eds.
Vashington, DC: Transportat¡on Research Board; l97E;
234 p. (Special Report 176).

Order from: Transportation Research Board, Publi-
cations Office, 2l0l Constitution Avenue, N.V.,
Vashington, DC 20418.

This volume brings together, from a wide rarìte of
experience, such information as may be useful in
recognizing, avoiding, controlling, designing for, and
coffecting landslide movement. Currenl teolotic
concepts and engineering principles and techniques
are introduced, and both the analysis and the control
of soil and rockslopes are addressed. New methods of
stability anatysis and the use of computer techniçes
in implementing these rnethods are included. Rock
slope engineering and the selectint of strear-strength
parameters for slope-stability analyses are covered in
separate chapters. The first part of the book deals
primarity with the definition and assessment of the
tandslide problem. It includes chapters on slopè-
movement types and processes, recognition and iden-
tification of landslides, field investigations, instru-
mentation, and evaluation of strentth properties.
The second part of the book deals with solutions to
the landslide problem. Methods of slope-stability
analysis, design techniques and remedial me¡u¡ures
that can be applied to both so¡l and rock slope
problems are included.

Reference 2
SOIL MECHANICS ¡N ENGINEERING PRACT¡CE

Terzaghi, Karl; Peck, Ratph B. New York, New York:
John Wiley & Sons, Inc. 1967; 729 p. (ZndEdI.

Order from: John Wiley ðc Sors, Inc. Publishers,
605 Third Avenue, New York, New York l00lâ

This book consists of three parts (A¡ B, and C).
Parts A and B cover the basic aspects of the physical
properties of soils and theoret¡ca.l soil mechanics.
Part C explores techniques for obtaining satisfactory
results in earthwork and foundation engineering at a
reasonable cost in spite of the complexity of the
structure of natural soil strata and the inevitable
gaps in practical knowledge of soil conditions. Aþ
most every practical problem in this field contains
some features without precedent and every engineer
must use all available methods and resources with
careful discrimination. ln Part C, practical problems
are discussed, starting with a critical survey of
conventional methods and proceeding step by step to
whatever improvements have been realized in the
¡¡rea of soil mechanics research. A semiempirical
approach is adopted in this section, and a list of
references is included in each chapter. The various
chapters of Part C are as follows: soil exploration
(purpose, methods and program); earth pressure and
stability of slopes (retaining walls, drainage, lateral
supports in open cuts, stability in open cuts, soil
compaction, design of fills and dikes, stability of base

of embankments);. foundations (foundations for struc-
tures, raft, pile and pier foundations)¡ settlement due
to exceptional causes (settlement due to construct¡on
operat¡ons, lowering the urater table, and vibrations|
dams and dam foundations (earth, rockfill, concrete,
and supervision during construction); and performance
observations (scope, me¡rsurement of displacements,
earth pressures and poren/ater pressures, and records
of observations). A French translation of this book
was published by Dunod, 24-26 Boulevard de lhopital,
75006 Paris, France, in 1961.' A Spanish trË¡nslation
of this book was published by rrEl Ateneorr Pedro
García, 5.4., Librería, Editorial e tnmobiliaria,
Florida 340, Buenos Aires, Argentina, in 195t.

La quatrième édition de ce livre a été traduite cn
français et publiée cn l96t par Dunod,
24-26 Boulevard de lhopitalr75006 Paris, Francc.

Este libro ha sido traducido al castellano e impreso cn
l95E por I'El Ateneo" Pedro García, 5.4., Libreria,
Editorial e Inmob¡liaria, Florida 340, Buenos Aires,
Argentina.

Reference 3
H¡GHSÂY SOILS ENGINEERING¡ tl REPORTS

Highway Research Board, Vashington, DC; 197 l; 126 p.
(Highway Research Record Number 345).

Order from: University Microfilms International,
300 North Zeeb Road, Ann Arbor, Michigan 48106.

Information useful to persons concerned w¡th the
structural design and performance of a roadway and
that would contribute toward understanding the con-
cepts of pavement action, reaction and performance
are presented in the first five reports of this
publication. The first three papers present concepts
of criteria using deflection and curvature, resilient
response, and dynamic pulse times. The fourth paper
(Anatysis of Stresses and Displacements in Thrèe-
Layer Viscoelast¡c Systems) presents a highly theo-
retica.l approach to the analysis of stress and dis-
placements, and the fifth paper makes a valuable
contribution in noting the difference between stresses
and displacements under assumed and actual tire
pressures. ln the sixth paper, a neu/ method for
determining the tensile strength of soils by using a
double punch test is described. ln this paper,
fundanrental relationships are developed, and compar-
isors with other tensile tests are discussed. The
seventh paper describes the applicaiton of probability
functions to uncertainty considerations and cost
consideraitons to obtain a rational procedure for
determin¡ng safety factors associated w¡th the bear-
ing capac.ity o{ cohesive soils. Practical "chart"
solut.ions for slope stability problems are compiled in
the eighth paper. These cover a wide variety of
conditions and can be used in rapid investigation of
preliminary designs. The ninth and tenth papers
describe the special design of a 383 ft-high earth
embankment and its subseguent behavior. The papers
also compare the design strength values with r,as-

builtn strength values. The last paper (llth) descÈibes
the determination of stress distr¡bution around circu-
lar tunnels by using a conforma.l mapping technique
that applies complex variables to this speciat stress
analysis problem.
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Reference 4
SLOPE DESIGN GUIDE

United States Department of Àgriculture, Forest Ser-
vice, Portland, Oregon; February 197li 27 p. (Transpor-
tat¡on Engineering Handbook; FSH 7709.111.

Order from: United States Department of Agriculture,
Forest Service (Engineering Soils and Materials Group
Engineerin$, Region 6, P.O. Box 3623, Portland, Oregon
97208.

This guide, which provides general values for cut and
fill slope ratios, is based on soil propert¡es that are- identified by the Unified classification system. Data
needed to use the guide are soil classifications,
general field conditions with respest to density and
moisture, and height of cut or t¡ll. The guide was
developed lrom typical soil strength values by using
chart solutions for slope stability, studies that use the
conventional method of slices, published empirical
relations, and the authorsrexperiences. Data used to
develop the guide were related to the following:
(a) the effect of seepage in coarse-grained materials
determined by using one-half the angle of internal
friction as the effective angle of internal friction for

. the high grounêwater condition; (b) the angles of
internal friction used for the development of the
maximum slope ratios for sands and gravels with non-
plastic fines; (c) soil strength values used for the
development of charts for sands and gravels with
plastic fines; and (d) soil strength va.lues used lor the
development of charts for fine-grained soils. The
guide considers homogeneous soils, stratified
deposits, residual soils, cemented and special soils,
embankments, benching, coarse-grained soils, fine-
grained soils, and unweathered rock.

Reference 5
ANALYSIS OF LANDSLIDES

Highway Research Board, lVashington, DC; 1952i 39 p.
(Highway Research Board Bulletin 49).

Order f rom: University Microfilms Internat¡onal,
300 North Zeeb Road, Ann Arbor, Michigan 4E106.

This bulletin presents two reports: (a) Determining
Corrective Action for Highway Landslide Problems'
and (b) Use of Field, Laboratory and Theoretical
Proced.ures for Analyzing Landslides. The first paper,
rvhich considers landslide problems in unconsolidated
materials, discusses basic fundamentals of landslide
analysis, sugtests a classification of corrective mea-
sures, and discusses in some detail the preliminary
analysis of a landslide, data obtained from field
study, and stability analysis. Appendices are included
that cover typical stability analysis, elimination
methods, and control methods--tetaining devicesr and
direct rebalance of ratio between resistance and
force. The second paper describes a study of data
from three actual la¡ldslides. The study was confined
to a two-dimensional analysis of a shear-type failure
in shallow deposits of unconsolidated materials. The
data were used to check the validity of the circular-
arc method of slope analysis. Although the range of
applicability of the method could not be establishedt
when the data were combined with similar data from
previous studies, the results indicated the limited
applicability of tNs approach.

Reference 6
HANDBOOK ON LANDSLIDE ANALYSIS AND
CORRECTION

Mehra, S.R.; Natarajan, T.K. eds. New Delhi' India:
Central Road Research lnstitute; I966. ll4 p.

Order from: Central Road Research Institute, P.O.
Box CRRI, New Delhi, India I10020.

Usable information based on past experience is
presented in this handbook. It tries to define the
limits within which the traditional techniques are
applicable and suggests later techniques under cir-
cumstances in which traditional procedures are not as
effective. Guidelines are presented on the alignment
of hill roads, as well as information useful in
distinguishing between unsuitable ground and favor-
able ground for making cuts. The handbook also notes
the prerequisites for the success of the different
preventive and corrective measures. The various
chapters of the book cover landslides and classifica-
tion, analysis for slope stabil¡ty in soil cuts, slope
design in þd rock cuts, and characteristic features of
landslides peculiar to different soil types. Field and
laboratory investigations are also covered. Tech-
niques for prevention and correction and basic rules
for analysis for prevention and correction are de-
tailed. A landslide analysis questionnaire for data
collection is included. The geology of Northern Uttar
Pradesh, Assam, Jammu and Kashmir and the Ladakh
region of South India is also described.

Reference 7
CONSTRUCTION OF EMBANKMENTS

Highway Research Board, Vashingtonr DC: l97l;38p.
(NCHRP Synthesis of Highway Practice 8).

Order f rom: University Microfilms Internationalt
300 North Zeeb Road, Ann Arbor, Michigan 48106.

Information is provided on the materials, design, and
construction considerations that must be coordinated
from site investigation through the completion ot
embankment construction. Practices for subsurface
investigation of embankment areas, treatment of
foundat.ions, design criteria, specifications, construc-
tion, and quality control for embankments are
covered. The fact that most embankment problems
are the result of faulty placement of the embankment
poinæ to the need for adequate subsurface investiga-
tion of the foundation conditions at embankment
sites. The route location phase should include
provisions for considering sites where subsurface
conditions could cause problems such as landslidest
sideNll cuts and fills, abandoned mines, soft founda-
tions, buried streams, and sanitary fills. Unusual
conditions should be identified and corrective mea-
sures prescribed before start of construction. ¡n the
design of embankments, geometric design criteria,
and safety standards usually have precedence over
consideratiors such as soft foundations and poor
materials. The design of high embankments should
consider the guality of the fill materials. Although
standard specifications require fill material to be
placed in relatively thin lifts and compacted by
rol.ling, there is a trend toward placing greater
reliance on density requirements. Methods of deter-
mining in-place density are discussed. Problems with
expansive days and frozen soils are also discussed.



Relerence E

PROCEEDINGS OF THE 4'TH ANNUAL TENNESSEE
HIGIIWAY CONFERENCE

The University of Tennessee, Department of Civil
Engineering and the Tennessee Highway Research Pro'
gram. Knoxville, Tennessee: Engineering Experiment
Station, The University of Tennessee; April l8-19, 1963;
106 p. (Bulletin Number 29).

Out-of-print¡ may be consulted åt U.S. Ðepartrnent of
Transportation, Library Services Division, Room 2200,
400 Seventh Steet, S.V., Washington, DC 20590.

The 17 papers presented at the conference covered a
wide range of subjects. Highway Problems related to
city, county, and state administrations were re-
yiewed. Tra{fic planning problems, progress of the
lnterstate Nghway system, snow and ice removal
problems, and subsurface drainage design were cov-
ered. Materials used in the construction of highways
were covered in papers that focused on soils, soil-
cement and calcium chloride used as an accelerating
admixture in concrete and in preventive maintenance.
The paper, "Locating Ground Vater for Design of
Subsurface Drainage in Roadways and Embankmqnts[
discusses the problem of failures ol embankments
built on sloping ground.

ADDITIONAL REFERENCES

Reference 9
EFFECTS OF VATER ON SLOPE STABILITY

Hopkins, Tommy C.; Allen, David L.; Deen, Robert C.
Lexington, Kentucky: Kentucky Bureau of Highways;
October 1975i 4l p. (Report /l PB-263-860/AS).

Order from: National Technical lnformation Service,
J2E5 Port Royal Road, Springfield, Virginia 22161.

A brief stat&of-thê-art review of the effects of
water on slope stability and of the techniques for
analysis are presented. The effective stress principle
and basic considerations of slope stab¡lity, including
design factors of safety, are discussed briefly. The
derivations and effects of seepage forces and rapid
drawdown on effective stress are also presented.
Various conditions of external loadjng produce
changes in effective stress. These changes are
discussed and limiting conditions that should be
analyzed are mentioned. Limitations of total stress
ana.lyses are discussed in detail. It appears that, for
soils having a liquidity index of 0.36 or treater(normally consolidated), the undrained shear sfrength
gives factors of safety. For soils with a liquidity
index of less than 0.36 (overconsolidated)r the un-
drained shear strength gives factors of safety that
are too high; but the strength parameters can be
corrected by the empirical relation presented herein.
Data also show that the difference between vane and
calculated shear strentth increased as the plast¡city
index and (or) the liquid limit increasãd. An
empirical relation for correcting vane shear strength
is presented. A discussion of effective stress
analysis, induding differences between peak and
residual 0 angles for normally consolidated and
overconsolidated soils, is presented. The residual 0
angle decreases logarithmically with increasing clay
fraction, The I'criticaltt state of a clay is also
defined. Shear srength parameters of a clay tested
¡n that state correspond to the theoretical strength of
an overconsolidated day that has undergone a process

of rcltening. To test a clay in the critièal state, ¡t ¡s
suggested herein that the soil should be remolded to a
moisture content egual to 0.36 times the plastic index
plw the plastic limit. Vater may cause unstable
conditiors in earth slopes due to changes in geometry.
Erosion of the toe or the slope can induce damaging
stress. Piping through heaving or erosion of subsur-
face layers can cause damage. Construction of side-
hill embankments can cause damming, which results
in a rise in the s,ater table. Methods of water
detection are also summarize4 These indude
tracers, electrical resistivity, and water table obser-
vations (most successful). A discrssion of ways to
monitor water pressures, including, the typcs and
operations of piezometers, is given. Guidelines for
the design of earth slopes are induded.

Reference l0
A SURVEY AND EVALUATION OF REMEDIAL
MEASURES FOR EARTH SLOPE STABILTZAT¡ON

Schweizer, Rudolph J.; Vright, Stephen G. Austin,
Texas¡ The.University of Texas at Austin, The Center
for Highway Research; August l97a; ß7 p. (Research
Report l6l-2F; Project 3-8-71-161, Cooperative High-
way Research Program with 'Texas Highway Depart-
ment, and U.5. Department of Transportation, Federal
Highway Administration. Record llPB-244 6261ïSL').

Order from: National Technical Information Service,
J285 Port Royal Road, Springfield, Virginia 22161.

The results of a literature survey undertaken to
identify remed¡al measures that have been used to
stabilize earth slopes are presented. In this review 233
attention is directed to specific case histories and
field conditions where the remedial measures were
actually used. These measures include drainage of
surface and subsurface water, restraint structures,
elimination and avoidance of the slide area, benching
and slope flattening and a number of special proce-
dures, including electro-osmosis, thermal treatment,
and addition of stabilizing admixtures. Of the
procedures reviewed, drainage of surface and subsur-
face water appears to 'be the most widely and
successfully used technique. However, the success of
each meaiure depends to a large degree on the
specific soil and groundwater conditions for the slope
and the degree to which these are correct¡y recog-
nized in an investigation and design.

Referencc ll
AN ENGINEERTNG MANUAL FOR SLOPE STAB¡LTTY
STUDIES

Duncan, J.M.; Buchiagnani, A.L. Berkeley, California¡
University of California, Department of Civil Engineer-
ing; March 1975; E3 p. (Geotechnical Engineering).

Order fro,-n: University of California, Department of
Civil Engineering, Berkeley, California 94720.

This guide for slope stability studies describes the
characteristics and critical aspects of various types
of slope-stability problems, geologic studies and site
investigation procedures, methods of designing slopes,
(induding field observations and experience), slope
stability charts and detailed analyses, factors of
safety, and methods of stabilizing slopes and slides.
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The manual emphasizes simple routine procedures and
gives references to resource material and to more

.advanced procedures where appropriate.

Reference l2
ROCK SLOPE ENGINEERING: REFERENCE MANUAL;
8 VOLUMES

Piteau, D.R. and Associates Limited, Vest Vancouver,
British Colombia: January 1979; variable paying (Re-

Port t pB-80-10329Ð.

Order from: Natio¡al Technical Information Servicet
52Ei Fod Royal Road, Springtield, Virginia 22161.

This reference manual has eight main parts. Part A
(Engineering Geology Considerations and Basic A¡>
proãch to Rock Slope Stability Analysis for Highways)
considers propeities and special tactors applying to
behavior under the inlluence of applied stressr analy-
sis of rock slopes, geomorphological considerations,
and basic factors and properties of structural discon-
tinuities signilicant to slope stability. Part B (Meth-
ods of Obtaining Geologic Structural Strength and
Retated Engineering Geology Data) covers mappingt
drilling, core orientation, borehole viewing, geophysi-
cal methods, airphoto analysis and terrestrial photo-
grammetry! and determinat¡on of properties of intast
iock and discontinuities. Part C (Approach and
Techniques in Geologic Structural Analysis) describes
structural domains and their delineation, orientation
data using stereo8raPhic projections' and the use ol
the cumulative sums technique in geotechnical analy-
sis. Part D (Slope Stability Analysis Methods) de'
scribes plane, step-jointr toppl¡ng, wedge, and rota-
tional shear failures, block flow, and probability or
reliability analysis for rock slopes. Part E describes
rock slope stabilization, protection and warning-
instrumentation measures and related construction
considerations. Part F covers controlled blasting
types and procedures, preshearing, and blasting dam-
age and vibration effests. Part G describes the detail
line engineering geology mapping method. Part H
reproduces chapter }-Rock-Slope Engineering-'<f
the Transportation Research Board Special
Report 176 (see Selected Text Reference l).

Reference t3
SERRATED SOFT-ROCK CUT SLOPES

Richards, Dennis; Ham, David. Arlington, Virginia:
U.S. Department of Transportation, Federal Highway
Administration, Region 15, R¿(D Demonstration
Projects Division; June 1971i 29 p. (Report
I FHWA-RDDP-'-I).

Order fror¡: U.S. Department of Transportation,
Federal Highway Administration, Region 15, R&D Dem-
onstration Projects Division, Arlington, Virginia 22201.

In an attempt to control and reduce erosion of soft-
rock cut slopes, a simple, economical and expedient
method of obtaining quick growth of vetetat¡on on
soft-rock cut slopes was developed. This method
consisted of serrating (stepping) the cut slopes during
the grading process. The serrated slopes consist of a
series of steps, 2Jr ft h¡gh, with the horizontal
dimension or'bench'r, a function of the slope ratio.

The benches provide seed beds for the Beneration of
vegetat¡on. These serrated slopes must be followed
by appropriately timed seeding, mulching, and fer-
tilizing to assure good vegetat¡ve cover. The
serratiors gradually disappear, resulting ¡n a straightt
well-vegetated slope. A sample guide specification
for construction and measurement for stepped slopes
is provided, as well as photographs and diagrams of
the procedure. Since the slopes need not be scaled
after ¡nitial excavation, excavation costs are less
than those tor conventional methods. Excavation
quantities thôt use this technique, are considered to
be the same as for non-serrated slopes because the
mi4-point of the I'benches'r is set on the staked slope.
Normal staking is used to slope-stake the cuts.
Technical papers describing successful stepped Ger-
rated) slopes are also included.

Reference 14
DESIGN ANÐ COMPACTION OF COMPACTED SHALE
EMBANKMENTS

Bragg, G.H. Jr.; Ziegler, T.W. U.S. Army Engineer
\yaterways Experiment Station' Soils and Pavements
Laboratory. - Washington, DC: U.S. Department of
Transportat¡on, Federal Highway Administrationr Office
of Research and Development; September 1975i 245p.
(Report ll PB-257121).

Order from: National Technica.l Information Service,
52E5 Port Royal Road, Springfield' Virginia 22161.

The purpose of this three-phase study is to develop
design and construction methodologies that wil¡ en-
able shales which have caused settlements and slope
failure in Nghway embankments to be identified and
used successfully in future construction. Volume 2
discussed here, considers Phase Il. In this phase,
techniqu€s for evaluating the stability of existing
embankments and remedial treatments lor distressed
embankments were developed. lnformation obtained
from state and federal agencies and the literature
was reviewed. Types and probable causes of distress,
evaluation techniques, and remedial treatment mea-
sures are discussed. Evaluation techniques recom-
mended are: instrumentation with piezometers,
inclinometers, and settlement markers; undisturbed
sampling and laboratory testing; in situ testing with
borehole devices (Menard pressuremeter and lowa
shear test device); and back analyses of failed slopes.
The prirnary considerations in remedial treatment
should be subsurface drainage (mainly horizontal and
vertical drains) and surface drainage (mainly paved
ditches). Slope flattening, berms, retaining walls,
cement grouting, and/or complete reconstruct¡on
should be considered in addition to drainage measures
when extensive movements and/or shale deterioration
have carsed large reductions in shear strength. This
is the second of two volumes. Volume Ir covering
Phase I, is published as FHIVA-RD-75-61 subtitle¡
Survey oI Problem Areas and Current Practice.

Reference 15
À STUÐY AND ANALYSIS OF TIMBER CRIB RETAIN-
ING TTALLS

Schr.rter, Robert L.; Jones, Valter V.; Smart,
Steven M.; Sack, Ronald L. Moscow, Idaho: University
of tdaho, Department of Civil Engineering; April 1973;
186 p. (Report l/ PB 2214271.



Order from: National Technical Information Service,
5285 Port Royal Road, Springfield, Virginia 22161.

Timber crib retaining walls have been used extensive-
li, for many years, part¡cularly in conjunction with
logging and mining act¡v¡ties in the Pacific North-
west. Although other kinds of retaining walls have
largely replaced the t¡mber crib for many uses, the
demand for timbe¡ crib walls is great enough to
justify the availability of seven basic wall designs.
Comparisors were made of various types of retaining
walls, induding the timber crib, with respect to site
adaptation, materials, foundation support and eco-
nomics. Many in-service timber crib and other types
of walls were visually observed to evaluate their
performance. Crib-type reta¡ning walls are in-
fluenced by a number of soil-structure interactions
associated with both the internal stresses and exter-
nal stability of the retaining wall. In this study, earth
pressure inside the timber cribs and the resulting
stresses in the crib members and connections have
been calculated using the bin pressure theory devel-
oped by Janssen. Their resistance to sliding and
overturning was determ¡ned in the same manner as
for other gravity reta¡n¡nt \r/alls. The influence of
differential settlement was stud¡ed. Because of the
myriad of natural occurring soils, four hypothetical
troups of soils considered suitable for retaining wall
cribfill and backfill were used. In order to predict
the relative performance of the timber crib wall
designs, each design was completely analyzed for
internal stresses and external stability with each of
the four hypothetical soil groups. The backlill
teometry was also varied from a level to a sloping
backfill. Performance of each of the wall designs
was then compared and conc.lusions were drawn about
the characteristics and performance of the various
wall designs.

Reference 16
RE¡NFORCED EARTH CONSTRUCT¡ON

lVa.lkinshaw, John L. Arlington, Virginia: U.S. Depart-
ment of Trarsportation, Federal Highway Administra-
tion, Region 15, Demonstration Projects Division; April
1975i70 p. (Report ll PB-247 E00/6ST).

Order from: National Technical Information Service,
5285 Port Royal Road, Springfield, Virginia 22161.

This projecT sought to demonstrate the pract¡cality,
cost elfectiveness, and aesthetics of reinforced earth
structures in highway construction. The reinforced
earth concept was developed in France and is a
patented process which consists of reinforcing earth
with horizontal elements extending from a thin facing
(concrete or steel) into a granular backfill to form
retaining walls or other types of supporting struc-
tures. TNs report describes the first six retaining
structures built on highway projects in the United
States, the first bridge abutment and the first
foundation slab supporting an embankment in a
sinkhole prone geological area. Construction tech-
niques and equipment are discussed as well as costs
for each project. Pictures of completed walls
illr¡strate the aesthetics of this concept. TNs
demorstration project has shown that savings in the
order of ssveral hundreds of thousands of dollars have
been ¡ealized on several of the projects described
when compared to alternate retain¡ng systems cur-
rent!y available to engineers. The potential for

further savings is significant in future highway
design. llh¡stratiors of some possible design concepts
are presented.

Reference l7
REINFORCED EARTH

Ministry of Equipment. Paris, France: Ministère de
llEquipement, Laboratoire Central des Ponts et
Chaussées, Aprit 1976i 23 p. (Note dlnformation
lechnique).'

Order from¡ Ministe're de I'Equipement, Laboratoire
Central des Ponts et Chaussées, 58 Boulevard Lefebvre,
7 57)2 Paris Cedex I 5.

This is a guide to the design and construction of
reinforced structures. Although the publication deals
only with retain¡nt structures, the rules described
may be extended to cover other structures such as
foundation rafts and vaults. The theory of reinforced
earth is outlined, and technological aspects of soil
and reinforcement, service life of reinforced earth
projects, and the composition of reinforced earth
backfill are considered. Design aspects such as
settlements, foundation design, and drainage are
covered, as well as details of corstruction control and
supervision. Structures founded on good and poor
foundation soil, special situations, and temporary or
provisional structures are also discussed. A French
edition of tNs publication is available.

Reference lt
TREATMENT OF SOFT FOUNDATIONS FOR HIGH-
VAY EMBANKMENTS

Transportat¡on Research Board. Washington, DC: 1975;
25 p. (NCHRP Synthesis of Highway Practicå 29).

Order from: Transportation Research Board, Publi-
cations Of fice, 2l0l Constitution Avenue, N.V.,
Washington, DC 2041E.

Information is presented on advance planning and
preliminary design considerations, subsurface investi-
gation and testing, design techniques, and successful
construction alternatives for engineers faced with the
problems of highway construction on soft soils.
Construction on soft foundations requires extensive
investigatiors and detailed comparative analyses to
evaluate possible construction alternatives. Applica-
ble alternatives include (a) elevated structure,
(b) embankment fill supported by piles, (c) excavation
of soft soils and replacement by suitable fi[s,
(d) subsoil stabilization with or without sand drains,
and (e) no treatment, relying instead on especially
detailed field investigations and careful design
studies to achieve uniform settlement. Where subsoil
stabilization involves the use of vertical sand drains,
the type of drain influences the design proceduies.
Conditions of displacement drains are also discussed.
Vhere subsoil consolidation techniques are used, field
test sections are desirable to achieve maximum
economy. The quality and amount of field inspection
are especially important and can be related to
postconstruction behavior.
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Reference 19
SAWDUST AS LIGHTVEIGHT FILL MATERIAL

Nelson, David S.; Allen, Villiam L. Jr. Washingtonr DCI
U.S. Department of Transportation, Federal Highway
Administration, O{fice of Research and Development;
May 1974; 24 p. (Report ll PB-2337541^S't.

Order from: National Technical lnformation Service'
5285 Port Royal Road, Springfield' Virginia 22161.

An unstable roadway section was successfully re-
paired by removing existing high density fill material
and replacing it w¡th sawdust. The details of this
experiment in slide repair are reported. The project
led to the conclusion that sawdust is a very workable
fill material and can reduce the driving weight of a
potential slide by as much as 7l percent. The fibrous
twining of sawdust particles tends to distribute loads
in a more lateral direction. Sawdust needs only the
compaction of construction equipment driving over it.
All indicatiorìs are that sawdust fills can sustain
roadway sections for 15 years or longer. The use of
sawdust above the water table should be based on
eænomics and availability, comparing the cost of
rehabilitation after the lifetime of the materia! with
alternate solutions. The application of sawdust
appe¿ìrs particularly suited to secondary and county
roads with unstable soil conditions, where economics
often prohibit major slide repair solutions.

Reference 20
CONSTRUCT¡ON OF ROADS ON COMPRESSIBLE
soILs

Organization for Economic Cooperation and Develo¡
ment, Road Research Groupr Paris, France; December
1979¡ l4E p. (Road Research).

Order from: Organization for Economic Cooperation
and Developmenf Pubt¡cat¡ons Office, 2 Rue Andrê
Pascal,75775 Paris Cedex 16.

The report is the result of a study carried out in 1977
and 1978 on construction methods for roads on weak
compressible soilsr such as claysr siltsr and peats.
Experts from 16 OECD-member countries partici-
pated to review the international state of the art in
this field which is gaining in prominence due to the
economic, environmental, and energy constraints of
modern road design and construction. In addition to
reviewing the methods of site investigationr soil
testing, stability and settlement analyses, the report
gives comprehensive details of methods of treating
soft soils to improve the foundation propertiest
outlines the techniques of instrumentation currently
employed, and briefly describes some of the problems
that may arise during construction. Several case
histories relating to embankment instability are also
described. The report ends with a list of conclusiors
and recommendations, as well as future research
needs.
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lndex

The following index is an alphabetical list of
subject terms, names of people, and names of
organizations that appear in one or another of
the previous parts of this compendium, i.e., in
the overview, selected texts, or bibliography,
The subject terms listed are those that are most
basic to the understanding of the topic of the
compendium.

Subject terms that are not proper nouns are
shown in lower case. Personal names that are
listed generally represent the authors of selected
texts and other references given in the

bibliography, but they also represent people
who are otherwise identified with the
compendium subjects. Personal names are
listed as surname followed by initials.
Organizations listed are those that have
produced information on the topic of the
compendium and that continue to be a source of
information on the topic. For this reason, postal
addresses are given for each organization listed,

Numbers that follow a subject term, personal
name, or organization name are the page
numbers of this compendium on whìch the term

lndice

El siguiente índice es una lista alfabética del vo-
cablo del tema, nombres de personas, y nom-
bres de organizaciones que aparecen en una u
otra de las partes previas de este compendio,
es decir, en la vista general, textos selecciona-
dos, o bibliografía. Los vocablos del tema que
aparecen en el índíce son aquellos que son ne-
cesarios para el entendimiento de la materia del
compendio.

Los vocablos del tema que no son nombres
propios aparecen en letras minúsculas. Los
nombres personales que aparecen representan
los autores de los textos seleccionados y otras
referencias dadas en la bibliograÍía, pero tam-
bién pueden representar a personas que de otra
manera están conectadas a los temas del com-
pendio. Los nombres personales aparecen con
el apellido seguido por las iniciales. Las organi-

zaciones nombradas son las que han producido
información sobre la materia del compendio y
que siguen siendo fuentes de información sobre
la materia. Por esta razón se dan las direcciones
postales de cada organización que aparece en
el índice.

Los números que siguen a un vocablo del
tema, nombre personal, o nombre de organiza-
ción son los números de página del compendio
donde el vocablo o nombre aparecen. Los nú-
meros romanos se refieren a las páginas en la
vista general, los números arábigos se refieren a
páginas en los textos seleccionados, y los nú-
meros de referencia (por ejemplo, Ref. 5) indi-
can referencias en la bibliografía.

Algunos vocablos del tema y nombres de or-
ganizaciones están seguidos por la palabra see.
En tales casos los números de página del com-

lndex

Cet index se compose d'une liste alphabétique
de mots-clés, noms d'auteurs, et noms d'organi-
sations qui paraissent dans une section ou une
autre de ce recueil, c'est à dire dans I'exposé,
les textes choisis, ou la bibliographie. Les
mots-clés sont ceux qui sont le plus élémen-
taires à la compréhension de ce recueil.

Les mots-clés qui ne sont pas des noms pro-
pres sont imprimés en minuscules. Les noms
propres cités sont les noms des auteurs des tex-
tes choisis ou de textes de référence cités dans

la bibliographie, ou alors les noms d'experts en
la matière de ce recueil. Le nom de famille est
suivi des initiales des prénoms. Les organisa-
tions citées sont celles qui ont fait des recher-
ches sur le sujet de ce recueil et qui continue-
ront à être une source de documentation. Les
adresses de toutes ces organisations sont inclu-
ses.

Le numéro qui suit chaque mot-clé, nom d'au-
teur, ou nom d'organisation est le numéro de la
page où ce nom ou mot-clé parait. Les numéros



or name appears. Roman numerals refer to
pages in the overview, Arabic numerals refer to
pages in the selected texts, and reference
numbers (e.9., Ref. 5) referto references in the
bibliography.

Some subject terms and organization names
are followed by the word see. ln such cases, the
compendium page numbers should be sought

under the alternative term or name that follows
the word see. Some subject terms and
organization names are followed by the words
see a/so. ln such cases, relevant references
should be sought among the page numbers
listed under the terms that follow the words see
a/so.

The foregoing explanation is illustrated below.

pendio se encontrarån bajo el término o nombre
alternativo que sigue a la palabrasee. Algunos
vocablos del tema y nombres de organizaciones
están seguidos por las palabras see a/so. En
tales casos las referencias pertinentes se encon-

trarán entre los números de página indicados
bajo los términos que siguen a las palabras see
a/so.

La explicación anterior está subsiguiente-
mente ilustrada.

écrits en chiffres romains se rapportent aux pa-
ges de I'exposé et les numéros écrits en chiffres
arabes se rapportent aux pages des textes
choisis. Les numéros de référence (par exem-
ple, Ref. 5) indiquent les numéros des réfé-
rences de la bibliographie.

Certains mots-clés et noms d'organisations
sont suivis du terme see. Dans ces cas, le nu-

méro des pages du recueil se trouvera après le
mot-clé ou le nom d'organisation qui suit le
terme see. D'autres mots-clés ou noms d'orga-
nisations sont suivis des mots see a/so. Dans ce
cas, leurs références se trouveront citées après
les mots-clés qui suivent la notation see a/so.

Ces explications sont illustrées ci-dessous.
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Organization name and address
Nombre y dirección de la organización
Nom et adresse de l'organisation

Overview page numbers and
reference number

Número de página en la V¡sta

lllustration (from Comp. 1)

Seleccionados
Numéros des pages des Textes Cho¡sis

llustración (det Comp. 1) lllustration (du Recueil 1)

Subject term and see a/so terms
Vocablo del tema y tórminos see a/so

(ver también)
Mot-clé et see also

mountainous terrain (see also degree of curvature;
design speed; maxiñ-rn ¡padieãq radius of curva-
turc; shoulder width)¡ ll, 17, A, 35, 3E, 173, 175,

217,234, 23t

National Association of Australian State Road Author-
ities(P.O. Box Jl4l, Bricldield Hill, N.SW. 2000,
Ar¡stralia):
¡rblications, xxiii, Rcf. E, Rel. 9

nepassing markings and signs: 11r 95, 112

norpassing sight distance, see stopping sight distance

Odier, L.: Ref.3

Oglesby, C.H.: 231, 231,234,219r 240,2411 242, Ref.14
1

I

I Selected Text page numbers and reference
I number
l-À¡¡¡¡s¡6r de pft¡ina en los Textos

Seleccionados y número de referencia
Numéros des pages des Textes Choisis et

numéros des références

_General y números de referencia
Numéro des pagps de I'Expose et

numóros des ráférences

Subject term and see term
Vocablo del tema y têrmino see (ver)
Mot-clé et see



active sl¡des: 23

air photos: 206, Ref. 12

Allen, David L.: Ref. 9

Allen, William L. Jr.: Ref. 19

angle of internal friction: xvi, xix-xx, xxi, xxiii, xxiv,
154-155, Ref. 4

arid regions: 23

asequent slides: 22

asphalt mulch¿ 17Ç177

base failure: 36

bedroclc xxlr 2l, l2I
benching, l6t+-165
cuts, xxvi, 135-140
excavation, 100,135
flows, 14
mapping, 146
slope design, 135-140,164-166, Ref. 6
slum¡ 2l

benching: 
- 
xxvú, 7E, EE-E9, 99, 139-lq1, 167-1 66,

212,221, Ref.4, Ref. 10, Ref. t3

berms: 139, l40r2091 2ll, Ref. l4

Bishop and Morgenstern solution for analysis of earth
slopes: xxi, 6}-{5173

blankets:
perviotrs, xxvi.i, 156, 212-213, Zlq
sand, 210

blasting: 129, l3l, l35, l57,183-184

block slides: I I

boulder falls: 9

Bragg, G.H,: Ref. l4

bridging: ll0, 12"2, 155, 159-161

buttresses: ll0, l16, lZZ, IZ3, l?j-126, lI,4, 156

cambering: 19,20

Canada: 13, 16

causes of movements (!gg_d!g slope movement types;
landslides): xi, xii, 2ÐIOg

cementation of loose material: LlO, l2l-122, l:7
cemented soils: 7E, E6, Ref. 4, Ref. 14

Central Road Research Institute (p.O. Box CRRI.
New Delhi, India 110020): xxv-xxvi, Ref. 6

ch"rts, for T.ly:lt of slopes (s*_ut¡S charts for design
of slopes): xxii,5E, 6l-7j,RãfERef. ll

charts. for 
!esi_S_n 9{ slopes (see also charts for analysis

of slopes): 79, 79-El, 82,ffi 96, 9E, 99

chemical trçatment: ll1, 129, l3l, 157

circular arc method of slope analysis: Ref.5

circular arcslides: 10, ll

days_lg$@ fissured clay; soft clays; stiff clays):
25, Ref.7, Ref.9, Ref. 20

slides in, l4l-145

claystone: l3

coarse- grain_ed materials, slope design f or: xxü, 7E,
t9-95, Ref. 4

cobble falls¡ 9

cohesionless soils: xvi, xix, 16, 3J, EE, lE,

cohesive soils: xvi, xx, xxi, l2l
slides in, 35-36, 150
slopes, 41-45, EE-E9, ltJ

compaction of shale embankments: Ref. 14

complex slope movemenæ: 17-20

composite movements, see complex slope movements

compound slope movements: 20

compressible soils, construction of roads on: Ref. 20

computer techniques: Ref. I

concentric circle method: 148

consequent slides: 22

consolidated materials, landslides in: 107

control of landslides: xxv,7r 106, LO7, LIO, I2T|ZE,
L9>19E, Ref. l, Ref. 5

corrective me¿¡sures: xii, xiii
for embankment failure, Ref. l4
for landslides, xxiv-xxv, 7, l1j-131, lll-lgE, Ref. l,

Ref.5, Ref.6, Ref. l0

cracks (see also tension cracks): 149-ll.?,, lg6, lg7

creep: 9, 107, 149, l.5l, lE6

cribbing: Il0,123,126, l5l, 169, 17I, Ref. lj
culverts: !6E, 192, 1931 225

cut-and-fill slopes: xxü, xxvii, 65, 7 5, Ref. 7
ratios, Ref. 4
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debris (see also debris avalanches; debris falls; debrisflowsJ?e slides): xviü, 2l

debris avalanches: 15, 19, 190-l9l

debris falls¡ 9

debris flows: l4-17, lE

debris slides: 10, 14, 15r 23

Deen, Robert C.: Ref. 9

deformations: 14, 36, l4g

detritus slides: 158

dip: 16l

direct rebalance of the ratio between resistance and
force: xxv, ll0, t2E, Ref. 5

ditch design: xxvi, 136, 137,169, lg2

double punch test: Ref. 3
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drainage (see alsg drains; subsurface drainage; surface
¿raiñage-lFn, xxv, xxvii, Ilor lzE-l3l' 153, 156,

167:171, 192, 19T194,212-215, Ref. 2, Ref. 17

drain-pipe systems: xxviir 213

drains (ggþ drain-pipe systems; drainage): 153,

194
catch water, I93
horizontal, E3, I54, 17l, 173, 174-L76r Zl4r 2I5,

Ref. 14
sandr 209' 2ll
tile' 194
vertical, 170, L7l,2l0,2lL, Ref. l4' Ref. lE

drop channel: 156

dyes, fluorescenB 224, 22>226

earth (se! 41!q earth dams; earth flows; earth pressure;
em baÏñ-ents): xviii, 2 I

earth dams: 651 73

earth ilows! lt+-17, l9L

earth pressure: Ref. 2r Ref. ljt
active, 145
bin theoryr Ref. lJ
Rankinets theorYr xx
theory of passive' 3E

earthquakes: 13, lE, 19r24

electrical resistivity, use of, in trtater table observations:
Ref. 9

elimination of landslides: 106, 107, LL0, 120-122,
Ref. 5r Ref. l0

embankments (s"g-also slopes): xxvü-xxixr 73' 7E

86-EE, Refz, Re:Í. 3r Ref. 4' Ref. 14' Ref. lE
construction, 202-217, Ref.. 7
drainage, 221-227
failure, xxvüi, I l, 203, 2041 209' Ref. 8

en-echelon cracks: 149,150' L52

engineering soils (glso cohesive soils; cohesiohliss
soils): xvi, xvüi,21

equipment:
for asphalt mulching, 177, LE0

for drain placement' 175

erosion: (r"" 
"tro 

erosion control): xltr 2T24
internal, xvü

erosion confol: xxiii' 177-183' Ref. l3

estuariesr tidal: l6

excavation methods to increase stability of soil: 160-166

factors of safety: xv, xix, 35t 3E-39, 43, 47, 52, 53,
56, 57, 61, 63, 67, 6E, 70, 7 r, 72, EL-E?, 8E, 92,
llz, ll5, LL6, L3l, L55r 2LL' Ref. 3r Ref. 9¡ Ref. ll

field invest¡tations¡
for embankment constructionr 207
of landslidesr L4ç152, l9>l9E

fill slopes: xii, xv, Or 73r 2L5-?L7' Ref. 2, Ref.7
lightweight' Ref. 19

fine-grained soils: 13, 79
slope designr 96-99' Ref. 4

fissure springs: xxvüi, 2211 222

fissured clay: 25, E3t 142, 160' lE5

fissuring (!ge also fissured day)r 25, 142

flocculationr see chemical treatment

flows: l4-17' 107

fossil landslides: 23

foundation engineering: Ref. 2' Ref.7

foundations: Ref.2' Ref.7' Ref. 17
preparation for embankment construction, 208-21 5

soft, Ref. 18

fracture zone landslides: 22

friction circle: 43¡ 44

garbens: l3

geologic studies¡ Ref. ll

teotechn¡cal reports: 206

glacial soils: 13' L7r 8t
landslides in, l2

gravels, slope design in: xxiii-xxiv' 7Er El' 82r 89-95

groundwater (see also drainage; water): xvi, xxvr xxviit
xxviii, I54, 174' 2L2r 214' Ref. 4

locating, 221-227, Ref. 8' Ref. 9

restriction of flow, 160

Ham, David: Ref. 13

haul roads: 2241 225

Hishwav Research Board (now Transportation Research
Ëoará) (see also Transportation Research Board):

xxir xxivr xxvii, Ref. 3, Ref. 5, Ref.7

homogeneous soils: 78, 82-83'9L, l12' 163r Ref. 4

Hopkins, Tommy C.: Ref. 9

hot-spring volcanic landslides: 22

Hunter and Schuster solution for analysis of earth
slopes: xxir Tl-72r 73

Hunter solution for analysis of earth slopes: xxir 6F7lt
73

hyðrostatic pressures: xvü, xxv, Lls, l29t l60t 167,
174, r84, l9lr 2L4

igenous rocks: l3J

inactive slopes: 23

India: Ref. 6

insequent slides: 22 -

¡ntercePtor drains, see trenches

internal friction: 4Fr5

John Viley and Sons, IncorPoratedr Publishers (605 Third
Avenue, New York, New York 10016): úxr Ref. 2

Jones, lValter V.: Ref. 15

jute mesh: 177-lE3



Kentucky Department of Transportation, Bureâu of
Highways, Division of Research (533 South Limestone,
Lexington, Kentucky 4050E): Ref. 9

Krizek, Raymond J.: Ref. I

laboratory investigations:
for embankment comtruction, 207
of landslides, 146-152

landslides ($g_4!9 corrective measures; slides slope
movemeni-îlftð: xi, xvii, xxiv-xxvi, 12, LO6, l'53-198
analyses, 107-109, ll0-l.ll, Ref. l, Ref. 5, Ref. 6
classificationr T-9, 105, 106, I 17, Ref. 6
features peculiar to different soils, l4I-i45

lateral spreadst LL-|4, L52

liquefaction: 17,35
spontaneous, l6

loess:
falls,9
slides in, l4l, 159

maps and mapping: 146, 152, 196-197,224,R,et.3,
Ref. 12

Mehra, S.R.: Ref. 6

metamorphic rock: 135

method of slices: (see also Swedish slice method):
xxi, xxiii,45,51,53, Ref. 4

Ministère de I'Equipement, Laboratoire Central des
Ponts et Char¡ssées (5E boulevard Lef.ebvrer75732
Paris Cedex l5): Ref. 17

moisture content of soil (see also water): xvii, xxix

Morgenstern solution for analysis of earth slopes:
6}68173

mountainous regions: 18, 2lT2l4, 221

mud flows: 15, 161 20r 22

mulch, asphalt: 17Ç177

multiple movements: 2(Þ21

multiple slide blocks: 20

multistoried landslides: 21, 22

Natarajan, T.K.: Ref. 6

Nelson, David S.¡ Ref. 19

netting: 177-183

noncohesive soils, see cohesionless soils

Organisation for Economic Cooperation and Development,
Publications Office (2 Rue Andre-Pascal, 7 577 5
Paris Cedex i6): Ref. 20

passive earth pressurez 561 57
theories, 38

pebble falls: 9

Peck, Ralph B.: Ref. 2

piles¡ xxv, 123,126-128,155, lEO, t8l, lE2, lE3, Ref. 2,
Ref. 18

pipes, perforated: 83, 2t2,214

Piteau, D.R. and Associates, Limited (Kapilano 100,
Suite 708, West Vancouver, British Columbia U7TlA2):

Ref. 12

planar slides: 9

plants (9€e also revegetation; trees): E5, 2221 223,
Ref. 13

plastic soils: 8l

pore pressurest 25r 35, hEr 621 63173, 143, 144
distribution, 68
ratLo, 641 65, 66

prevention of landslides: l5}-l98, Ref. 6

rainfall: 15 |

Rankiners earth-pressure theory: xx

references: xxx, 25130, 5E,73, L0l, I t7-l lE

reinforced earth corìstruction: Ret. 16, Ref. l7

relief wells: 214

relocation of structure:

removal of the landslide:
154, 160-163, 17l

reshaping slide material:

residual soils: 7E, 84-86

Llo, 120, l3l, 153, 15}160

xxv, ll0, 12È121, L3L,

158

retaining devices (:""_"lso retaining walls): I 10, 123-lZE,
17L, 172, Ref. 5, Ref. l0

retaining wails: xiv, 37, 108, II0,123, 155, L7L,172,
Rel. 2, Ref. 14, Ref. l5

retrogressive flow: 16, 2l

revegetation! 8l

Richards, Denis: Ref. 13

road construction on compressible soils: Ref. 20

road design: xiv, xxii, Ref. 3

road location: xiv, 206, Ref. 7

rock fences: xxvi, 137

rock fragment flow: 18, 190

rock glide: 189

rock slides: 18, l8Fl90

rock slopes: E9, Ref. I, Ref. 12, Ref. 13

rocHalls: 9, 10, lE, 24, 135, IEE
areas, xxvi, 136,137

rotational slides: 9, LOr 2lr 22, 147-L48, 152

Sack, Ronald L.: Ref. 15

safety factor, see factors of safety

sand run: 190
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sands: xxiii
flow, 191
run,190
slides in, l4l, l5E
slope design, 78r 81,82, E3r 89-95

sawdust: Ref. 19

scàrp: 10, 16123, LEz

Schuster, Robert L.: Ref. I, Ref. l5

Schweizer, Rudolph J.: Ref. l0

sealing joint planes and open seams: I l0r I3Lt 157

sedimentary rock: 24r 135, 139

seepage: xxiii, II5, 151, !67,174, L9L,Ref.4, Ref.9
springs, xxvüi, 221, 222, 224
steady state, 63, 73
water passages,223

shales: 12, 25, 109,165, 185

shear strains 9

shear strength: xvii, xix, 11,23r 24-25, 62, 68, 69,
143, 167,174, Ref. I, Ref. 9

shearing: 55, 108, 109, II2
resistances, xv, xix, 35-36, 37-38,70, LLl, LzL,

124, 125, 126, 14E
stresses, xii, xvii, 2y24, 49, 129, Ref. 9

sidehill fills: xxvii, 2I2r 214, Ref. 7, Ref. 9

siity soils: xxiii, xxiv,88, 90, Ref. 20

site investigations: Ref. ll, Rel. 20

slickensides: l2

slides (see also corrective measures; landslides): 9-l0t
23;id6-107, 188-l9o

classification, 22
composite surface of, 5Q-57
in cohesive soils' 3F36
in unconsolidated materialsr l05r 107, Ref.5
stiff clayr l4l-143, 159

slip circle method: 147

slope design: xxji-xxiv, xxvi.i, 37,75-10L, L35-145,
164,21Y217, Ref . 4r Ref . 6

slope failure (gu._"Is" slope stability): 36

slope movement types: xi, xvii-xviii,7-30r Ref. I

slope ratios: xxiii,90,91, 961 99, 100

slope stability (see_also stability analyses; stabilization
of slopes): xii, xiii, xix, 3.F5E' 6l-73' Ref. 2, Ref. 3,

Ref. 4, Ref. 9, Ref. ll

slopes (see also embankments; fill slopes; slope design;
slopeTiliG! slope movement types; slope stability):

23
on cohesive soils' 43115' 88-89' 185
on nonuniform soilsr 45-50
on soft clay, 3943, 56, 57, E2, E3

on soft rock' Ref. l3

slumps: 10, 12, 21, 22, L47, 148' 150' 152' 188-I89'
I89

Smèrt, Steven fvl.: Ref. lJ

soft c.lays: 143, 185
slopes in, 39-43, 56, 57 | 82, 83

soft foundations (see also soft clays; soft soils): xxviii

soft soils (s." also soft clays): Ref. 18' Ref. 20

soft-rock cut slopes: Ref. l3

soil exploration: Ref. 2

soil mechanics: Ref. 2

soil properties: Ref. 2' Ref. 4

soil strength values: xxiii-xxivr Ref. 3r Ref. 4

soil surveys: 206-207

soils engineering: Ref. 3

Spencer solution for analysis of earth slopes: xxit
6849,73

springs: xxviii-xxixr 221-222

stability analyses: xiii, xxiv-xxv, L0' 37,38-391 61-73,
lll-ll6' ll8-i19' 163' 185-198' Ref. I' Ref.5'
Ref. 6, Ref. ll' Ref. 12

stability evaluations (ggu 
"l* stability analyses):

xiv-xv, xx, xxi, Ref. 14, Ref. 20

stabilization of slopes: xi, xiii, Ref. l0' Ref. lI

stage construction ol embankments: 2l I

stiff clays: lE5
slides in' l4l-143,159

stratified deposits: 7E' 83-84' Rel. 4

stre¿uns (qCqélg fissure springs; seepage; wet weather
springs)-TJ24

stretching: 149,186

stripping: 168' 169, 170

subdrains, see subsurf ace drainage

subsurface drainage: xxviii, l3It 153, 167, 170-17 1,
IEI, 2!2, 213, 214, 221-227, Ref. 8' Ref. l0' Ref. l4

subsurface investigation: 147 ? 202, 206-207, Ref. 7'
Ref. l8

successive movements: 2l

surcharge: 24, 209, 210, zIL

surface drainage: l3l, Lrl,167, l9L, Ref. l0' Ref. 14

surfaceof rupture: 10, ll
surface water (see also surface drainage): xvii, xxvii

Swedish slice method: xxi' 631 65' 68

talus: l4l

Taylor solution for analysis of earth slopes: xxi' 6l{3t
73

tension cracks: 3617!,142, L50

tertiary landslides: 22

Terzaghi, Karl: Rel.2



tie-rodding: ll0, 123, LzE,157

tilting, regional: 24

topples: 9

tracers, use of, in water table observations: Ref. 9

translational sl¡des: 9, l0-ll, 13, 14r22r23

Transportation Research Board (2101 Corutitution
Avenue, N.V., Vy'ashington, DC 2041E) (see also
Highway Research Board): xvii, Ref. l,Ef:Tã-

trees: 150, l5L,152

trenches: xii, 169, 17lr 2l2

tubular springs: xxvitl, 221

tubular water passages: 222-223

turfint: L7ç177, 195

tunnelis: l3l, 153, Ref. 3

uitra violet lights and lampsz 2?4r 226

unconsolidated materials, landslides in: 105, 107,
Ref. 5

underdrains, see subsurf ace drainage

underground water: xv, xxvüi, 222, 223

undisturbed samples: 147, 207

Unified soil classification system: xxii, 78, Ref. 4

Union of Soviet Social¡sr Republics (USSR): 12, 22

United States Army Engineers Waterways Experiment
Station, Soils and Pavements Laboratory (p.O. Box 631,
Vicksburg, Mississippi 39180): Ref. l4

United States Department of Agriculture (U.S. Forest
!9._yt-q., Region 6, P.O. Box 3623, portland, Oregon
9720Ðt xxii, Ref. 4

United States Department of Transportation, Federal
Highway Administration Region 1r, R&D Demonstration
Projects Division (Arlington, Virginia 22ZeD¿ Ref. 13,

Ref. l6

United States Department of Tra¡sportation, Federal
Highway Administration, Office of Researth and
Pe_ve-lgpgqnt (400 Seventh Street, S.W., Washington,
DC 20590): Ref. 19

University of ldaho, Department of Civil Engineering
(Moscow, Idaho 83843): Ref. i5

Un-iversity of Tennessee, Department of Civil Engineering
(Knoxville, Tennessee 37916): Ref. 8

Universtiy of Texas at Austln (Austin, Texas 78712):
Ref. l0

vegetation, see plants; revegetatiory trees

vertical relief wells: 214

Valkinshaw, John L.: Ref. 16

water (see also drainage; troundwater): t0Z, lO8-109,
212, Rei.9

content, 16, l7r Zl,25
fluidizing effect, 15

weathering: 25,84r 85, 139, 165

wet weather springs: 221,222,223

Wiley, (John), and .Sons, incorporated (60.5 Third Avenue,
New York, New York): xix, Ref. 2

wire mesh covering slope: 172

Wright, Stephen G.: Ref. l0

Ziegler, T.W.: Ref. i4
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Project Publications

The publications listed below have been
produced in the Transportation Technol-
ogy Support for Developing Countries
project and may be ordered from TRB
postpaid at the prices shown.

Publicaciones del Proyecto

Las publicaciones citadas abajo fueron
publicadas en el proyecto Apoyo
de Tecnología de Transporte para
Países en Desarrollo y pueden ser
pedidas franco de porte al TRB a los
precios indicados para cada publicación.

Publications du Project

Les publications citées ci-dessous ont été
publiés par le projet sur la Technologie
des Transports pour les Pays en Voie de
Développement et peuvent être
commandées en port-payé au TRB. Les
prix sont indiqués pour chaque
publication.

Compendium 11:
Decision Methodology for Maintenance and Upgrading: Costs,

Traffic, and Benefits. $10.S0
Metodología de decisiones en

costos, tránsito y beneficios.
la conservación y mejora:

Méthodologie de prise de decision en matière d'entretien et
d'amelioration: coûts, traffic et advantages.

Compendium 12:
Surface Treatment. $1 2.00
Tratamiento de superflcie.
Revêtements superf iciels.

Compendium 13:
Slopes: Analyses and Stabilization. g10.50
Taludes: Análisis y estabilizacion.
Talus: Analyses et stabilisation.

Synthesis 1:

Maintenance of Unpaved Roads. English Ed ition. 96.00
Conservación de caminos sin pavimeñtar. Versicín en español. g6.00
L'entretien des routes nòn revêtues. Version françatse, $6.0b'

Synthesis 2:
Stage Construction. English Edirion. 96.00
Construccicjn por etapas. Versicjn en español. g6.00
Aménagement progressif, Version française. $6.00

Transportation Research Board, National Research Council, 210'l Constitution Avenue, N.W., Washington, DC 2041g USA

Compendium 1:
Geometric Design Standards for Low-Volume Roads. $12.00
Normas de diseño geométrico para caminos de bajo volumen.
Normes de dimensionnement géométrique pour routes à faible

capacité.

Compendium 2:
Drainage and Geological Considerations in Highway Location.

$12.00
Consideraciones de drenaje y geológicas en la ubicación de

carreteras.
Considérations sur les facteurs de drainage et de géologie qui

influencent le choix de l'emplacement d'une route.

Compendium 3:
Small Drainage Structures. $12.00
Pequeñas estructuras de drenaje.
Petits ouvrages de drainage.

Compendium 4:
Low-Cost Water Crossings. $9.00
Travesías de agua de bajo costo.
Ouvrages de franchissement d'eau économiques.

Compendium 5:
Roadside Drainage. $9.00
Drenaje del borde de la carretera.
Drainage des bas-côtés de la route.

Compendium 6:
lnvestigation and Development of Materials Resources. $10.50
lnvestigación y desarrollo de recursos de materiales.
lnvestigation et développement des gisements de matériaux

routiers.

Compendium 7:
Road Gravels. $9.00
Gravas.
Les graviers.

Compendium 8:
Chemical Soil Stabilization. g1 0.S0
Estabilización química de suelos.
La stabilisation chimique des sols.

Compendium 9:
Control of Erosion. $12.00
Control de erosión.
Contrôle de l'érosion.

Compendium 10:
Compaction of Roadway Soils. $10.S0
Compactación de suelos viales.
Le compactage des sols routiers.
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