Introduction

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

* In 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 activities



Role of Gravity and Slope
Angle

» Gravitational force acts to hold objects in

place by pulling on them in a direction
perpendicular to the surface

* The tangential component of gravity acts
down a slope: it causes objects to move
downhill



Role of Gravity and Slope
Angle

« Shear stress is the downslope component
of the total stress involved

— 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
component
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The Role of Water (1)

« Water is almost always present within rock
and regolith near the Earth’s surface

 Unconsolidated sediments behave In

different ways depending on whether they
are dry or wet

« 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 Water

* If sand, silt, or clay becomes saturated
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
rock masses of low permeability are filled
with water, the water pressure bears part
of the weight of the overlying rock mass,
thereby reducing friction along the contact



The Role of Water

* Failure is the collapse of a rock mass due
to reduced friction
— An analogous situation is hydroplaning, in

which a vehicle driven on extremely wet
pavements loses control.



Types of Landslides (1)

 Slow or rapid failure of slope:
— Slope gradient
— type of slope materials
— amount of water present
— rate of movement

* Rate of movement: Imperceptible creep to
thundering avalanches

e Types: Creep, sliding, slumping, falling, flowage
or flow, and complex movement (sliding and
flowage)



Classification of landslides and other downslope movements
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Earthflows (2)

» A special type of earthflow called
liguefaction occurs in wet, highly porous
sediment consisting of clay to sand-size
particles weakened by an earthquake
— An abrupt shock increases shear stress

and may cause a momentary buildup of

water pressure in pore spaces which
decreases the shear strength

— A rapid fluidization of the sediment causes
abrupt failure



Slope Stability

o Safety Factor
SF = Resisting Forces/Driving Forces
If SF > 1, Then safe or stable slope
If SF < 1, Then unsafe or unstable slope

* Driving and resisting forces determined by the
Interrelationships of the following variables:

» Type of Earth materials

» Slope angle and topography
» Climate

» \egetation and water

» Time
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Human Land Use and Landslide

 Urbanization, irrigation

* Timber harvesting in weak, relatively unstable
areas

o Artificial fillings of loose materials
* Modification of landscape

e Dam construction



The Role of Gravity

* Power belund agents of erosion: ramifall, water
flowr, 1ce ghding, wind blowing, waves brealing
* [zenlogic time: all slopes are inherently unstahle
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Water-filled
tension crack
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WSiny=cA+WCos v . Tan ¢ (4)

R= (WCos ¥, - U) Tan ¢

U= wayt. W Cos Y5

R=WCos ¢y, (1 - TW’Tt) Tan 4

and the condition for lTimiting equilibrium defined in
equation (4) becomes

Tan ¢, = (1 - wavt) Tan ¢



Figure 10 : Slope angle versus slope height relationships for different materials.
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Ratio b/h

Figure 11a : Geometry of block on inclined plane.
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Figure 11b : Conditions for sliding and toppling of a
block on an inclined plane.



Small and Large Scale Failures




Mode of Failure

e - — |

\Q Jainted rock slopes.

Vertically jointed rock
slopes |

Scil or heavily jointed |
rock slopes.

L rack slopes.
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slope face

raat of elope
a. Clrecular fallure In ovarburden soll, . aneds of atop
waste rock or heavlly fractured rock

with no identifiable structural pattern.

Great elrele representing

% .
b. Plane fallure In reck with hlghly plang corveppending to centre

ardered structure such as slate, of pole congentration




\

c. Wedge fallure on two Intersecting
discontinultles, ‘

d. Toppling Fallure In hard rock which

" plangs corresponding to

ereat of olope

Oreaf etrele repreoenting
alope face .

Dirgetion ef sliding

*

Great pireles represaniing

gantree of pele concentirations

- crest of alope.

Great eircele representing
glope face

Creat cirele represemiing
planee corresponding to centire
of pola concentration.

can form columnar structure separated

by steeply dipping discontinuities.

Maln types of slope fallure and stercoplots of structural
conditlons 1lkely to give rise to these fallures.
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Direction of
sliding
4 Dip direction
1
Figl

Slope is potentially
unstable when inter-
section of great circles
representing planes

PrTTa 44 ehbaded vecglon
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Sliding along the line of
intersections 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.
Wi> W

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

Wi>Wi >0



Pole of great
circle passing
through poles
of planes A and
B defines line
of intersection

Wedge failure

intersection
lines I. . and

12
ad

possible along

Representation of planes
by their poles and
determination of the line of
intersection of the planes
by the pole of the great
circle which passes
through their poles.

Preliminary evaluation of

the stability of a 50° slope
in @ rock mass with 4 set

of joints.



Marklands Test

* To establish the possibility of wedge
failure. Plane failure is a special case of
wedge failure.



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

|5 falls outside the shaded region. Pole
concentration 4 will not have sliding and may
have overturning.

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 |5,
hence the wedge failure is possible.

In case of planes 2 and 3, failure will be
sliding on plane 2. This is most critical.



Overlay for checking wedge
Jailure potentig]









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.

- the dip of the sliding plane is greater than ¢'.

- 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.

zlip surface

Felegse
sUrface

zlope e pole of slope
-~ 2207 to pole of slope

— surface friction
B region of critical poles
-— great circle far slope




Planar Failure

(After Hoek & Bray)

(@) b i)

Rel=aze surfaces

Slice of unit
thickness

Far sliding
P> §

Geometry of slope exhibiting plane failure:
(a) Cross-section showing planes forming a plane failure

(b) Release surfaces at ends of plane failure

(¢) Unit thickness slide used in stability analysis




Concept of FoS
F =(Wcos p—U —V sin B)tan ¢ + cA
D=Wsmp+Vcosf

F>D == Wedge in Equilibrium
Factor of Safety FoS=F/D



Planar Failure

Tenslon crack in upper
s lope surface of slope

face

Fallure surface

Figure Bla : Geometry of slope with tension crack In upper slope surface.



Planar Failure

IlIlI___F,.-TI:'.'lf_-l'-:-r erack in slope face

failure swurfacs

¥F o

Flgqure B2b : Geometry of slope with tenslon crack in =lope face.
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where, from Figure 62 :

A= (H - z).Cose%yp ;. | (43)
U= %yw. zy(H - 2).Cosectp , (44)
= i”'fw-zzw 7 | (1*5}'.

For the tension crack in the upper slope surface (Figure 62a)
W= 3yH2((1 - (z/H)2)Cotyp - Cotys) (46)
and, for the tension crack in the slope face (Figure 62b)

W= dyH2 (1 = 2/H) 2Cotyy (Cotyp. Tanye - 1)) (47)



L (2¢/vH) .P + (Q.Cotyp, - R(P + $))Tans

Q + R.SCotyp

where -
P=(1- z/H) .Cosecy,

When the tension crack is in the upper slope surface :

o - 2 N ' .
Q= [(T (z/H) )Cotﬁp Cot¢f)5|nwp
When the tension crack is in the slope face :

Q= ((1 - 2/H)2Cosyp (Cotyp.Tanvs - 1))

Yw 2w Z
,R = 'Y—"z—.ﬁ

2y, Z

z "H

(48)

(49)

(50)

(51)
(52)

(53)
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Equilibrium
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Weight of sliding wedge :

Weight of sliding wedge :
W= dy(HX - Dz)

W= dy(HX = Dz + 25 (D - X))
Horizontal water force : V = iy,. 22

Uplift water force U= byy.z.0

r'd
Figure 65a : Slope geometry and equations for calculating forces acting on slope.
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Flgure 65b :

Force diagram for two-dimenslonal slope stability analysis.
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Force [kN]

Effect of Water on Tension Crack

Change Resistance and Drive Force due to Water

1400 1.20
1300 1.10
>
1200 1.00 &
S | —e—F
1100 090 5 =D
S |—Fs
1000 0.80 &
900 0.70
800 0.60
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Ratio zw/z



Example Problem

* A 60 m high slope has an overall face
angle of 50°, made up from three 20
benches with 70° faces. The slope is in
reasonably fresh granite but several sets
of steeply dipping joints are visible and
sheet jointing is evident. The rainfall is
high and the area is in low seismicity zone
(acceleration = 0.08q)



Structural Mapping Detalls

« Features dip © dip direction ©
Overall slope face 50 200
Individual benches 70 200
Sheet Joint 35 190
Joint set 1 30 233
Joint set 2 30 040
Joint set 3 70 325
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Direction of potentlal slide

‘lgure B2 : Stereoplot of geometrical and geological data
for example numtgr 3

8 Typind instructions | =
Figure 83 : Geometry assumed for two-dimensional analysis
of the slope defined In Figure 82.
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I ® L_,fenslon crack

* ‘ \
aW & z
b i' : 2, Medzl |1
H U
\ s';vume'd water pressure
A distribution
W Fallure surface
U
£ V”}
eh +i (Wi{Cosyp - aSlnyp) - U -V Slnwp]Tnn¢
F&-E - (7‘)
W(sing, + aCosyp) + V Cosyp
Where :
\ 2 = W() - /EoTVT Tanty) (58)
A= (H="z) Cosecyp (43
&g W je2(() = (2/H)2)Cotyy - Cotus) (46),
U= dy,.2,.A , (k)
Vo= dy,.22 i g : (4s) "

As sumed phreatic surface

Hodel 11

cA + (W(Cosyp - aSing,) = U)Tan ¢ o
F = ~ (72)
W(Siny, + aCosyp) -

Where g
U = Ly, H2Cosec ¥ (73)

Flgure 84 : Theoretlcal models.for example number 3.
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Figure 66 :

0.25

05

Tension crack depth z/H

0.75 1.0

Influence of tension crack depth and of depth of water

in the tension crack upon the factor of safety of a
slope. (Slope geometry and material properties as for
example on page 154).



Summary of Input data available

« Slope Height H=60m

* Overall slope angle Y = 50°

* Bench face angle Y; = 70°

* Bench height H=20m
 Failure plane angle Y, = 35°

* Rock Density y =2.6tm?
« Water Density y =1.0tm3

« Earthquake acceleration a =0.08g



Conditions of analysis

1- Overall slope, Model |, dry z,, =0.

2- Overall slope, Model |, saturated, z, = z
=14 m.

3- Overall slope Model I, dry, H,=0

4- Overall slope, Model Il, saturated, H =
H =60 m.



5- Individual bench, Model |, dry z, =0.

6- Individual bench, Model |, saturated, z,
=z=9.9m.
/- Individual bench Model Il, dry, H,=0

8- Individual bench, Model |l, saturated,
H,= H =20 m.
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Cohesion ¢ - tonnes/m?

Range of shear strengths "
considered reasonable for
partially weathered granite

20 30 Lo 50

Friction angle ¢ - degrees

Figure 85 : Shear strength mobilised for fajlure of slope consglidered

in practical example number 3.

its stabllity.

Four basic methods for improving the stabllity of the slope
can be considered. These methods are the following :

Reduction of slope helght,

Reduction of slope face inclination.

Orainage of slope.

Relnforcement of slope with bolts and cables.

cnoco

In erder to compare the effectiveness of these different
methods, It is assumed that the sheet jolint surface has a
cohesive strength of 10 tonnes/m?2 and a friction angle of
360, The increase In factor of safety for a reductlion In
slope height, slope angle and water level can be found by
altering one of these variables at a time in equations 71
and 72. The influence of reinforcing the slope is obtained
by modifying these equations as in equatlons 78 and 79 on

‘page 188.
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Flgure 86 :

Comparison between alternative methods of Increasing

stabllity of overall slepe considered In example 3.



Wedge Analysis

Similar to planar failure
Wedge considered as a rigid block

Resistance forces controlled by joint
strength

Actual orientation of the joints is included
In the analysis

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 ¢ 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 angle
and the slope's great circle. Note that this intersection can also be located by
finding the pole P,, of the great circle which passes through the pole
concentrations P, and P,

* pole of slope

+% Py intersect
— =surface friction

B region of critical ivtersect
-— great circle for slope




Wedge Stability Analysis
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Figure 1.5: Plot of structural features using the program DIPS.
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Wedge Analysis

In general applied to small scale

Some times applied to large scale where
faults define a wedge

In mining the main objective is define the
spill berm width (SBW) for falling rocks
and small failures

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



Plang B Plane A

View along line of
intersection

View at right angles to
lineg of intersection

Line of intersection -

.

Pictorial view of
wedge failure

Note : The convention adonted in this
analysis is that th plane with
the flatter of the two dips is
always referred to as Plane A,

_ Stereoplot of wedge failure geometry

me_ . mm veood
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Figure 96 : Wedge factor K as a function of weage geometry.



Upper slope Su}face'whlch can be
obliquely inclined with respect
to the slope face.

Plane B

Slope face

a. Pictorial view of wedge showing the numbering of intersectlion
lines and planes. _

Assumed water préssur
djstributlon

b. View normal to the llhe of intersectlon § showing the



rFiane gip U M SR L e B

A B 105 $,=20°, cp= 5001b/Ft?
B 70 235 4g=30°, cg= 10001b/ft2
Slope face 65 185 y=1601b/ft?
Upper surface 12 195 Yy~ 62.51b/ft?

The total height of the wedge H = 130 feet.

The stereoplet ef the great clrcles representing the four
planes invelved in this preblem Is presented in Flgure 98
and all the angles required for the solution of equations’
92 te 95 are marked In thls figure.

Great circle Great circle
Plane B f’laﬂeﬁi

2=pole of Plane B

Great clrele
of slope face

Great circle of
upper surface-



WEDGE STABILITY CALCULATION SHEET

INPUT DATA FUNCTION VALUE CALCULATED ANSWER
= 459 =
Vg = 4o Cos V5 = 0,207 Cosby - Cosvh.CosBng np  0.7071 + 0.342 x 0. 191
Yy = 70° Cos Yy = 0.3420 A = : - = 1.5475
s = 31,20 Sin ys = 0.5180 Simhs« 30 B b 0.5180 x 0. 4056
®na.nb = 1019 Cos Bpg.np = -0.191 Cosyp, - Cosy;.Co0s50na.nb 0.3420 + 0.7071 x 0.191
; _ B = = = 0.9557
Sin Ona.nb = 0.982 Sinys.SinZ0n, np 0.5180 x 0.9636
= (e] i =
85, = 65 Sin 6y, = 0.9063 Sino, # s
By5 = 250 Sin8,, = 0.4226 X = = = 3.3363
82 ng = 500 Cos 85 na = 0.6428 Sinfys.Cos8y pa 0.4226 x 0.6428
= §20 1790 Xrim
013 = 62 Sin6;3 = 0.8829 Sin, 5 o .
B3y = 310 Sin6ss = 0.5150 Y = = = 3.4287
SinBss.Coso 0.5150 x 0.500
01.nb = 609 Cos 61 .nb = 0. 5000 = L upib
oy = 30° Tan = 0.5773
A ba 3cp X 3cp y Yo Tw
bg = 20° Tan ¢g = 0.3640 F = Y_H_ W + (A - — 'X)Tanci:A + (B - — -Y)Tangg
R g
Y = 160 1b/ft3 /2y = 001953 z 2Y
Yw = 62.5 1b/ft3 3cp/YH = 0.0721
= 2 =
A =500 1b/ft: 3cp/vH = 0.1442 F = 0.2405 + 0.4944 + 0.8934 - 0.3762 + 0.3478 - 0. 2437 = 1.3562
cg = 1000 1b/ft?2
H = 130 ft




Circular Failure

The mechanical properties of the slope material
IS assumed to be homogeneous.

The shear strength is given by Mohr Coulomb
Equation.

Failure surface is circular passing through the
toe.

A vertical tension crack is present.

The location of tension crack and failure surface
Is critical and gives least FOS.

The ground water conditions are as assumed.
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Slope face
Phreatic surface

’Aﬂl;:-v Assumed equipotentials

L‘- Slope angle

a. Groundwater flow pattern under steady state
drawdown conditions where the phreatic surface
coincides with the ground surface at a distance
2 behind the toe of the slope. The distance x
is measured in multiples of the slope helght H.

Surface recharge due to heavy rain

N A" A A" A"A

—Tension crack

Failure surface

b. Groundwater flow pattern in a saturated slope
subjected to heavy surface recharge by heavy rain.

Definition of groundwater flow patterns used in circular failure
analvsis of soil and waste rock slopes.

Figure 104 :



CIRCULAR FAILURE CHART NUMBER 1
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CIRCULAR FAILURE CHART NUMBER 2
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CIRCULAR FAILURE CHART NUMBER 5
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ROCKFALL ENGINEERING

STRUCTURE

TYPICAL PROBLEMS

ANALYSIS METHODS

ACCEPTABILITY CRITERIA

Sail or heavily jointed
rock slopes.

Circular failure along
a spoon-shaped surface
through soil or heavily
jointed rock masses,

CRITICAL PARAMETERS !

« Height and angle of slope face.

¢ Shear strength of materials along
failure surface.

¢ Groundwater distribution in slope.

» Potential surcharge or earthquake
kading.

Two-dimensional limit equilibrium methods
which include automatic ssarching for the
critical Failure surface are .used for para-
metric studies of factor of safaty.
Probability analyses, three-dimensional limit
equilibrium  analyses or numerical stress
analyses are occasionally used to investigate
unusual slope problems.

Factor of safety > 1.3 for “temporary”
slopes with minimal risk of damage.
Factor of safety > 1.5 for “permanent’
slopes with significant risk of damage.
Where displacements are critical, numer-
ical analyses of slope deformation may be
required and higher factors of safety will
generally apply in these cases.

Jointed rock slopes.

Planar or wedge sliding
on one structural fea-
ture or along the line
of intersection of two
structural features,

o Slope height, angle and orientation.

¢ Dip and strike of structural features.

+ Groundwater distribution in slope.

o Potential earthquake loading.

s Sequence of excavation and support
installation.

Limit equilibrium analyses which determine
three-dimensianal sliding modes are used for
parametric studies on factor of safaty.

Failure probability analyses, based upon dis-
tribution of structural orientations and shear
strengths, are useful for some applications.

Factor of safety > 13 for “temporary”
slopes with minimal risk of damage.

Factor of safety > 15 for “permanent”
slopes with significant nisk of damage.
Probability of failure of 10 to 15% may be
acceptable for open pit mine slopes where
cost of clean up is less than cost of stabi-
lization.

Vertically jointed rock
shopes .

Toppling of columns
separated from the rock
mass by steeply dip-
ping structural features
which are parallel or
nearly parallel to the
slope face.,

* Slope height, angle and crientation.
+ Dip and strike of structural features,
» Groundwater distribution in slope.

* Potential earthquake ioading,

Crude limit equilibrium analyses of simpli-
fied block models are useful for estimating
potential for toppling and shiding,

Discrete element models of simplified slope
geometry can be used for exploring toppling
failure mechanisms.

No generally acceptable criterion for top-
pling failure is available although potential
for toppling is usually abvious,

Monitoring of slope displacements is the
only practical means of determining slope
behaviour and effectiveness of remedial
measuras,

Loose boulders on
rock stopas,

Sliding, rolling, falling
and bouncing of loose
rocks and boulders on
the slope.

[]

» Geometry of slope.

s Presence of loose boulders.

¢ Coeflicients of restitution of materials
forming slope.

» Presence of structures to arrest falling
and bouncing rocks,

Caleulation of trajectories of falling or
Bouncing rocks based upon velocity changes
at each impact is generally adequate.
Monte Carlo analyses of many trajecteries
based upon variation of slope geometry and
surface properties give useful information on
distribution of fallen rocks.

Location of fallen rock or distribution of a
large number of fallen rocks will give an
indication of the magnitude of the poten-
tial rockfall problem and of the effectiveness
of remedial measures such as draped mesh,
catch fences and ditches at the toe of the
slope,

In rockfall problems the volume of a single rock is usually considered
less than 10m23 and volume of rock masses less than 105 m3.
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CAUSES OF ROCKFALL

CAUSES %
Rain 30
Frost 21
Discontinuities 12
Wind 12
S now 8 'erosion_e azione spinta azioneur;louto
Runoff 7 differenziale ghiaccio idrostatica “d
Discontinuities orientation 5 . A
Animal dens 2
Differential erosion 1
Tree roots 0.6
S p rin gs 0.6 azione acque azione umana
A n | ma | 0 . 6 correnti esplosioni, seavi,
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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REMEDIAL MEASURES FOR ROCK SLOPES

Stabilization
methods

—

Protection :|>
methods

Warning and
instrumentation
methods

=

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

Prevent rock materials which have moved out of
place on the slope, from reaching vulnerable
areas.

The initial cost is less then stabilization methods,
but usually they require more maintenance.

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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STABILIZATION METHODS

Stability of rock slopes shall be analyzed at different scales:
* global

* local

* surficial

The different scale problems will require different remediation
methods.

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 - Benches

/ Tension crack
" TS

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

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

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

Surface and subsurface drainage.

These methods can improve stability and substantial benefits can be
obtained also on the case of large failure at relatively low cost.
Surface drainage cantral on the area behind the top of slope

Surface drainage control on up-slope 1. Reshape the surface area

area 2. Seal and plug tension cracks
3. Provide lined or unlined ditches
4. Minimize vegetation removal
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Include drainage galleries, pumped wells, trenches and drainholes

FRATTURA Of TRAZIONE

_CANALETTA DI
RACCOLTA

SUBORIZZONTALI

Ol SCORRIMENTO

. .
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”ff roLLETTOREH
- Ci FONDO

. 3
P
&
&.
&
POTENZIALI_SUPERFICI /

NALETTA [ DEVIATIONE _
r?n'jccét?TDA_cnﬂt ME TEGRICHE

Drainage holes are normally used for

slope drainage

Characteristics:

Lined surface water
diversion drain

Graded slope surface
to promote run-off —;)

Lined collector

A
drains *Ezi AT
e
Z |
S [T

Percussion drilled
drainage holes

Possible drainage measures

5° inclined upwards from
horizontal

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

Length: depend on
geometry of failure and
usually the drains must
intersect the maximum
number of significant
discontinuities.
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Anchors are used to stabilise large volumes of rock.
Anchors are pre-stressed so movements are
required to mobilise strength.

ANCHOH | OADING PADS -
HORIZONTAL
STRINGERS ——

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

WELDED MESH

/N Ng = Nfu/Fs
W R Nfu= ultimate strength of foundation

OR CAULES

Fs= 2.0 for temporary works
Fs= 2.5 for permanent works

Lunghezza Totale

Testata|.  Parte Libera - Fondazione 1. The anchor ultimate strength is applicable
K foro di alloggiamento %[a,maw,a rdistanziatore ‘ when the distance between anchors is :
K — gm_;ﬁzg‘f:::;—_,;j = 1/3 of length of foundation
{ L Lampone‘ | > 10 times drilling diameter
%h dispx:)gsui;:il\?:di ¢:entraggi:>|egaturB
iL:liastra di ripartizione

Ldispositivo di bloccaggio
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cone

breather tube

shell

grout injection tube

faceplate drilled for tubes

piastra di ripartizione

elemento di connessione al terreno

eventuale cementazione

per protezione

barra

—— —Hy ) TRy | Sy

M?{!.O,IO}{?‘:’O.YQIOZO:O;fZO_;g _
¥ N a7 O @ aTaTa et

AN N

dispositivo atto a compensare la non perpendicolarita tra
piastra e armatura

dispositive di bloccaggio

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
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
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.

88



STABILIZATION METHODS — Design of anchors

Reinforcement for rock

slope with anchors and

bolts is usually designed

using equilibrium method

of analysis.

There are many software

programs which

[W3 cos y, + Ng” sin (yq + y2)] 1g ¢ Performing calculations of

. ) — - safety factors against
Wasinya- N cos (yq + v2) plane, wedge and stepped
surface failure which
including reinforcement.

Fazwlcoswlzg(p

W sin W
Ng=0

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
additional load induced by displacement.
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Dowels are usually deformed steel
STABILIZATION METHODS bars cemented in grouted. When a

more flexible element is needed
DOWELS instead of a bar a cable can be used.
They are passive (mobilize strength
with rock movement) elements and
basically increase the shear
resistance across failure planes. Their
length usually is less than 4 -5 m
enabling placement by manual
pneumatic equipment.

Tg B= 1
4tg (© +9)

N'g= (Ng"2 + 459~ 2)"0.5
Theoretic equivalent working
load

In case of very loosened rock

Sg< 1,87 Nys (6¢)*0.5
O VysS
Nys = elastic limit load of steel

05N
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Types of landslide
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Types of landslide

— failure along pre-determined planes of
weakness

— failure along lines of max. stress
* frictional, cohesive = rotational
* frictional, incohesive = planar



Rock failure — remedial measures

gaﬁmnbéher"’

anchor cable with cable brake
— d/ netin catenary

rockbolf =

et

i hinged support

catch net

feance or bushes
_ ) earth bank

rock trap —__ B AL L
ditch with earth floor e —
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