
Introduction

• Landslide and other ground failures posting 
substantial damage and loss of lifesubstantial damage and loss of life

• In U S , average 25 deaths; damage more thanIn U.S., average 25 deaths; damage more than 
$1 billion

• For convenience, definitions of landslide includes all 
forms of mass-wasting movements

• Landslide and subsidence: naturally occurred 
and affected by human activitiesand affected by human activities



Role of Gravity and Slope 
Angle 

• Gravitational force acts to hold objects inGravitational force acts to hold objects in 
place by pulling on them in a direction 
perpendicular to the surfaceperpendicular to the surface

Th t ti l t f it t• The tangential component of gravity acts 
down a slope: it causes objects to move 
d hilldownhill



Role of Gravity and Slope 
Angle 

• Shear stress is the downslope componentShear stress is the downslope component 
of the total stress involved

Steepening a slope by erosion jolting it by– Steepening a slope by erosion, jolting it by 
earthquake, or shaking it by blasting, can 
cause an increase in shear stress

• Normal stress is the perpendicular• Normal stress is the perpendicular 
component





The Role of Water (1)
• Water is almost always present within rock 

and regolith near the Earth’s surfaceg

• Unconsolidated sediments behave inUnconsolidated sediments behave in 
different ways depending on whether they 
are dry or wetare dry or wet

C ill tt ti i th tt ti th t• Capillary attraction is the attraction that 
results from surface tension
– This force tends to hold the wet sand together 

as a cohesive mass



The Role of WaterThe Role of Water
• If sand, silt, or clay becomes saturated , , y

with water, and the fluid pressure of this 
water rises above a critical limit, the fine-
grained sediment will lose strength and 
begin to flow

• If the voids along a contact between two 
k f l bili fill drock masses of low permeability are filled 

with water, the water pressure bears part 
of the weight of the overlying rock massof the weight of the overlying rock mass, 
thereby reducing friction along the contact



The Role of WaterThe Role of Water

• Failure is the collapse of a rock mass dueFailure is the collapse of a rock mass due 
to reduced friction

An analogous situation is hydroplaning in– An analogous situation is hydroplaning, in 
which a vehicle driven on extremely wet 
pavements loses control.p



Types of Landslides (1)

• Slow or rapid failure of slope:
Slope gradient– Slope gradient 

– type of slope materials
– amount of water presentp
– rate of movement

• Rate of movement: Imperceptible creep to 
thundering avalanches

• Types: Creep, sliding, slumping, falling, flowage 
or flow, and complex movement (sliding and , p ( g
flowage)



Types of 
L d lidLandslides 

(2)

Figure 8.4





Earthflows (2)( )

• A special type of earthflow called• A special type of earthflow called 
liquefaction occurs in wet, highly porous 
sediment consisting of clay to sand-sizesediment consisting of clay to sand-size 
particles weakened by an earthquake
– An abrupt shock increases shear stressAn abrupt shock increases shear stress 

and may cause a momentary buildup of 
water pressure in pore spaces which 
d th h t thdecreases the shear strength

– A rapid fluidization of the sediment causes 
abrupt failureabrupt failure



Slope Stability

• Safety Factor
SF R i ti F /D i i FSF = Resisting Forces/Driving Forces
If SF > 1, Then safe or stable slope
If SF < 1 Then unsafe or unstable slopeIf SF < 1, Then unsafe or unstable slope

• Driving and resisting forces determined by theDriving and resisting forces determined by the 
interrelationships of the following variables:

Type of Earth materials
Slope angle and topography
Climate
Vegetation and water
Time



Figure B 13.1



Human Land Use and Landslide

• Urbanization, irrigation

• Timber harvesting in weak, relatively unstable 
areasareas

• Artificial fillings of loose materialsg

• Modification of landscape

• Dam construction



Rock Slope AnalysisRock Slope Analysis



















Small and Large Scale Failures



Mode of FailureMode of Failure









Sliding along the line of 
intersections of plane A andintersections of plane A and 
B is possible when the 
plunge of this line is less 
than the dip of the slope face 
in the direction of sliding. 
Ψf > Ψi

Sliding is assumed toSliding is assumed to 
occur when the plunge of 
the line of intersection 
exceeds the angle of 
friction.

Ψf > Ψi  > Ф



Representation of planes 
by their poles and 
determination of the line ofdetermination of the line of 
intersection of the planes 
by the pole of the great 
circle which passes 
thro gh their polesthrough their poles.

Preliminary evaluation of 
the stability of a 500 slope 
in a rock mass with 4 setin a rock mass with 4 set 
of joints.  



Marklands TestMarklands Test

• To establish the possibility of wedgeTo establish the possibility of wedge 
failure. Plane failure is a special case of 
wedge failurewedge failure.



• The most dangerous combination of g
discontinuities are represented by pole 
concentrations no. 1,2 and 3.

• I13 falls outside the shaded region. Pole 
concentration 4 will not have sliding and mayconcentration 4 will not have sliding and may 
have overturning.

• The poles of plane 1 and 2 lie outside the• The poles of plane 1 and 2 lie outside the 
angle included between the dip direction of 
the slope face and the line of intersection Ithe slope face and the line of intersection I12, 
hence the wedge failure is possible.
In case of planes 2 and 3 failure will be• In case of planes 2 and 3, failure will be 
sliding on plane 2. This is most critical.









Plane Failure
Plane failure occurs due to sliding along a single discontinuity. The conditions for sliding are that: 
· the strikes of both the sliding plane and the slope face lie parallel (±20°) to each other. 
· the failure plane "daylights" on the slope face. p y g p
· the dip of the sliding plane is greater than φ'. 
· the sliding mass is bound by release surfaces of negligible resistance.
Possible plane failure is suggested by a stereonet plot, if a pole concentration lies 
close to the pole of the slope surface and in the shaded area corresponding to the above rules.





Concept of FoSConcept of FoS

F>D    =>   Wedge in Equilibrium

Factor of Safety   FoS=F/D



Planar Failure



Planar Failure













Equilibrium 







Effect of Water on Tension Crack

Change Resistance and Drive Force due to Waterg
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Example ProblemExample Problem

• A 60 m high slope has an overall faceA 60 m high slope has an overall face 
angle of 500, made up from three 20  
benches with 700 faces The slope is inbenches with 70 faces. The slope is in 
reasonably fresh granite but several sets 
of steeply dipping joints are visible andof steeply dipping joints are visible and 
sheet jointing is evident. The rainfall is 
high and the area is in low seismicity zonehigh and the area is in low seismicity zone 
(acceleration = 0.08g)



Structural Mapping DetailsStructural Mapping Details

• Features dip 0 dip direction 0Features dip dip direction 
Overall slope face 50 200
I di id l b h 70 200Individual benches 70 200
Sheet Joint 35 190
Joint set 1 80 233
Joint set 2 80 040Joint set 2 80 040
Joint set 3 70 325









Summary of Input data availableSummary of Input data available

• Slope Height H = 60 mSlope Height H  60 m
• Overall slope angle ψf = 50o

• Bench face angle ψ = 70o• Bench face angle ψf = 70o

• Bench height H = 20 m
F il l l 35o• Failure plane angle ψp = 35o

• Rock Density γ = 2.6 t/m3

3• Water Density γ = 1.0 t/m3

• Earthquake acceleration α = 0.08g



Conditions of analysisConditions of analysis

• 1- Overall slope Model I dry z =01 Overall slope, Model I, dry zw =0.
• 2- Overall slope, Model I, saturated, zw = z 

= 14 m= 14 m.
• 3- Overall slope Model II, dry, Hw=0
• 4- Overall slope, Model II, saturated, Hw= 

H = 60 m.



• 5- Individual bench Model I dry z =05 Individual bench, Model I, dry zw =0.
• 6- Individual bench, Model I, saturated, zw

= z = 9 9 m= z = 9.9 m.
• 7- Individual bench Model II, dry, Hw=0
• 8- Individual bench, Model II, saturated, 

Hw= H = 20 m.







Wedge AnalysisWedge Analysis

• Similar to planar failureSimilar to planar failure
• Wedge considered as a rigid block
• Resistance forces controlled by joint• Resistance forces controlled by joint 

strength
• Actual orientation of the joints is included• Actual orientation of the joints is included 

in the analysis
• Actual location is not considered at bench• Actual location is not considered at bench 

scale (maximum possible wedge)



Wedge
Wedge failure occurs due to sliding along a combination of discontinuities. The 
conditions for sliding require that φ is overcomeconditions for sliding require that φ is overcome,
and that the intersection of the discontinuities "daylights" on the slope surface.
On the stereonet plot these conditions are indicated by the intersection of two 
discontinuity great circles within the shaded crescent formed by the friction anglediscontinuity great circles within the shaded crescent formed by the friction angle 
and the slope's great circle. Note that this intersection can also be located by 
finding the pole P12 of the great circle which passes through the pole 
concentrations P1 and P2.1 2



Wedge Stability Analysis





Wedge AnalysisWedge Analysis 

• In general applied to small scaleIn general applied to small scale
• Some times applied to large scale where 

faults define a wedgefaults define a wedge
• In mining the main objective is define the 

spill berm width (SBW) for falling rocksspill berm width (SBW) for falling rocks 
and small failures

• In civil slope design the main objective isIn civil slope design the main objective is 
identify the unstable wedge and support it













Circular FailureCircular Failure
• The mechanical properties of the slope material p p p

is assumed to be homogeneous.
• The shear strength is given by Mohr Coulomb 

E iEquation.
• Failure surface is circular passing through the 

toetoe.
• A vertical tension crack is present.
• The location of tension crack and failure surface• The location of tension crack and failure surface 

is critical and gives least FOS.
• The ground water conditions are as assumed.g



Hoek Chart

















ROCKFALL ENGINEERING

In rockfall problems the volume of a single rock is usually considered In rockfall problems the volume of a single rock is usually considered 

79

In rockfall problems the volume of a single rock is usually considered In rockfall problems the volume of a single rock is usually considered 
less than 10mless than 10m33 and  volume of rock masses less than 105 mand  volume of rock masses less than 105 m33..



REMEDIAL MEASURES FOR ROCK SLOPESREMEDIAL MEASURES FOR ROCK SLOPES

excavations reinforcement methods drainage falling control
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Small blocks and 
surface instability



CAUSES OF  ROCKFALLCAUSES OF  ROCKFALL

CAUSES %
Rain 30
Frost 21
Discontinuities 12
W ind 12
Snow 8
Runoff 7
Discontinuities orientation 5
A i l d 2Animal dens 2
Differential erosion 1
Tree roots 0.6
Springs 0.6
Animal 0 6Animal 0.6
Vehicles vibrations 0.3
Rock weathering 0.3

Percentage of observed causes 
which originated failures (Mac 
Cauley  1985 - Caltrans)

Examples of combined triggering causes
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Cauley, 1985 - Caltrans)



REMEDIAL MEASURES FOR ROCK SLOPESREMEDIAL MEASURES FOR ROCK SLOPES

Reduction of the driving forces and increase of 
Stabilization

methods

g
resisting forces. Stabilization measures reduce 
likelihood of rocks from moving out of place and 
also reduce the progressive deterioration.

Protection
methods

Prevent rock materials which have moved out of 
place on the slope, from reaching vulnerable 
areasareas.
The initial cost is less then stabilization methods, 
but usually they require more maintenance.

Warning and 
instrumentation

These methods help predict when movement are 
going to occur or that a hazardous failure has 
occurred and further failures may be imminent
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methods
occurred and further failures may be imminent



STABILIZATION METHODSSTABILIZATION METHODS

Stability of rock slopes shall be analyzed at different scales:

* l b l* global
* local
* surficial

The different scale problems will require different remediation 
methods. 

When possible  the slope stability is improved by: When possible, the slope stability is improved by: 

- removing unstable or potentially unstable material
- flattening the slope
- removing weight from the upper part of the slope
- incorporate benches in the slope
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STABILIZATION METHODS STABILIZATION METHODS -- BenchesBenches

Benches are often protected Benches are often protected 
with a rockfall netting which with a rockfall netting which 
will prevent or limit rocks will prevent or limit rocks 
falling down the slope.falling down the slope.

Benches also reduce effects Benches also reduce effects Benches also reduce effects Benches also reduce effects 
due to rainfall runoff. They can due to rainfall runoff. They can 
be combined with ditches to be combined with ditches to 
prevent  water infiltration. prevent  water infiltration. 
Bench width is usually Bench width is usually 
dependant upon rock mass dependant upon rock mass 
characteristics and on the size characteristics and on the size 
of equipment (usually not less of equipment (usually not less 
than 7 m). than 7 m). 
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STABILIZATIONSTABILIZATION METHODS METHODS –– First assessmentFirst assessment

If no excavation is made, before any remedial work, the size of loose If no excavation is made, before any remedial work, the size of loose 
overhanging or protruding blocks shall be estimated.overhanging or protruding blocks shall be estimated.

Surface and subsurface  drainageSurface and subsurface  drainageSurface and subsurface  drainage.Surface and subsurface  drainage.

These  methods can improve stability and substantial benefits can be These  methods can improve stability and substantial benefits can be 
obtained also on the case of large failure at relatively low cost.obtained also on the case of large failure at relatively low cost.
S f  d i  t l  th    b hi d th  t  f lS f  d i  t l  th    b hi d th  t  f lSurface drainage cantral on the area  behind the top of slopeSurface drainage cantral on the area  behind the top of slope

S f  d i  t l  S f  d i  t l  ll 1  R h  th  f   1  R h  th  f   Surface drainage control on upSurface drainage control on up--slopeslope
areaarea

1. Reshape the surface area 1. Reshape the surface area 
2. Seal and plug tension cracks2. Seal and plug tension cracks
3. Provide lined or unlined ditches3. Provide lined or unlined ditches
4. Minimize vegetation removal4. Minimize vegetation removal
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STABILIZATION METHODS STABILIZATION METHODS –– Subsurface drainageSubsurface drainage

Include drainage galleries, pumped wells, trenches and drainholes

Drainage holes are normally used for 
slope drainage

Characteristics:  5º inclined upwards from 
horizontal

Spacing: ranging from 7 to 
30 (d di   t  30 m(depending on nature 
of the problem)

Length: depend on 
geometry of failure and geometry of failure and 
usually the drains must 
intersect the maximum 
number of significant 
discontinuities. 
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St bili i  t  f  l b l d l l t bilitSt bili i  t  f  l b l d l l t bilit

STABILIZATION METHODS STABILIZATION METHODS –– AnchorsAnchors

Anchors are used to stabilise large volumes of rock.
Anchors are pre-stressed so movements are 

Stabilizing systems for global and local stabilityStabilizing systems for global and local stability

Anchors are pre-stressed so movements are 
required to mobilise strength.

The required force of the single  anchor  (Nq) is 
defined by:y

Nq < Nfu/Fs
Nfu= ultimate strength of foundation

Fs= 2 0 for temporary worksFs= 2.0 for temporary works
Fs= 2.5 for permanent works 

The anchor ultimate strength is applicable The anchor ultimate strength is applicable 
when the distance between anchors is : 
> 1/3 of length of foundation 
> 10 times drilling diameter
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STABILIZATION METHODS STABILIZATION METHODS –– Rock boltsRock bolts

Rock bolts are  similar to anchors.
Usually they are plain steel rods with a 
mechanical anchor or grouting at one end 
with a face plate and nut at the other.  For 
permanent applications the free length is 
filled with grouting after tensioning in order 
to prevent corrosion.   

Usually they are less than 12 m long and are 
mechanic boltmechanic bolt

used for local stability of single block or for 
surface stability to reinforce a loose external 
rock layers. 

The length depends on the geometry of The length depends on the geometry of 
failure or thickness of loose rock.  Spacing is 
usually 2 - 3 m; however in order to ensure 
that they can interact with each other the 
spacing must be less than 1/2 the length.   
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cement grouted boltcement grouted bolt



STABILIZATION METHODS STABILIZATION METHODS –– Design of anchorsDesign of anchors

Reinforcement for rock 
slope with anchors and 
bolts is usually  designed 
using equilibrium method 
of analysis. 
There are many software 
programs which  
performing calculations of 
safety factors against  safety factors against  
plane, wedge and stepped 
surface failure which 
including reinforcement. 

They apply  normal and shear force along discontinuities (components of working load 
of anchor) .

Where complex situation of global stability are present the analysis can be performed 
by means of numeric methods such as finite elements or finite difference.

The reinforcing elements usually are tensioned at a working load which is less than 
their capacity (60-70% of elastic limit strength)  in order to have a reserve in case of 
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additional load induced by displacement.



Dowels are usually deformed steel 
bars cemented in grouted. When a 
more flexible element is neededDOWELSDOWELS

STABILIZATION METHODSSTABILIZATION METHODS
more flexible element is needed 
instead of a bar a cable can be used. 
They are passive (mobilize strength 
with rock movement) elements and 
basically increase the shear

DOWELSDOWELS

basically increase the shear 
resistance across failure planes. Their 
length usually is less than 4 - 5 m 
enabling placement by manual 
pneumatic equipment.pneumatic equipment. 

Tg β=  ___1______
4 tg (Θ +δ )

N’q= (Nq^2 + 4Sq^2)^0.5 
Theoretic equivalent working 
load  

In case  of very loosened rock
Sq< 1,87 Nys (σc)^0.5

σ ys
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Nys = elastic limit load of steel



Types of landslideTypes of landslide

• Rock failure • Soil failureRock failure
– failure plane pre-

determined

Soil failure
– failure plane along line 

of max stress



Types of landslideTypes of landslide

• Rock failureRock failure
– failure along pre-determined planes of 

weaknessweakness
• Soil failure

failure along lines of max stress– failure along lines of max. stress
• frictional, cohesive = rotational
• frictional incohesive = planar• frictional, incohesive = planar



Rock failure – remedial measuresRock failure remedial measures








