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Summary

The correction of soil ingtability in mnatural slopes is a
complex engineering operation requiring ssveral steps:

- Classification of the instability in order to understand
tha failure mechanism.

- Evaluation of the dimensions and shape of the landslide.

- Selection of the appropriate correction strategy
{(protactive, corrective, evasive).

—~ -Selection and application of the correcticon method.

- Cheking and monitoring the behaviour of the corrected slaope
1o assess the effectiveness of the correction.

INTRODUCT ION

In order to choose the most convenlient method to correct an
instability it is necessary to previously establish the
mechanism which causes the observed instability.

The analysis of landslidaes must begin with the use of some sort
of classification. Many authors have proposed different
classifications, which usually are based on the morphology of
the observed movement, on the class and form of the
discontinuity surface which dafines the lands!|ides, and/or the
form and velocity of movements. Most classifications ars
geologically oriented.

Appendix | presents some of the best known landslide
classifications, aftl of which ¢an be of help to defina the
extent and depth of the landslida to be corrected.

However it Is also necessary to know the processes which cause
the instabillity, in order to c¢choose a correction method which
can prevent successfuliy the reactivation of the movement. That
requires a good understanding of the causal agent in order to
neutralise it.

The process of correction must include the following steps:

a) classification of the movement;

b} analysis of morphology and dimensions:

¢) proposal of correctlve measures;

d) proposal of methods to chack the actual correction of the
mavemants.

- 181 -



PRACTICAL CLASSIFICAT|ON OF SOJL INSTABILITY IN NATURAL SLOPES

CARSON and KIRKBY (1972) classifiad the mass movement processes
in natural stopes, defining three basic types of movement:

a)y flow, with maximum velocity at ground surface and gradual
reducticon with increasing depth.

b) glida, with constant velocity from the ground surface until
a slide plana of separation.

¢) heave, with a ciclic stationa! movement of heave and
retract of particies, and with a different summer and

winter surface.

Their classification, shown in fig. 2.1., refers to mass
processes, excluding individual falls of particles. Two
parameters are conditionant: velocity of the movements and
water content of the mass. The main characteristics of each
basic type of movement are:

a) flow:

usually fast, but can be stow at initial and final stages
high water content
. soil behaves like a fluid

b) sglide:

. Usually fast with a latent period
. appreclable water content
. Soils moves |llke a sol!

¢} heave:

. usualily slow

. critical water content depends on the mechanism (high if
frost develops; it can be low if gravitational creep).

. Soils deform |lke a plastic body.

SKEMPTON and HUTCHINSON (1969) presented an extensive
classification of lands!ides and other mass movements in clay
siopes. Fig. 2.2. summarises it,

These authors identified the following basic types:

a} Falls at short term in very steep slopes, due for instance
to artificial excavations, eroding rivers or sea banks.
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Figure 2.1 Mass movement processes in natural slopes (CARSON, KIRKBY, 1972)

a) general classification

b) creep by seasonal frost heave
c) gravicy flow

d) plane slide
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a) Basic types
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b) Multiple and complex landslides



b)Y Rotational s!'ides which ogeur in slopes of uniform clays or
ghala. T-g shear surface ls ¢ircular, and relat vely deep,
WA Cuffs and slopss of overzzrsolidated clars, Y s mC”
circular in slopes with a degree of anisotropy dus to
weather ing and/or depositiocnal causes. Shailow rotational

slides would be common in slopes of moderate Inclination in
colluvial ¢lays.

¢} Compeund stides when an hetercgeneity appears bafow the
slope, conditioning the feorm and maximum deoth of tne

shear.ng surfzze.

d} Translational slides which develop in plans siopes with
hetorogenaities placed at shallow depth,

@) Flows occur in saturated siopes of clay debris or
interbedded clay and sand water-bearing strata.
Solifluctions and seasomnal rovenents are irnc!uded in this

category.

Multiple and complex landsiidaes can inctude very different
types. The classification shows the most common ones according

to the SKEMPTON and HUTCHINSON experiaenhce.

HUTCHINSON (1988) has recently revised and complieted this
classif.caticn. Fowaver, far the aurpose of analysls c¢f
instabilities In s21! natural sigces it seems mere appropriate
to use tha first version of their ciassification.

MORPHOMETRY OF LANDSLIDES

There is an epormous guantity of field data, (gathered by

geographers, gesioglsts and geemerchalogists), ¢n tha shape ard
dimensions of thne varlcus mass transpecrt and ercsion processes
tn natural slopes. In many cases that is also true for data on
landslides. Such a detalled study is out of this paper’'s scope.

But we will point out some of the avallable data on landslides
morphometry, in order to halp its classification as well as
further control and correction, For this purpose we will use

some references which ipclude guantitative data, and can
cirectly te applied to gectechrical engineering.

Fig- 3.1., due to BRUNSDEN (1973), shows the morphometric and
characteriastic dimensions of a landslide. This notation will be
used in tha following paragraphs.

The non—dimensional characteristic ratieos of a landslide are:

b/o relativa cdeptn
L/8 relative width
Y1{/HE grade of slope
Ang angle of slops

The relative depth is a characteristic ratio which can be used
to distinguish betwsen rotational and translaticnal landslides.
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Table 3.1. shows data from SKEMPTON (1953), SKEMPTON and
HUTCHINSON (1969) and CROZIER (1973) on relative depth of
fandslides in ciays.

TABLE 3.1, RELATIVE DEPTH (DfL) OF LANDSLIDES IN CLAYS

Type of Landslidss S {(1953) 5-H (1964) C (1973)
Rotational 0,15-0,27 0,15-0,33 0,18-0,25
Plane translational 0,03-0,086 < 0,10 0,05-0,08
Flow 0,01-0,025

SKEMPTON notes that rotational landsiides have bigger relative
depth in steeper slopes.

Characteristic intearvals of relative depth for each class of
lands ! idas can be assessed. The first figures correspond to
flatter slopes whereas the second ones refer to steeper ones.

TABLE 3.2. CHARACTERISTIC RELATIVE DEPTH FOR LANDSLIDES
IN CLAY (ROMANA, 1990)

Type of landslides

Rotationati 0,15 - 0,35
Plane Translational 0,04 - 0,10
Flow 0,01 - 0,025

The slope angles at which diffarent types of iandslides tend to
occur are shown in Table 3.3., which has been derived from data
by HANSEN (1984) (figure 3.2.), HUTCHINSON (1967) (figure
3.3.), SKEMPTON and HUTCHINSON (1969), ALONSQO and LLORET (1988)
and from the author‘s personal experlence.

- 187 -



3.2

300
oso
430 < O Ader modlia=s vimeio H
= Sioble mudtia—s
0 Soliluctan of chert heod r_
400 o @ Stobile cwraronal landskdes i

4 Active rolononal londitides

150
300 -
250
200
130 50
100
s :
- 1
> o T T T T T - 7 T 5
Mcm.-s] i ’ 50 1 l ! I 1ol ' I! ) r 152 l l ’ l ) Eoo T l ' !' o
Feet 100 200 300 400 522 &00 708 830
HE

Figure 3.2. Relationships between Vertical Interval (VI)
and Horizontal Extent (HE) of some landslides
in Charmouth, Dorset, U.XK. (HANSEN, 1984)

- 188 -



Deagrammatic Ceoss Secton

Al ghp surfaces are mfesecd and

shown Uy braken hine

Landshde type

Defended or abandoned clitls

1

©

R4

w

2

[

o

<

=

L3

=

S«

£ &

© o
e
k)
c
o
c -—

Toe and bank T Shallow
7 - R
fadures ST rotationat | o
- - .
slips

- ~
ST TFla: below rear scarp °
relatively smait or indistinguishable shdes

or soil U
waves

Markedly

Type
« Landslide on
defended or Jt
abandoned l : ] 2
chif )
- a tandshde on M
Successive inland slope :
H
or stepped S n” Il
cotatianatl
shps
i ’-rq PERY]
Undulations W

2.

aon-circular

shalfow N

rotavonal
shps

Predominant o, x Kom

tly transla- L}20 18 16 14 12
tonal slab

Slope (degrees)

T

o € )

123 123 o1 23

4 The plotted data for

Stope (deqrees)

7 indicaie an angle of
_G_J fandsiding of about

I 1

The plotted data for unwooded
stable slopes indicate a2 maximum stable
angle ol about 10°

e
— _._-_1L¢d--h.-_g_.

unwoaded stable slopes

z

uftimate s13bddy against
vag slopes of

o
8 7° and less are
common

/”E'
r-——l

!
Shde N
- lvpe S T

u L

Unstable slopes

Stable slopes

Figure 3.3 Stability of London Clay slopes
(HUTCHINSON, 1967)

- 184

3.3



TABLE 3.3. SLOPE ANGLES 1IN CLAYS WHERE THE DIFFERENT TYPES
OF LANDSLIDE ARE MORE FREQUENT (ROMANA, 1990}

Rotational Translaticnal
Landslide Simple Multiple Plana Flow
None < 11° < 11° < 8- 5°
Inactive 11°=-16" 11°=17" 8°-11" 5°-11"
Active 19°~-45" 14°-20° 11°=18" 11°=-19°
Nonea > 45° > 207 > 197 > 19°

The first line of the table above correspond to slopes too fiat
to reveal instability. The last one correspond io siopes so
steep that landsiiding fails totally, transporting all the
material downslops. :

Table 3.3. includes data from homogensous slopes made of
different clays (normally conscolidated, overconsolidated,
weathered in situ...) and different hydrogsological conditions.
The distinction between shallow successive and deep rotational
lands | ides, or between plane landslides and flows may sometimes
reveal difficult.

4. SELECTION OF THE CORRECTICH STRATEGY AND METHODS

Success in the stabilisation of a siope depends on three
factors:

- To have a good appraisal of the instability process:
. morphometry of the unstable zone
. main cause of instability
. relationship of instabillty with the external factor
(climatic, erosive, anthrophication ...)}.

- To choose the appropriate strategy and select correction
measures acting directly against the main cause of
instability.

- To have a direct approach to the problem and good luck.

There are three possible general strategies to cope with slope
instability:

- To prevent the avents avoiding the risk (e.g. not
developping a dangerous zone).

- To correct the instability when the process has started (by
taking engineering measures).
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- To evade the problem (e.g. choosing ancther pass for a
proposed road).

Preventive methods can be appllied to slopes with smali
failures:

Upper ditches to avoid water infiltration.
Internal drains to depress watar level.
Tog protection to aveid undercutting.
Surface protection to stop failures.

In most cases the prevention strategy is based on the Knowledge
of the stability history of slopes similar to the protecied
ones.

Success is not assured. A number of protected slopes can fail,
specially when the volumes we act upon are smaller than the
unstable onas.

Corrective methods can be applied to slopes with important
failures and act in one of these basic ways:

- A Decrease of destabilising forces

Excavation at head
. Dewatering of fissures

- AB Decreasing of destabilising forces/increase of strength

Internal drainage

- B increase of strength
. Grouting
Incliusions
. Dental concrete
Toe walls
- BC Increase of strength/increase of stabilising forces

. Anchors
- C Increase of stabilising forces
. Toe weigth

- CA Decrease of destabilising forces/increase of stabilising
forces

. Change of geomstry
As regards effectiveness, the following can be stated:
- A is always effective and must be considered when studying

first measures, but often it is not enough to fully
stabilise the slope.
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— AB is by far the most cost-effective method, specially in
clay slopes, but cannot be applied to slopes suffering
blg movements. Drainage takes time to act and tends to
loose its capacity after several years, requiring
consservation and/or substitution.

- B is a massive method, dear to many engineers. The
inclusion of piles, concrate ribs, toe walls can be a
final solution for the slope. Grouting is effective when
intreducing new resistent materiai (e.g. jet groutingl,
but not when trying to change the nature of soil.

- BC Anchors can be useful in combination with concrete ribs
and/or beams on tha slopa. Anchored toe walls are often
effective in urban and semiurban sites. Anchoring
requires slope movements to be small and siow.

- C is a simple way to cope with stopa instability. Rockfill
toe fills add weigth and drain the lowar part of the
instable zone.

- CA is the final solution: to flatten the slope. 1t must be
considered from the very beginning and, |f geometrically
possible, can avoid many costiy and nonuseful measures,

In any case and for thoroughness, all corrective measures
require prior computation of safety factors with senSJballty
analysis for every action.

Monitoring of siope (water levels, surface movements, failure
slide...} is a prereguisite to contrcl the corrective processes
and to know of their successfulness.

Evasive methods are useful when we do not want to act on the
slope itself, but change external conditions:

- Stop undermining by rivers...
- Change regional water cgonditions around the slope.

Narmally they can be used only in zones neither populated nor
built.

Figure 4.1., due to HUNT (1984), is a good common-sense
engineering list of measures which can be taken. |{ seems to be
special ly adequate for roads and other transport linear works
(railways, pipelines,,.).
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SLOPE FAILURE FORMS: TYPICAL PREVENTIVE AND REMEDIAL MEASURES

Failure form

Prevention during constructlon

Remedial measures

Rock fali Base erosion protection. Permit falt, clean roadway.
Controlled blasting excavation. Rock btolts and stiraps.
Aock bolts and straps, or cables. Concrete supporis.
Concrete supports, large masses. Remove loose blocks.
Remove loose blocks. Impact walis.
Shotcrete weak strata.
Soil fall Base erosion protection. Retention.

FPlanar rock
siide

Smalil voluma: remove or bolt.
Moderate volume: provide stable
inclinatton or bolt to retain.
targe volume: instai} internal
drainage or relocate to avoid,.

Permit siide, clean roadway.
Remaove to stable inclination
or bolt.

Instalt internal drainage or
relocate to avoid.

Remove to stable inciinmation.

Ratationatl Provide stable inclination and

rock slide surface drainage system. Provide surface drainage.
Install internal drainage. Instal! internal drains.

Planar Provide stable inclination and Allew failure and clean

(debrig) surface drainage controil. roadway.

slides Retention for small to moderate Use preventive measures.
volumes.
Large volumes: relocate.

Rotational Provide stable inclination and Permit failure, clean roadway.

sotl siides

surface drainage control, or
retain.,

Remove to stable inclination,
provide surface drainage, or
retain.

Subharizontal drazins for large
volumes.

Faiture by Small scale: retain. Small scale: retain.
lateral Large scale:; aveid and relocate, Large scatle: avoid.
spreading prevention difficutt.
Debris Prediction and prevention Permit failure, clean roadway:
avalanche difficult. Treat as debris slide. eventually self-correcting.
Avoid high-hazard areas. Otherwise relocate.

$mall scale; retain or remove.

Flows Prediction and prevention Small scale: remove.

difficult. Avoid susceptible
areas.

Large scale: relacate.

Figure 4.1
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APPENDIX 1

LANDSLIDE CLASSIFICATIONS

A.1. VARNES (1958)
A.2. VARNES (1978)

A.3. HUNT (1984)



S0iILS

BEDROCKS
Rockfall Sailfatl
ROTAT I ONAL PLANAR PLANAR ROTAT IONAL
Slumgp Block Glide Block Glide
Failure by Lateral
ROCKSL 1DE Spreading
Debris Slide
ALL UNCOMNSOL IDATED
Mostly large Sarted sand Mixed rocks, Most |y
rock fragments or silt soils,... plastic
Rock fragment Sand Run Loess flow
flow (Variety:
Rockfall
Avalanche)
Debris Stow
Avalanche Earthflow
Hapid Earthflow
{
Mudf low
Sand or Silt Flow Debris Flow Mudf law

Al Classification of slope movements (VARNES, 13858)
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TYPE OF MOVEMENT

TYPE QOF MATERIAL

ENGINEERING SOILS

BEDROCK
Predomlnantty fine{Predominantly coarse
FALLS Earth fall Debrils fall Rock falt
TOPPLES Earth topple bDebris topple Rock toppile

SLIDES

ROTATIONAL FEW

Earth slump

Debrils slump

Rack sliump

UNITS

TRANSLAT JONAL TMANY
UNITS

Earth block slide

Earth sllide

Debris block sllide

Debris stide

Rock block shide

Rock slide

LATERAL SPREADS

Earth spread

Debrls spread

Rock spread

Earth flow Debris flow Rock flow
FLOWS
{soil creep) (deep creep)
COMPLEX Cambination of two more principal types of movement

AZ Classification of slope movemenis (VARNES, 1978)
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DEBRIS SLIDE, very sow to rapid

Sana
Coay

Cua,y

Ciay

Eartn liow

DEBRIS AVALANCHE, very capid to
extrernaly rapid

Weartesrd Dedsogs T
otere

S MULTIPLE Cap rock

A2 (cont) Classification of slope movements (VARNES, 1978)
with some selected figures.
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A CLASSIFICATION OF SLOPE FAILURES

Type Form Definitlion
Falls Free fall Sudden disiodgment of single or miltiple blocks
of soll aor rock which fall In free descent,
Topple gverturning of a rock block about a plvet polint
located below [ts center of gravity.
S!lides Rotational Relatlveiy slow movement of an essentially

coherent block (or btocks) of soil, rock, or

or slump
soll-rock mixtures along some well-deflned arc-
shaped failure surface.

Planar or Slow to rapid movement af an essentlally

transliational

coherent biock (or blocks) of soll or rock
along some well-defined planar fatlure surface.

Subclasses
Block glide
Wadges
Lateral
spreading

Debris sltde

A single block moving afong a planar surface.
Block or blocks maving alaong intersecting
planar surfaces,

A number of [ntact blocks moving as separate
units with differing displacements.

Soil-rock mixtures moving atong @ planar rock
surface.

Avalanches

Rock or debris

Rapid to very rapid movement of an incoherent
mass of rock or soll-rock debris wherein the
origlnal structure of ths formatlon Is no
longer discernlble, occurring along an i1l
defined surface.

Flows Debris Soil or soll-rock debris moving as a viscous
sSand “fluld er slurry, usually terminatling at
Sity distances far beyoend the failure zone;
Mud resulting from excessive pare Pressures
Soil {Subclassed according to matsrial typed
Creep Slow, Imperceptible downslope movement of soil

or soli-rock mixtures.

Saglifiuction

Shallow portions af the regolith moving
downsliope at moderate to slow rates In Arctic
to sub-Arctlc ¢limates during periods of thaw
over a surface usually consisting of frazen
ground.

Compiex

involves combinatlons of the above, usually
cecurrling as a change from one form to another
durlng fallure with one form predominant.

A3 Classtfication of slope fallures {(HUNT, 1984)
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