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LANDSLIDES ANALYSIS UNDER STATIC AND SEISMIC CONDITIONS
SUMMARY: In this paper an introduction to hazards is presented. The triggered mechanisms of landslides
are discussed. The evaluation of static and seismic geotechnical parameters by field and laboratory tests is
presented. Analysis of landslides stability under static and seismic conditions is referred. Monitoring of
landslides and safety analysis are addressed. Prevention, mitigation and rehabilitation methods are
discussed. Risk analysis is addressed. Two case studies are presented and discussed. Some topics for
discussions and final considerations are presented.

Nature to be commanded
Must be obeyed
Francis Bacon Novum Organum, 1920

ANALIZA PLAZOV V STATIČNIH IN SEIZMIČNIH POGOJIH
POVZETEK: Prispevek predstavlja uvod v geološko pogojena tveganja. Navedeni so sprožilni dejavniki pri
zemeljskih plazovih. Sledi prikaz vrednotenja geotehničnih parametrov pri statičnih in seizmičnih
obremenitvah na podlagi laboratorijskih in terenskih preiskav. Povzete so analize stabilnosti plazov v
statičnih in seizmičnih pogojih. Poudarjeno je geotehnično opazovanje in analize varnosti plazov. Članek
razpravlja tudi o metodah preprečevanja in sanacije plazov in se dotakne analize tveganja. Na koncu sta
predstavljena in analizirana dva konkretna primera ter navedene zaključne misli in teme za nadaljnjo
razpravo.
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INTRODUCTION TO HAZARDS

cyclone in November 1970 with winds of 190 km/h
in Bay of Bengal with a death toll of 500 000 and
100 000 people missing can be categorized as an
extreme event.

Landslides are among the most existent hazards
causing billions of dollars in damage and
thousands of deaths and injuries each year. A
comparison of casualties for different natural
hazards in the world following the Centre for
Research on the Epidemiology of Disasters
(CRED) is shown in Fig. 1.

Fig.2. Regional percentage of geodisasters in
recent 15 years (1990-2005) (source CRED)
Fig.1. Comparison of casualties for different natural
sources (source CRED)

The volcano of Tambora (Indonesia) with a violent
eruption killed 92 000 people due pyroclastic flows
and subsequent starvation and disease.

In Table 1 the several types of natural disasters are
classifies following CRED.

Due 1923 Great Kanto earthquake more than 140
000 people were killed in and around Tokyo.

The regional distribution of damage by the
geodisasters during the period of 1990-2005, is
shown in Fig. 2.

The 1976 Tangshan earthquake (M7.8) in China
claimed 242 000 lives and is a typical extreme
event.

Table 1 – Classification of Natural Disasters by
CRED
Drought
Earthquake
Epidemic
Famine
Extreme Temperature
Flood
Insect infestation
Slide
Volcano
Wave/Surge
Wild fires
Wind storm

The most recent Pakistan earthquake (M7.6) on
October 8, 2005 killed more than 75000 people.

TRIGGERING MECHANISMS
The landslide triggering events is shown in Fig. 3
(GEOTECHNET, 2005).

Following Kokusho (2005) extreme events in
natural hazards are supposed to occur very
scarcely but far exceeds more frequent ones in
devastation of human lives and social and
economical impacts. The 2004 Indian Ocean
Tsunami with more than 240 thousands lives can
be considered an extreme event. Also the Bhola

Fig.3. Landslide trigger mechanisms (reference
AVI Database)
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composed of coarse sand and gravel was about
10º.

Earthquakes
The Haiyuan 8.5 earthquake in 1920 induced
dense landslides in loess deposits which buried
several villages and around 234 000 people died
(Wang et al., 1998).

An offshore submarine slide has occurred 60 km
off the California Coast during 1980 medium
earthquake. The flow failure was due liquefaction
sand boils (Field, et al., 1982).

On 13 January 2001 a 7.6 earthquake occurred offshore in El Salvador causing major damage
including the loss of human lives, mainly due to the
landslide shown in Fig.4 covering hundred of
houses and shelters and killing more than 600
people.

Heavy rains
Heavy rainfall is the main trigger for mudflows, the
deadliest and most destructive of all landslides.
Fig. 6 shows a major landslide of 35 million m3
occurred in Val Pola (Italy) in 1987.
The effects of a destructive landslide occurred in
Switzerland in 2003 is shown in Fig. 7.

Fig.4. El Salvador slope

Fig.6. Italy-Val Pola 1987 (after GEOTECHNET,
2005)

A submarine coastal slide has occurred during
Alaska earthquake slopes in Valdez and Seward
port cities in Alaska- Valdez provoking a great loss
of human lives and properties (Coulter et al., 1966).

Fig.7. Switzerland houses and road swept away
(after GEOTECHNET, 2005)
The Shum Wan Road landslip occurred in August,
1995 in Hong Kong, due heavy rains (Fig. 8),
highlighted the importance of the maintenance of
roadside drains affecting slopes.

Fig. 5. Alaska earthquake, 1964
A submarine failure has occurred during 1999
Kocaeli earthquake along the southern coast of the
Izmit bay in Turkey (The Japanese Geotechnical
Society, 2000) and the slope of the sea- bed
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to 6 millions m3 affecting an area of 333000 m2 due
a farmer intervention to extend his lawn.
Human intervention triggered landslides in Varna,
Romania in 1997 due the rise of ground water 25m as a result of inadequate management water
supply and sewerage systems (Fig. 10).

Fig.8. Shum Wan road landslip –August 1995–
Hong Kong
Global warming
Due to global warming, glacial lakes are retreating
and expanding vast moraine lakes in high altitude
regions, triggering gigantic debris flows. The city of
Almaty, in Kazakhstan, is crossed by two rivers
running from the mountain through the city. A
debris flow in 1921 carried 3 million cubic meters of
rock and mud devasted several houses and killed
20% of the population. To protect the city from
debris flow the construction of 110 m high retention
dams by explosive techniques were initiated in
1960 (Kazkhstan Geotechnical Association, 2004).

Fig.10. Landslide in Varna (Romania)
The three main ingredients of landslides related
material strength properties, water pressure and
topography slope are summarized in Fig. 11
(GEOTECHNET, 2006). Also the influence of
natural factors and human factors are addressed.

In July a debris flow due the breach of a moraine
lake with a volume of 5.5 million m3 has
overtopped the dam. Due to this occurrence the
dam was raised to 150m. The catastrophic debris
flows with a total volume of 6 million m3 occurred in
1977 were successfully stopped by the retention
dams.

Socio and economic impact
The number of people killed from landslides
distributed by different continents is shown in Fig.
12. However the total number of people affected by
landslides is 50 time larger.

Human interference

Fig. 9. Landslide in Rissa, Norway (1978)
Landslides can be triggered by human activities.
Fig. 9 shows a triggered landslide with a volume 5

Fig.12. Loss of life from landslides
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Fig.11. Landslides-Three main ingredients
GEOTECHNET (2005)
Air photography interpretation aids geological
mapping and terrain classification.
The evaluation of static geotechnical parameters
by field and laboratory tests, are summarised in
Tables 2 and 3, where the symbols are (Sêco e
Pinto, 2003):

3. GEOTECHNICAL CHARACTERIZATION
Related site investigation methods the satellite
imagery interpretation is used to define regional
geological features, hydrogeological vegetation.
γ = bulk density
Ko = coefficient of earth
pressure at rest
OCR = overconsolidation
ratio
S = sensivity
Vs = transverse wave
velocity
Vp = longitudinal wave
velocity
M = confined modulus
ß = damping ratio

Id = relative density
Gmax = maximum shear modulus
c = cohesion
φ = friction angle
E = elasticity modulus
Su= undrained strength
G = shear modulus

Table 2. Field tests
Test
CPTU
SPT
Vane shear
Pressiometer
Penetrometer
Dilatometer

Parameters for stress
state
Id
Ko
OCR
γ
x
x
x
x
x
x
x
x
x

x

x
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S
x
x
x

Strength
Parameters
Su
c
x
x
x
x
x
x
x
x
x
x
x

Parameters for deformation
φ
x
x
x
x
x

E
x
x
x
x
x
x

Gmax

M
x
x

x

x

Table 3. Laboratory tests
Test
Direct shear
Uniaxial
compaction
Triaxial
Oedoemeter

Strength
Parameters
Su
c
φ
x
x

Deformation Parameters
E

Gmax M

x
x

x

x

x
x
clay materials of low plasticity (CL) and clay
materials of high plasticity (CH) (Stokoe et al.
1999; 2004).

The evaluation of seismic geotechnical
parameters by field and laboratory tests, are
summarised in Tables 4 and 5.
Table 4. Field tests
Tests
Refraction
Uphole
Downhole
Crosshole

Vp
x
x
x
x

Parameters
Vs
Gmax
x
x
x
x
x
x
x
x

Table 5. – Laboratory tests
Tests
Parameters
ß
G
E
Resonant Column
x
x
x
Cyclic Triaxial
x
x
x
Cyclic simple shear
x
x
x
Cyclic torsional
x
x
x
shear

Gmax
x

Fig.13. Cyclic simple shear equipment

For measuring soil dynamic properties LNEC
has a cyclic simple shear equipment (Fig. 13)
and also a cyclic torsional shear device (Fig.
14) (Sêco e Pinto, 1993).
Since these models are essentially elastic the
permanent deformations cannot be computed
by this type of analysis. To overcome these
limitations, nonlinear hysteretic models with
pore
water
pressure
generation
and
dissipation have been developed using
incremental elastic or plasticity theory.
The incremental elastic models have assumed
a nonlinear and hysteretic behaviour for soil
and the unloading-reloading has been
modeled using the Masing criterion and
incorporate the effect of both transient and
residual pore-water pressures generated by
seismic loading (Finn, 1987).

Fig.14. Cyclic torsional equipment

In Fig 15 is shown the variation of shear
modulus and damping ration with shear strain
for gravel materials (GW), sandy soils (SW),

The field investigation programme shall contain
(Sêco e Pinto, 2006):
- a plan with the locations of the investigation
points including the types of investigations,
- the depth of the investigations,
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The results of field observations on neighbouring
structures, when available, should also be used.

- the type of samples (category, etc) to be
taken including specifications on the number
and depth at which they are to be taken,
- specifications on the ground water
measurement,
- the types of equipment to be used,
- the standards that are to be applied.

The tests shall be run on specimens
representative of the relevant strata. Classification
tests shall be used to check whether the samples
and test specimens are representative.
This can be checked in an iterative way. In a first
step classification tests and strength index tests
are performed on as many samples as possible to
determine the variability of the index properties of
a
stratum.
In
a
second
step
the
representativeness of strength and compressibility
tests can be checked by comparing the results of
the classification and strength index tests of the
tested sample with entire results of the
classification and strength index tests of the
stratum.
For the ground conditions five subsoil classes A,
B, C, D and E are considered (Eurocode 8, 1998):
Subsoil class A – rock or other geological
formation, including at most 5 m of weaker
material at the surface characterised by a shear
wave velocity Vs of at least 800 m/s.
Subsoil class B – deposits of very dense sand,
gravel or very stiff clay, at least several tens of m
in thickness, characterised by a gradual increase
of mechanics properties with depth shear wave
velocity between 360-800 m/s, NSPT>50 blows and
cu>250 kPa.
Subsoil class C – deep deposits of dense or
medium dense sand, gravel or stiff clays with
thickness from several tens to many hundreds of
meters characterised by a shear wave velocity
from 160 m/s to 360 m/s, NSPT from 15-50 blows
and cu from 70 to 250 kPa.
Subsoil class D – deposits to loose to medium
cohesionless soil (with or without some soft
cohesive layers), or of predominantly soft to firm
cohesive soil characterised by a shear wave
velocity less than 180 m/s, NSPT less than 15 and
cu less than 70 kPa.
Subsoil class E – a soil profile consisting of a
surface alluvium layer with Vs,30 values of type C
or D and thickness varying between about 5m and
20m, underlain by stiffer material with
Vs,30>800m/s.

Fig.15. Variation of shear modulus and
damping ration with shear strain for (GW),
((SW) (CL) and (CH) materials (after Stokoe et
al. 2004)

Subsoil S1 – deposits consisting - or containing a
layer at least 10 m thick - of soft clays/silts with
high plasticity index (PI>40) and high water
content characterised by a shear wave velocity
less than 100 m/s and cu between 10-20 kPa.

The laboratory test programme depends in
part on whether comparable experience exists.
The extent and quality of comparable
experience for the specific soil or rock should
be established.

Subsoil S2 – deposits of liquefiable soils, of
sensitive clays, or any other soil profile not
included in types A-E or S1.
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ANALYSIS OF LANDSLIDES STABILITY

Mathematical models

Introduction

Static analysis
Slope stability analyses can be performed by

The experimental and mathematical models to
analyse landslides stability are described.

analytical methods and numerical methods.

Experimental models

Seismic analysis

Experimental methods are used to test predictive
theories and to verify mathematical models.
Nevertheless some limitations they are useful for
physical modeling in geotechnics (Portugal,
1999).

The following dynamic analyses are used (Sêco e
Pinto et. al, 1995):
i) pseudo-static analyses,
ii) simplified procedures to assess deformations,
iii) dynamic analysis.

The most popular techniques for embankment
dams are shaking table and centrifuge models.
The existent equipments in LNEC are shown in
Figs. 16 and 17.

The pseudo-static analyses assume a rigid or
elastic behavior for the material (Ambraseys,
1960) and have the limitation that the seismic
coefficient acts in one direction for an infinite time.
Simplified procedures to assess deformations
were proposed by Newmark (1965), Sarma
(1975) and Makdisi and Seed (1977) and have
given reasonable answers in areas of low to
medium seismicity.
Newmark´s
original
sliding
block
model
considering only the longitudinal component was
extended to include the lateral and vertical
components of earthquake motion by Elms
(2000).
Kramer and Paulsen (2004) have proposed a
model to assess the deformations of reinforced
slopes that incorporates the yielding of reinforced
zone, the failure and tension of the
reinforcements. The model was calibrated by
shaking table and centrifuge tests.

Fig.16. Shaking table

A modified Newmark model to compute
displacements of natural slopes that includes pore
pressure generation, time interval, computation of
cycles involved in the cycle degradation and the
computed degradation path of the slope critical
acceleration was proposed by Biondi and
Maugeri, 2006).
ISSMGE TC4 Manual (1999) presents methods
for rock slopes stability based on the hardness of
rock and characteristics of faults proposed by
Kanagawa Prefectural Government (Japan) and
Mora and Vahrson
The use of dynamic pore pressure coefficients along
with limit equilibrium and sliding block approaches
for assessment of stability of earth structures during
earthquakes was demonstrated by Sarma and
Chowdhury (1996).
Several finite element computer programs assuming
an equivalent linear model in total stress have been
developed for 1D (Schanabel et. al., 1972), 2D

Fig.17. Centrifuge equipment
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FV = ± 0,5 FH

(Idriss et. al., 1973; Lysmer et al., 1974) and
pseudo 3D (Lysmer et al., 1975).

when the ratio αvg/αgr is greater than 0.6 and

Since these models are essentially elastic the
permanent deformations cannot be computed by
this type of analysis and are estimated from
static and seismic stresses with the aid of strain
data from laboratory tests (cyclic triaxial tests or
cyclic simple shear tests) (Sêco e Pinto, 1999).

FV = ± 0,33 FH

(3)

otherwise
where αvg is the applicable design ground
acceleration in the vertical direction, αgr is the
reference peak ground acceleration for class A
ground ratio, γf is the importance factor of the
structure, S is the soil parameter and W is the
weight of the sliding mass.

To overcome these limitations, nonlinear
hysteretic models with pore water pressure
generation and dissipation have been developed
using incremental elastic or plasticity theory.
The incremental elastic models have assumed a
nonlinear and hysteretic behavior for soil and the
unloading-reloading has been modeled using the
Masing criterion and incorporate the effect of
both transient and residual pore-water pressures
generated by seismic loading (Lee and Finn,
1978; Finn, 1987).

Pseudo-static method shall not be used for soils
that develop high pore water pressure or
significant degradation of stiffness under cyclic
loading.
The serviceability limit state condition may be
checked using simplified analyses with a rigid
block sliding for the computation of the permanent
displacement.

For the models based on the theory of plasticity
two particular formulations appear to have a
great potential for multidimensional analysis: the
multi-yield surface model (Prevost, 1993) and
the two-surface model (Mröz et al., 1979).

For saturated soils in zones where αgrγf S > 0.15 it
is important to incorporate the strength
degradation and pore pressure increase due to
cyclic loading.

Endochronic models have been refined by the
inclusion of jump-kinematics hardening to satisfy
Drucker's postulate and achieve closure of the
hysteresis loops (Bazant et al., 1982).

Dense sands with strong dilatant effects do not
exhibit reduction of shear strength.
Selection of design earthquakes

Modified cam-clay model for cyclic loading taking
into account that when saturated clay is
unloaded and then reloaded the permanent
strains occur earlier than predicted by the camclay model was proposed by Carter et al. (1982).
The predictions exhibit many of the same trends
that have been observed in laboratory tests
involving the repeated loading of saturated clays.

In Eurocode 8 the hazard is described in terms of
a single parameter, i.e. the value ag of the
effective peak ground acceleration in rock or firm
soil called “design ground acceleration”(Fig. 18)
expressed in terms of: i) the reference seismic
action associated with a probability of exceeding
(PNCR) of 10 % in 50 years; or ii) a reference
return period (TNCR)= 475.

Eurocode 8

These recommended values may be changed by
the National Annex of each country (e.g. in UBC
(1997) the annual probability of exceedance is 2%
in 50 years, or an annual probability of 1/2475).
where:
Se (T) … elastic response spectrum,
T … vibration period of a linear single-degree-offreedom system,
αg … design ground acceleration,
TB, TC … limits of the constant spectral
acceleration branch,
TD … value defining the beginning of the constant
displacement response range of the spectrum,
S … soil parameter with reference value 1.0 for
subsoil class A,
η … damping correction factor with reference
value 1.0 for 5 % viscous damping.

For the natural or artificial slopes a verification
of ground stability to ensure safety or
serviceability under the design earthquake
should be performed.
The following methods of analysis: (i) dynamic
analysis, using finite elements; (ii) rigid block
models; and (iii) simplified pseudo – static
methods can be used.
For the pseudo–static analyses the following
design seismic inertia forces can be taken:
for the horizontal direction
FH = 0,5 αgrγf SW/g

(2)

(1)
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The earthquake motion in EC 8 is represented
by the elastic response spectrum defined by 3
components.

surveying equipment,
theodolites.

including

levels

and

Vertical Internal Measuring Devices
Liquid level gages
The liquid level gages are used to measure the
monitoring settlements within slopes. Equipment
developed by LNEC for dams is shown in Fig. 19.
This instrument incorporates a liquid filled tube
with 6 mm of diameter for determination of relative
vertical deformation (Veiga Pinto and Silva
Gomes, 1988).
The gage is read by adding liquid to the liquid filled tube at the readout station, causing overflow
in the cell such that the visible level at the readout
station stabilizes at the same elevation as the
overflow point.

Fig.18. Elastic response spectrum (after EC8)
It is recommended the use of two types of
spectra: type 1 if the earthquake has a surface
wave magnitude Ms greater than 5.5 and type
2 in other cases.

In spite the errors caused by temperature
variation, surface tension effects and discontinuity
of liquid the accuracy of measurements is 2 mm.

MONITORING AND SAFETY ANALYSIS
Observation plans
The detailed definition of the monitoring
scheme cannot be made on the solid basis of
the features of the slope, because many
external factors are to be taken into account
when safety problems are considered.
The risk factors are classified in three classes,
which are referred respectively to actions, to
the structure or to values affected by hazards.

Fig.19. Liquid level gages (after Veiga Pinto and
Silva Gomes, 1988).

Types of measuring devices

Magnetic probe

Instruments should have the following
characteristics: (i) sufficient accuracy; (ii) longterm
reliability;
(iii)
low
maintenance
requirements;
(iv)
compatibility
with
construction techniques; (v) low cost; and (vi)
simplicity.

The magnetic probe consists of a series of
circular magnetic anchors surrounding a
telescoping access pipe. A probe containing reed
switch transmit a signal when is closed by magnet
(Fig. 20).
The spider magnets around a rigid PVC access
pipe, with lengths of plastic corrugated pipe
linking adjacent pairs of spider magnets. The
spider magnets are set with a pneumatic cutter,
and the corrugated pipe ensures that spider
magnets are free to slide along the rigid pipe.

Surface Movement Measuring Devices
External vertical and horizontal movements are
measured on the surface of slopes through the
use of level position surveys of reference
points.

Pneumatic settlement sensor

Devices commonly used for measuring
external movement consist principally of
reference points and targets, steel embedded
in the slope and reference marks.
Measurements are made using conventional

Pneumatic settlement sensor operates on the
same principle as pneumatic piezometers. They
are used to continuously monitor the difference in
elevations between the sensor unit and its
reservoir by means of a water column. The sensor
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unit may be installed in the dam foundation or
anywhere in the embankment, and the liquid
reservoir and readout area are normally
located on the downstream slope of the dam.

core is normally used to provide repeatable
vertical control. A readout unit to record data.
Horizontal internal measuring devices
Extensometers

Water pressure transmitted from the reservoir
to the sensor by a hydraulic (water-filled) tube
bundle is automatically balanced during
readout by an opposing pneumatic pressure. A
change in the elevation of the sensor is then
reflected by a change in pneumatic pressure
required to balance the hydraulic pressure.

An extensometer composed by tensioned wire
gages within an embankment to measure
horizontal deformation or horizontal strain
developed by LNEC (Toco Emilio, 1991) is shown
schematic in Fig. 21. The gage consists of vertical
anchor plates attached to couplings in telescoping
pipe laid horizontally. Steel wires attached to each
anchor plate are brought through a PVC pipe to a
measuring point where movement of a mark on
the wire is observed relative to a fixed reference,
while a standard tension is applied to the wire by
a weight.

Inclinometers
Inclinometers or slope indicators are routinely
used for monitoring lateral deformations.

The pipe is installed in a shallow trench.
The precision of the measurements is 5 mm.
Pore water pressures
Vibrating - wire piezometer
The piezometer tip contains a porous disk that
allows water pressure to enter and press against
a stainless steel diaphragm. A high - strength
steel wire is fixed to the center of the diaphragm
at one end and to an “end block” at the other end.
This wire is hermetically sealed within a stainless
steel member and set to a predetermined tension
during manufacture.
Pressure applied to the diaphragm causes it to
deflect, thereby changing the tension and
resonant frequency of the wire.

Fig.20. Magnetic probe (after Sêco e Pinto,
1987)
Fig.21. – Extensometers (after Toco Emilio, 1991)

The inclinometer system has four basic
components. Plastic or aluminum guide
casing, 76 mm in diameter or less is
permanently installed in the ground or
structure. The wheel mounted sensor tracks in
longitudinal grooves in the casing to provide
repeatable azimuth orientation. A heavy-duty
multi-conductor cable with a stranded steel

Hydraulic twin-tube piezometers
The twin-tube piezometer system consists of a
piezometer tip with porous stone, tubing, backfill
material and terminal well equipment.
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Seismic instrumentation

The principal advantages are a long
experience record with the devices, shorter
time lag in reading than with standpipe
piezometers, and the ability to use a central
observation system. The disadvantages
include a significant failure rate, freezing and
other water-related maintenance problems.

Thus the following type of instruments are needed
for the seismic monitoring of slopes:
Seismographs

Hydraulic piezometers are simple, accurate,
and rugged enough to withstand rough
handling during placement and operation by
even inexperienced field personnel. Because a
single - tube piezometer installation requires
less material than a double - tube installation, it
has significant economic benefits.

Seismographs refer to all types of seismic
instruments that write permanent, continuous
record of earth motion. The record is called a
seismogram. The basic components of a
seismograph include a frame, one or more
transducers, timing - devices and a recorder. As
the frame moves with the ground, the transducers
respond according to principles of dynamic
equilibrium. The signal may be sensed either
electrically, optically or mechanically.

Pneumatic piezometers

Strong - motion accelerographs

Pneumatic
piezometers
have
several
advantages: easy maintenance, a relatively
short lag time in reading, the level of the tubes
and readout terminal are independent of the
level of the piezometer tips.

The basic elements of an accelerograph include
accelerometers for measurements of acceleration
in any desired direction, recording system, timing
element, starting device and electrical power.
Ordinary strong - motion accelerographs are
scaled to record seismic motion up to 1.0 g and
are normally activated at 0.01 g. (Fig. 23).

Hydraulic piezometers

Peak recording accelerographs
The peak recording accelerograph differs from the
ordinary accelerograph in that the instrument is
nonelectrical and does not make a continuous
record but records only the high or peak
amplitudes of acceleration. Peak recording
accelerographs are inexpensive but should be
used only to supplement other accelerographs.
The peak accelerations is recorded on a magnetic
tape chip. The device is available in uniaxial,
biaxial or triaxial configurations.
Seismoscopes
Seismoscope
is
an
inexpensive
device
recommended to provide supplementary ground motion information. Its development has resulted
from a recognized need for an increase strong motion instrumental coverage at a reduced cost.
The seismoscope consists of a free conical
pendulum that can move in any horizontal
direction and records its response to the
earthquake ground motion. It is sometimes
desirable to install seismoscopes on natural
ground in the vicinity of a strong - motion
accelerograph so that the effects of variations in
local geologic and soil conditions can be
evaluated.

Fig.22. Electro-pneumatic piezometers (after
Sêco e Pinto, 1987)
Electro-pneumatic
piezometer
has
a
transducer that converts the hydraulic pressure
into pneumatic pressure when it is connected
to the reading unit. The hydraulic pressure
acting on an electric circuit and makes it close
when balanced (Fig. 22).
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- check of data in order to assess the reliability of
the measured values, and the malfunction of the
instruments;
- data storage and periodic back-up of record
files;
- periodic display and print of data and other
results of the data processing, following the
request of the operator;
- management of anomalies, related with
overcoming of allowable limits and the use of
alarm signals;
- possibility of communication with remote units;
- display of the measurement points location;
- easy access to the data reduction equations
and other logic programs and sets of specific
instrument constants.

Fig.23. Strong - motion accelerographs in Bao
dam

Data validation and subsequent actions

Location and installation details

Preliminary check on the raw values (following the
execution of function tests on measurement
equipment) by comparing the actual values from
the sensor readings with the established limits
and data reduction (computation of engineering
quantities) (Sêco e Pinto, 2001).

The location of seismic instruments depends of
local effects and equipment characteristics.
The strong motion accelerographs and peak
accelerographs should be located at base and
slope crest (Sêco e Pinto, 1993).
Data acquisition

For the interpretation of the measurements it is
necessary to establish a procedure, a
mathematical model that can be a statistical
model, a deterministic model or a hybrid model.

An automatic system with teletransmission in
comparison with manual readings allows a
rapid data processing of a great number of
instruments.

Data Storage

Once in operation an automatic system allows
a reduction of personal, both in the field and
office.
The automatic system and the central data
processing allow a quicker updating of the
information.

It is advisable to design and use a database
containing the monitoring data selected to be
stored.
The slope safety engineer, or the monitoring
personnel at the site in case the corresponding
software is available locally, shall observe the
engineering quantities or/and chronological
diagrams with the evolution of these quantities
usually plotted versus time and reservoir level,
and
whenever
justified,
environmental
temperature. The software must be flexible and
friendly to produce a list and diagrams with data
evolution.

An automatic system implies an increase of
complexity, with the electronic equipment to be
installed in unfavorable environment of
temperature and humidity. A fully automatic
system can be destroyed by an event such as
an earthquake, or an exceptionally large flood.
Data Management

An alarm concerning only a sensor reading will
correspond usually to an abnormal situation.

Regarding the data acquisition and processing
the software includes the following features
(ICOLD, 2000):
- collection of data for some time intervals;
- collection of data for some particular events
such as asynchronous transmission of data by
a peripheral, using a flag for seismic events or
other exceptional conditions;
- collection of data sets following the request
of the system operator;
- manual of measurements performed by
resident personnel;

Safety Control
Safety control is the group of measures taken in
order to have an up-to-date knowledge of the
condition of the slope and to detect in due time
the occurrence of any anomalies to define actions
to correct the situation or, at least, to avoid
serious consequences.
Experience has shown that the rational and
systematic control of slope safety should consist
of several tasks:
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- frequent visual inspection by staff in charge
of the observation system;
- periodic visual inspection by specialist;
- regular instrumentation measurements;
- data validation;
- data storage;
- visual inspections;
- safety evaluation;
- corrective actions.

earthquake because delayed damage may
occur.
9) A secondary inspection 2 weeks to a month
after the initial inspection should be made.
10) A schedule of very frequent readings should be
followed for at least 48 hours after the
earthquake.
11) If failure is imminent, warning to residents is
essential.

Visual Inspections
PREVENTION AND MITIGATION METHODS
During inspections the following aspects
deserve attention:
(i) upstream face (slope protection, vegetative
growth, settlement, debris, burrows and
unusual conditions); (ii) downstream face
(signs of movement, seepage or wet areas,
vegetative growth, condition of slope
protection, burrows or unusual conditions); (iii)
crest (surface cracking, settlement, lateral
movement, camber).

Schwizer et. al. (2007) have simulated rock
trajectories of boulders using the software rockfall
G.1. Three lines of barriers with heights of 7.5m for
the top and bottom and 5.0m for the middle section
and energy capacity of 3000 Kj with an expected
lifespan of 60 years were designed. In regard
corrosion protection the high tensile ring nets and
the ropes are matt-coated with GEO-Brugg
SUPERCOATING (an alloy of 95% zinc + 5%
aluminium) which results in 4 to 6 times long
lifespan under normal conditions than common hotdip galvanization and is less obtrusion in sunlight.
For the latter reason all HEB posts are black and not
galvanized.

If an earthquake of moderate or high Richter
magnitude occurs an immediate inspection of
the dam shall be done following these
procedures (ICOLD, 1988):
1) If the slope is damaged to the extent that
there is increased or new flow passing
downstream immediately implement failure
or impending failure procedures as
previously planned.
2) If abnormally reduced flow is present at
the upstream end of the storage,
immediately inspect the river course for
possibility of upstream damages due to
landslide. If such is the case, implement
failure or impending failure procedures.
3) Make an estimate of the characteristics of
the earthquake.
4) Immediately conduct a general overall
visual inspection of the slope.
5) If visible damage has occurred but has not
been serious enough to cause failure of the
slope, quickly observe the nature, location
and extent of damage and report all the
information to the supervisory office for a
decision on further actions.
6) Make additional inspections at any time
because of possible aftershocks.
7) During inspection the following aspects
deserve attention: (i) cracks, settlements
and seepage located on abutments or faces
of the slope; (ii) drains and seeps for
increased flow or stoppage of flow; (iii)
outlet works or gate misalignment; (iv)
visible reservoir and downstream areas for
landslides, new springs and sandboils and
rockfalls around the reservoir and in
downstream areas;
8) Continue to inspect and monitor the
facilities for at least 48 hours after the

Figs. 24 and 25 show anchor pull test to verify
service load and rock barrier type RX-300 height
7.5m.
Figs. 26 and 27 show barriers used in Asturias and
in Catalunya.
A successful certification test cube 1.9m released
from a height of 32m and impact velocity of 90 km/h
is shown in Figs. 28 and 29.

Fig.24. Anchor pull test
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Fig.28. Free fall of a 9,6 tf block p16-Geobrugg

Fig.25. Rock barrier type RX

Fig.26. Barrier in Asturias

Fig.29. Block fall
There is a need to optimize the anchors inclination
and length.
Two mitigation methods namely anchors and soft
layers were applied to study the case of Aegion
slope. The following conclusions were obtained
(Stamatopoulos, 2005):
(i) With the use of anchors the whole body
connected with anchors will move with less total
and differential acceleration.
(ii) The use of soft barrier will allow a decrease of
acceleration and consequently a reduction of
displacement.
The following measures to prevent loess landslides
disasters to cave dwellings were proposed by Deng
(2005):
i) the excavation should start from top and then
gradually towards bottom;
(ii) vegetable protection over the slopes and back of
cave dwellings;

Fig.27. Barrier in Catalunya
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It is well accepted that vegetation influences slope
stability through hydrological effects and mechanical
effects (Chok et al.,2003).

(iii) drainage system shall include hidden cutting
channels to cut infiltration and hidden drainage
channels to discharge penetrated water in
potential landslide areas.
Fig. 30 shows an example of use of climber
planting in pockets to cover and screen wall
surface.

Fig. 30 Shatin Road (Hong Kong

Fig.32. Comfort terrace

Fig.30. Use of climber planting in pockets
The use of planting growing through wire mesh
is shown in Fig. 31.

Fig.33. Sai Sha road

Fig.31. Planting growing through wire mesh
An example of use of a grillage structure to allow
establishment of vegetation is given in Fig. 32
The use of colour pigment added to cement for
sprayed concrete surfaces in addition to
drainage system is presented in Fig. 33.

Fig.34. Construction to limit the speed of debris flow
in Norway

To mitigate the impact of landslides on people
constructions to reduce the speed of the debris
flow and the run-out distance were implemented
as shown in Fig. 34.

Incorporating in the finite element slope stability
analysis apparent root cohesion and depth of root
zone have concluded that that vegetation plays an
18

important role in stabilising shallow-seated failure
of slopes.

where Fk is the characteristic value of the action and
γf is the partial factor

The expert systems are used by integrating the
knowledgebase of stabilization methods from
expert opinions, the past failures cases and
theoretical considerations. The schematical
diagram for analysing the suitable inference rule
of stabilization method by failure case is shown
in Fig. 35 (Chearnkiatpradab, 2005).

The design values of ground properties Xd shall be
derived by the equation:
Xd = Xk/γf

where Xk is the characteristic value of a material
property and γf is the partial factor.
The characteristic value is a cautious estimate of the
mean value and may be a lower value, which is less
than the most probable value or an upper value,
which is greater.

Mitigation requires a clear understanding of the
process that causes the slope movements. The
different approaches associated with the factors
provided by geotechnical characterization are
summarised in Table 6 (Leroueil and Locat,
1998).

This method allows the incorporation of the
uncertainty in the method of analysis, the role of
safety is defined in a more logic way, but the
definition of characteristic values raises some
problems

RISK ANALYSIS
The quantitative assessment of the safety for
each scenario can be done by:
(i) methods with a global safety factor;
(ii) methods with a partial safety factor; and
(iii) probabilistic methods.

The probabilistic methods aim the quantification of
the probability of survival of the structures by
comparing the probability of the resistance (R)
with the probability of loads (S) (Ferry Borges and
Castanheta, 1983).
There are 3 levels on the probabilistic safety factor:
semi-probabilistic, probabilistic approximate and
exact probabilistic and the levels 2 and 3 are in the
research level (JCSS, 1981).

For methods with a global safety factor, e.g. for
analysing slope stability by limit equilibrium
methods, the safety is quantified by a global
safety factor that represents the value used to
minimize the resisting forces in order to be equal
to the forces that tend to cause sliding
(Casagrande, 1965).

The design codes are based on global safety factor
or impartial safety factors. It is also recognize that
the difficulties to compute the probability of failure. In
the design for extreme events related to natural
hazards there is a need to incorporate reliability and
consequences (Lo, 2005)

The Eurocodes introduce the concept of design
by calculation with the verification by the partial
factor method and the limit states (ultimate and
serviceability).

The uncertainties related with the definition of
actions and particularly with water pressures and
seismic actions deserve careful consideration.

When considering ultimate limit states of the
ground or of a structure it shall be verified
(Eurocode, 1997):
Ed,u<Rd,u

Three major sources of soil uncertainties can be
identified (Vanmark, 1977): (i) heterogeneity or in
situ variability related with stress history and
fluctuations in moisture content; (ii) limited number
of soil samples for field or laboratory tests; (iii) errors
related with sample disturbance, test imperfections
and human factors.

(4)

where Ed,u is the design effect of actions in the
ultimate limit state and Rd,u is the corresponding
design resistance.
The design values of action Fd shall be derived
by the equation:
Fd= γf.Fk

(6)

Nawari and Hartmann (1998) have stressed that
in geotechnical engineering data and associated
rules are connected with fuzzy and so the use of
fuzzy logic provides a technique to estimate the
uncertainties in geotechnical structural analysis.

(5)
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Fig.35. Schematic diagram for analyzed the suitable rules
Table 6. Approaches for mitigation slope movements and their consequences
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The results of a risk analysis can be used to
guide future investigations and studies, and to
supplement conventional analyses in making
decisions on slope safety improvements. With
increasing confidence in the results of risk
analyses, the level of risk could become the
basis of safety decisions (Harr, 1984).

It means that within the limit states design the risk
of failure is not a crisp failure event but rather a
fuzzy failure event.
In the calculation models the uncertainties of the
method of analysis and the systematic errors
associated with the method of analysis shall be
incorporated.
The uncertainties can be divided in two categories:
(i) objective
related
with
the
statistical
measurements and probabilistic information; and
(ii) subjective related with the lack of information
and defined by judgement.

Salmon and Hartford (1995) have pointed that a
probabilistic risk assessment addresses three
fundamental questions:
(i) what can go wrong?
(ii) how likely is it?
(iii) what damage will it do?

The risk methods, reliability and decision analysis
can help the engineers by:
(i) taking into consideration the information related
with past failures, frequency of the failure factors,
efficiency of different strategies related with the
reduction of the probability of failure;
(ii) clarifying the role of the designer, owner,
contractor related with the existing risk in each
step of the project. The recognition of the
existing risk will allow a better distribution of the
risk by the different actors.

For a better understanding of the hazard,
consequences and risks Moon and Wilson (2003)
recommend to search the answers for the
following questions: (i) what you know? (ii) what
you do not know; (iii) what you need to know’; (iv)
what you cannot know.
The risk-based decision analysis has the purpose
to provide the decision makers with an objective
and comprehensive evaluation of alternative
courses of action related with the hazard risks and
consequences and the economic consequences
of the different alternatives.

The purpose of event trees is to answer two
questions:
(i) what are the scenarios to be incorporated in the
design;
(ii) what are the actions to be taken during hazard
events(Whitman, 1984).

- The probabilistic analysis should be performed
with great care analyzing in a critical way the
conclusions of each step and should be used in
addition to deterministic analysis.
- The probabilistic analysis increases our
confidence on the results, allows an optimization
of the project considering the risks of failure, can
lead to a better cost-effective design and
construction, satisfy our personal needs providing
a better insight of the different factors of the design
and give more confident to our decisions (Seco e
Pinto, 2002).

The risk assessment for slopes involves the
following steps (CSED, 1983):
(i) identification the loading conditions with the
potential to cause slope failure and the
estimative of the frequency of occurrence of
these events;
(ii) identification of the potential modes of failure
that would be the most likely result of adverse
loading events;
(iii) evaluation of the likelihood that a particular
mode of slope failure will occur for a particular
range of loading;
(iv) determination of the consequences of failure
for each potential failure mode; and
(v) determination of the risk cost by summing the
product of the likelihood of load level, the
likelihood of a slope failure mode and the cost
of the damages resulting from that failure mode.
-quantitative: different alternative solutions are
studied and the costs and benefits are analysed.

Fig.36. Framework for risk management (after
Ho et al, 2000)
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Fig.37. Risk managemnt framework (Australian Geomechanics Society, 2000)
Risk management comprises the estimation of
the level of risk and exercising adequate
control measures to reduce the risk when the
level is not tolerable (Caldeira et al, 2005). The

essence of risk management and the role of
quantitative risk assessment (QRA) within the
context of risk management are shown in Fig. 36
(Ho et al., 2000).
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There is a rich discussion related Failure
Modes and Effect Analysis (FMEA), Failure
Mode, Effects and Critically Analysis (FMECA),
Event Tree Analysis (ETA), Fault Tree
Analysis (FTA).

While these methods are relatively easy to
implement and give useful qualitative and
sensitivity information about the input and output
parameters, they are based on an underlying
assumption of a Taylor Series truncated after the
linear terms-hence first order. The procedure
adopted in Australia for risk management is
shown in Fig, 37.

Structural Reliability Methods permit the
calculation of failure probabilities of the
mechanisms. Probabilities are calculated using
the methods of the modern reliability theory
such as Level III Monte Carlo, Bayesian
theory, Level II advanced first order second
moment calculations

Hungr (1981) suggested that velocity is the most
important measure of hazard intensity and has
proposed Fig. 38 to group landslide velocities.
Fig. 38 shows a correlation between hazard
reduction and cost of intervention.

It is important to stress that a higher factor of
safety may not correspond to a lower
probability of failure because it is important to
take into account the degree of uncertainty of
the parameters (Lacasse and Nadim, 1998).
As quantitative risk analysis (QRA) for
landslides is more problematic to model that
other geohazards, due lack of accurate data
related spatial extent, Uzielli and Lacasse
(2007) have proposed a quantitative landslide
intensity parameter which is composite (i.e.
considering
the
kinetic
and
spatial
characteristics of a landslide) and uncertaintybase (i.e. relying on second moment
probabilistic modeling).

Fig.38. Collection of flow-like landslide velocity
values (Hungr et al., 2000)

The slope stability analysis needs to quantify
the potential post failure deformations and
linked with the consequences of failure
allowing a better management of risks (Fell et
al., 2000).
First order methods such as the First Order
Second Moment (FOMS) and the First Order
Reliability Method (FORM) have received
significant exposure (e.g. Low, 1997, Nadim,
2002, Duncan, 2000, Baecher and Christian,
2003) in recent years as relatively simple
methods for estimating the probability of
events occurring in geotechnical analysis.
The basic objective is as follow: given
statistical data (mean and standard deviation)
for key geotechnical input parameters (e.g.
strength parameters c` and tan, seepage
parameters k, settlement parameters E) what
are the statistics (mean and standard
deviation) of the key output quantities (e.g.
factor of safety FS, flow rate Q, settlement d)
(Kulhawy, 1992).

Fig.39. Hazard reduction-cost of intervention
analysis
Warning systems
For warning systems there two possibilities
approaches: direct and indirect monitoring.

In the case of the output parameter, if these
statistics are combined with an assumed
probability density function, the probability of
events such as slope failure, excessive flow
rates, excessive settlements, etc, can be
estimated (Christian et al, 1994).

For example in the direct approach a potential
sliding area is monitored by simple displacement
instrumentation and when a predicted threshold
value of displacement is exceeded the people of
the valley is evacuated.
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An example of indirect warning system is the
city of Hong Kong (Fig. 40) where an early
warning system has been used for over 15
years and people were educated to recognize
report
landslide
symptoms
(cracking,
reactivation of spring lines, surface runoff, etc).

source is granite rock and clays schist when the
source is schist rock.
The rocks exhibit all the weathering degrees from
W5 (decomposed rock) to W1 (good rock) (Fig.
41).
The region is crossed by a extensive fault from
hercinic age, Permic period of Primary Age. Other
regional and local alignments have N-S and NESW orientations (Fig.42).
The fractured valleys are crossed by streams that
due the tectonic movements are oriented to the
south increasing the erosion.
From the hydrologeological point of view there are
two types of formations: (i) colluvial soils with
permeability of interstitial type; (ii) and granite
formations with permeability of fissured type.
Geotechnical characterization
For the site investigation 30 refraction seismic
profiles, 10 penetrometer tests, 40 trenches and
22 boreholes with SPT tests were performed.

Fig.40. Possible avenues for warning systems

For the seismic profiles a seismograph type
Nimbus ES125 (Geometrics) of 1 channel with a
high signal was used (Fig. 43). The waves were
generated using a weight of 7 kg and the interval
of measurements was 3m.
The purposes of the trenches were to identify the
thickness of the superficial materials.

CASE STUDIES
Introduction
Two case studies are presented namely
Castro Daire landslide and La Josefina
landslide.
Castro Daire
Introduction
Related Castro Daire landslide the geological
and
geotechnical
characteristics,
the
excavations issues and the slope stability
analysis are presented. The slope failure and
the slope stability analysis by different
methodologies are discussed.
Geological and geotechnical characteristics
The section that was studied is located in
Moura Morta /Arcas between 850 and 460 m
of altitude and belongs to hercinic age.
The geological formations are composed by:
(i) granites; and
(ii) metasedimentar rocks belonging to Schists
of Beiras (Hidrotécnica Portuguesa, 1995).
The rocks are weathered until a depth of 10-20
m composed by sands and silts when the

Fig.41. Plan and geotechnical profile
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The boreholes with a variable length from 4,9
m to 30m have a total length of 387.5, with 270
m in soil materials and 117.5 m in rock
materials. The SPT tests were 1.5m apart.
The laboratory tests have integrated: 10
identification tests (sieve analyses and
Atterberg limits), 7 Proctor tests, 7 CBR tests,
5 porosity tests, 5 direct shear tests, 5 uniaxial
compression tests, 2 crushed tests, 5 density
tests and 5 water content tests.

Fig.43. Seismic profile

Fig.42. Representation of discontinuities
Excavations
From the interpretation of seismic profiles for
the excavations of 4-5m height mechanical
equipments was used. For deeper excavations
in rock materials blasting techniques with precutting were adopted.
The alignment from Km 9.585 to Km 25.375
has crossed slopes from 3m to 50m height.
The Designer has adopted the general
guidelines of Road Institute (JAE) considering
slopes with 1V: 1.5 H.

Fig.44. Slope excavation
Slope stability analysis - slope nº 28: km 21+810
– 22+510 (l=700m; h=47m)

3 slope excavation profiles are presented in
Fig. 44. A general slope view and a slope view
before the construction of drainage system are
shown in Figs. 45 and 46.

This section exhibits granite formations type W3W4 related the weathering. Also joints in direction
EW were identified and aerial photography has
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(iii) between 2200 m/s a 2600 m/s for depths
higher than 6.5 m.

identified weak alignments in directions NS
and NE-SW.

For the section between km 21.950-22.150 with a
maximum height of 47 m the Designer has
proposed 2V:1H until 10 m higher road level,
3V:2H, until 18m higher road level and 1V:1H for
other situations.
Also the construction of berms with 3 m width and
8 m apart were recommended. The berms were
located at levels 10, 18, 26, 34 and 42m from road
level.
For the excavation the use of blasting with precutting technique were proposed.
Unfortunately the Designer has not performed a
slope stability analysis for these slopes with 47 m
high.

Fig.45. Slope view

Fig.47. Slope failure

Fig.46. Slope view before drain execution
The seismic profiles have given the following
distribution of shear wave velocities:
(i) lower than 1000 m/s for depths less than 4
m; (ii) between 1000 m/s and 2000 m/s for
depths between 4m and 6.5 m; and

Fig.48. Slope failure
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Slope failure

It provides an easy, practical and simplified
method to assess slope instability risks. A general
description of the classification principles is
presented below.

Details related the slope failures that have
occurred, namely the orientation of the
discontinuities, as well the type and size of the
blocks are shown in Figs. 47 and 48.

The slope mass rating classification is a world
wide known modification of Bieniawsky’s RMR
(Rock Mass Rating) classification and is
obtained from RMR by subtracting a factorial
adjustment, depending on the joint-slope
relationship and adding a factor depending on
the method of excavation.

Slope stability evaluation
Introduction
As stressed previously the Designer for a
slope with 47 m height has followed only the
general recommendations of Road Institute
(JAE).

In Table A1 the ratings for this classification are
presented. In Table A2 the adjustment rating for
joints is presented. Finally, in Table A3 the
adjustment rating for methods of excavation of
slopes is showed. The description of the SMR
classes is presented in Table A4.

Subsequently the slope stability will be
performed by 3 methodologies, namely SMR
method proposed by Romana, the method
proposed by Mora & Vahrson and the (LHEFlandslide hazard evaluation factor) method
proposed by Anbalagan (Secoe Pinto, 2003).

The final slope mass rating (SMR) is obtained
by the following equation:

Slope stability analysis by SMR

SMR = RMR - (F1 x F2 x F3) + F4

(7)

The SMR - Slope Mass Rating (Romana 1988,
1993) rock mass classification was used.
RMR PARAMETER RMR RATING DESCRIPTION
Strength of intact material 2 POOR
Rock quality designation
3 POOR
Spacing of discontinuities 8 POOR
Condition of discontinuities 0 FAIR
Groundwater conditions
7 FAIR
BASIC RMR RATING 20 POOR ROCK
SMR PARAMETER SMR RATING DESCRIPTION
F1
F2
F3
F4

0.15 FAVOURABLE
0.85 UNFAVOURABLE
-50 UNFAVOURABLE
+9 PRESPLITING + SMOOTH BLASTING

SMR 32.3
Bad slope, unstable, planar or big wedges failures, important corrections.
seismicity and rainfall intensity, are incorporated
as triggering factors (ISSMFE, 1993).
By combining these factors, a degree of slope
failure hazard was defined as follows:

Slope stability analysis by Mora & Vahrson
method
Mora & Vahrson (1993) conducted case
studies of slope failures in historic earthquakes
and also those induced by heavy rainfall in
Central America, and proposed a method for
the prediction of zones susceptible to slope
failure.

Hl=(Sr Sl Sh) * (Ts+Tp)

(8)

where
Hl … landslide hazard index (Table B7).
Sr … value of relative relief index (Table B1).
Sl … value of lithologic susceptibility (Table B2).
Sh … value of index of influence of natural
humidity of the soil (Tables B3 and B4).

In this method, three factors: relative relief,
lithologic conditions and soil moisture, were
considered as the factors influencing the
susceptibility of failure. In addition, two factors,
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Ts … value of influence of seismic intensity
(Table B5).
Tp .. value of rainfall precipitation intensity
(Table B6).

Josefina (Ecuador) landslide
La Josefina site is located 20 Km from La Cuenca
city in the canyon of Paute river in the East Andes
of Ecuador.

For the slope analysis the following values
were obtained:
Sr= 1
Sl= 3
Sh= 3
Ts= 4
Tp= 3

On 29 March of 1993 a huge failure has occurred
with around 30 cubic millions of rock materials
killing more than 100 persons. The canyon of the
valley was blocked creating a lake with a volume
of water higher than 200 cubic millions putting in
great risk the cities of Cuenca and Azuogues
(Pistone et al, 1999).

The landslide hazard index is 63, that means
class III and a moderate susceptibility for
sliding.

Figs. 49 and 50 show a schematic view before
and after the occurrence of the sliding.

The TEHD value of 5.4 indicates a moderate
zone of hazard.
Slope stability analysis by LHEF method
The LHEF (landslide hazard evaluation factor)
proposed by Anbalagan is a numerical factor
based in the slope instability that integrates the
lithology, structure, topography, land relief,
cover, and the seepage conditions. The
weights for the definition of LHEF value are
shown in Table C1. In Table C2 the different
evaluation landslides hazards factors are
presented. The hazard classification based in
TEHD values is shown in Table C3 (Gupta, P.
e Anbalagan, R.,1993).
Fig.49. La Josefina view before the sliding

Discussion of the results
From the application of the 3 methodologies
the following conclusions can be drawn:
(i) The RMR method proposed by Romana has
identified a bad slope, with unstable, planar
or big wedges failures and for the need of
important corrections actions;
(ii) The methodology proposed by Mora &
Vahrson shows a moderate susceptibility for
sliding;
(iii) the methodology proposed by Anbalagan
indicates a moderate zone of hazard.
It is important to stress that the reliability of
these methodologies is based on the
successful applications for several rock slopes
located in different countries.

Fig.50. La Josefina view after the sliding

In summary for the stability analysis of slope
22 the application of these 3 methodologies for
the design purposes, in spite of their limitations
and difficulties, should clearly appointed for a
moderate hazard scenario and for the need of
corrective and reinforcement actions in order
to assure the slope stability. Unfortunately this
was not the case and the sliding has occurred.

A general view of La Josefina sliding is shown in
Fig. 51.
A Committee was created sponsored by the
European Union to analyse the causes of the
failure and to propose corrective actions to
stabilize the slopes of Paute river.
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iv) Back analyses to calibrate the design
parameters (see Fig. 53);
v) 3D slope stability analyses. Details are giving in
Figs. 54 and 55.

Fig.51. View of La Josefina sliding
The stabilization of La Josefina slope has
involved the following steps:
i) The emergency actions have included
correction of the slope geometry,
implementation of drainage system and
construction of a channel with 17 m depth;
ii) Geotechnical characterization of the
materials by in situ and laboratory test
taking into consideration the heterogeneity
and the size of the blocks. Correlations with
the characterization of similar studies were
explored.
iii) Slope stability analyses simulating different
scenarios for the phreatic surface (see Fig.
52);

Fig.54. 3D slope stability model

Fig.55. 3D slope zoning
vi) Monitoring of the slope with the installation of
piezometers, inclinometers and benches
marks.

Fig.52. Slope profile analysed

The general view of La Josefina slope after the
corrective actions is shown in Fig. 56.

Fig.53. Slope stability analyses
Fig.56. La Josefina view after corrective actions
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vi)

improve understanding of the relationship
between rainfall and landslide occurrence;
vii) advantages and difficulties of risk analyses
for the basis of safety decisions;
viii) use of available early warning systems;
ix) what are the advantages and limitations of
automatic system with teletransmission
during
exceptional
events
such
as
earthquakes and intensive rains?
x) preparedness of evacuation plans.

FUTURE DEVELOPMENTS
In spite of the impressive progress that has
been made in the last years to understand
landslides mechanisms during static and
seismic conditions there is still space for
questions that remain without a definitive
answer. Some questions that deserve further
discussion are outlined below.
The floor discussions that we hope lively will
give us the unique opportunity to share our
experience and will also contribute to the
advancement of the knowledge

FINAL REMARKS
Due to the very fast developments on
geotechnical engineering and particularly of
landslides triggered factors continuing education
is highly recommended.

A better understanding of the following topics
is needed:
i)
creep process and development of
appropriate models;
ii) assessment of shear strength of fissured
clays;
iii) development of models for a better
simulation of infiltration of rainfall and
snow;
iv) development of computer programs to
calculate travel distance of debris, velocity
and energy profiles;
v) development of a data collection
correlating
landslides
with
trigger
mechanisms;

In dealing with these topics we should never
forget the memorable lines of Francis Bacon:
“If a man will begin with certainties, he
shall end in doubts; but if he will be
content to begin with doubts, he shall
end in certainties”.
(Advancement of Learning)
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ANNEX A – METHOD SMR
Table A1. Bienawsky ratings for RMR (1989)
PARAMETER
UCS

> 250
MPa

rating
RQD

15
90100%
20
>2
m
20
very
rough
not
continu
ous no
separati
on
unwead
ered
30
Dry

rating
spacing of
discontinuities
rating
Condition of
discontinuities

rating
Groundwater
in joints
rating

100250
MPa
12
75-90%

50-100
MPa

RANGE
S
25-50
MPa

7
50-75%

4
25-50%

17
0.6-2
m
15
slightly
rough
separat
ion <
1mm
slightly
weader
ed

13
0.2-0.6
m
10
slightly
rough
separat
ion <
1mm
highly
weathe
red

25
Damp

20
Wet

8
0.06-0.2
m
8
Slikensid
ed or
gouge <
5mm or
separati
on 15mm
continuo
us
10
Dripping

10

7

4

15

Table A2. Adjustment ratings for joints
CASE
ANGLE
Very
favourable
P
> 30º
αj - αs
T
αj - αs 180º
P/T
F1
0.15
P
< 20º
βj
P
F2
0.15
T
F2
1
P
> 10º
βj - βs
T
< 110º
βj + βs
P/T
F3
0
P Plane failure
T Toppling failure

5-25
MPa

1-5
MPa

<1
Mpa

2

1
< 25%

0

3
< 0.06
m
5
soft
gouge
> 5mm
or
separa
tion >
5mm
continu
ous
0
Flowin
g
0

Favourable

Fair

Unfavourable

30º - 20º

20º - 10º

10º - 5º

Very
unfavourable
< 5º

0.40
20º - 30º
0.40
1
10 - 0º
110º - 120º
-6

0.70
30º - 35º
0.70
1
0º
> 120º
- 25

0.85
35º - 45º
0.85
1
0º- (-10º)
-- 50

1.00
> 45º
1.00
1
< -10º
-- 60

αs / βs
αγ / βγ

T

Table A3. Adjustment rating for methods of excavation of slopes
METHOD
Natural slope
Prespliting
Smooth
blasting
F4
+15
+ 10
+8

34

Blasting or
mechnical
0

Defficient
blasting
-8

Table A4. Tentative description of SMR classes
CLASS
V
IV
SMR
0 - 20
21 - 40
Description
Very bad
Bad
Stability
Completly
Unstable
unstable
Failures
Big planar or Planar or big
soil-like
wedges
Support
Reexcavation
Important/corre
ctive

III
41 - 60
Normal
Partially stable

II
61 - 80
Good
Stable

Some joints or
many wedges
Sistematic

Some blocks

I
81 - 100
Very good
Completly
stable
None

Occasionnal

None

ANNEX B – METOHD PROPOSED BY MORA & VAHRSON
Table B1. Relative relief values and their classes
Susceptibility
Relative relief
0 - 75 m/Km2
very low
76 - 175
1ow
176 - 300
moderate
301 - 500
medium
501 - 800
high
> 800
very high

Parameter
Sr
0
1
2
3
4
5

Table B2. Classification of lithologic influence
Lithology
Permeable limestone, slightly fissured intrusions,
basalts, etc., low degree of weathering, low water
table, clean rough fractures, high shear strength rocks.

Susceptibility

Value Sl

low

1

High degree of weathering of above mentioned
lithologies and hard massive clastic sedimentary rocks;
low shear strength sherable fractures.

moderate

2

Considerably weathered sedimentary intrusive
metamorphic volcanic rocks, compacted regolithic
soils, etc.

medium

3

Considerably weathered hydrotermaly altered rocks of
any kind, strongly fractured and fissured clay filled
poorly compacted pyroclastic and fluvio-lacustrine
soils, shallow water tables.
Extremely altered rocks, low shear resistance alluvial
colluvila and residual
soils, shallow water tables -

high

4

very high

5
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Table B3. Classes of average monthly precipitation
Average monthly precipitation (mm/month)

Assigned value

< 125

0

125 - 250

1

> 250

2

Table B4. Weighting for annual precipitation
Summation of
Precipitation averages

Susceptibility

Value Sh

0-4

very low

1

5-9

low

2

10 - 14

medium

3

15 - 19

high

4

20 - 24

very high

5

Table B5. Influence of seismic intensity
Intensities (MM)Ts = 100
years

Susceptibility

Value Ts

III

Slight

1

IV

Very low

2

V

Low

3

VI

Moderate

4

VII

Medium

5

VIII

Considerable

6

IX

Important

7

X

Strong

8

XI

Very strong

9

XII

Extremely strong

10
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Table B6. Influence of rainfall precipitation
Maximum
rainfall

Rainfall

Susceptibility

Value Tp

n>10 years;
Tp=100 years

n<10 years; average

< 100mm

< 50mm

Very low

1

101 - 200

51 - 90

Low

2

201 - 300

91 - 130

Medium

3

301- 400

131 - 175

High

4

> 400

> 175

Very high

5

Table B7. Classes of potential landslide hazards
Value from equation (2)

Class

Susceptibility of hazard

0-6

I

Negligible

7 - 32

II

Low

33 - 162

III

Moderate

163 - 512

IV

Medium

513 -1250

V

High
Very high

> 1250

VI

ANNEX C – METHOD LHEF
Table C1. Proposed maximum LHEF rating for different contributory for LHZ mapping
Contributory Factor
Lithology
Relationship of structural
discontinuities with slopes
Slope morphometry
Relative relief
Landuse and Landcover
Groundwater condition

Maximum LHEF Rating
2
2
2
1
2
1
10

Total
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Table C2. Landslide hazard evaluation factor (LHEF).
Contributory
Category
Rating
factor

Remarks

Lithology
Rock type

Correction factor for weathering
Type – I
Quartzites & Limestone
Granite & Gabbro
Gneiss

0.2
0.3
0.4

Type – II
Well cemented
sedimentary rocks

1.0

Poorly cemented rocks

1.3

(b) Moderate weathered, weathered more around
joint planes, but rock intact in nature; correction
factor C2

(c) Slightly .weathered-rock which may be
moderately tight to open, intact rock. Correction
factor C3

Type – III~
Slate & phylite
Schist
Shale with interbedded
clayey & nonclayey
rocks
Highly weathered shale

(a) Highly weathered –rock with joints open with
weathering products; correction factor C2

1.2
1.3
1.8
2.0

The correction factor for wearhering should be
multipled with the fresh rock rating to get the
corrected rating
For rock type I
C1 = 4, C2 = 3, C3 = 2
For rock type II
C1 = 1.5, C2 = 1.25, C3 = 1.0

Soil type
Older well compacted
fill material.

0.8

Clayey soil

1.0

Sandy soil.

1.4

Debris comprising rock
pieces:
I. Older well compacted

1.2

II Younger loose
material

2.0
Cont...
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Table C2. Landslide hazard evaluation factor (LHEF). Cont…
Contributory Factor
Category
Rating

Remarks

Structure
Relationship of
structural
discontinuity with
slope.
Relationship of
parallelism
discontinuity and
inclination

I> 30º
II 21º – 30º
III 11-20º
IV 6º –10º
V-<5º

0.20
0.25
0.30
0.40
0.50

I> 10º
II 0º – 10º
III 0º
IV 0º – (-10º)
V- 10º

0.30
0.50
0.70
0.80
1.00

I<15º
II 16º – 25º
III 26-35º
IV 36º –45º
V->45º

0.20
0.25
0.30
0.40
0.50

≤5m
6 – 10 m
11 – 15 m
16 – 20 m
> 20 m

0.65
0.85
1.30
2.00
1.20

> 45º
36º – 45º
26º – 35º
16º – 25º
≤ 15º

2.00
1.70
1.20
0.80
0.50

PLANAR (?j-?s)
Cunhas (?i-?s)
Relationship of dip
discontinuity and
inclination
PLANAR (?j-?s)
Cunhas (?i-?s)
Dip of discontinuity
PLANAR – ?j
WEDGES – ?i

Depth of soil cover

Slope Morphometry
Scarpment /Cliff
Steep slope
Moderate steep slope
Gentle slope e
Very gentle slope
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Parallelism between the slopes
and discontinuity (?j/?i-?s)

Relationship of dip discontinuity and
the inclination of slope (?j/?i-?s).

Dip of discontinuity (?i/?j).

Table C2. Landslide hazard evaluation factor (LHEF). Cont…
Contributory do factor
Category
Rating

Remarks

Landuse nad Landcover
Agriculture land /populated flat
land

...

0.65

Thickly vegetated area

...

0.80

Moderate vegetated area

...

1.20

...
Sparsely vegetated area

1.50

Barren land

2.00

...

Grounwater condition
...
Flowing

1.00
...

Dripping

?j = dip direction of joint
?i = direction of linr of intersection of
two discontinuities .
?s = direction of slope inclination
?j = dip of joint .
?i = plunge of line of intersection
?s = inclination of slope
Category
I = Very favourable
II = Favourable.
III = Fair
IV =Unfavourable
V = Very Unfavourable

0.80
...

Wet

0.50
...

Damp

0.20
...

Dryo

* Discontinuity refers to the planar
discontinuity or the line of intersection
of the two planar discontinuities,
whichever , is important concerning
instabilities

0.00

Table C3. Landslide hazard zonation on the basis of total estimated hazard (THED)
Zone

TEHD Value
<3.5

Description of Zones
Very low hazard (VLH) Zone

I
II
III
IV
V

3.5 – 5.0
5.1 – 6.0
6.1 – 7.5
> 7.5

Low hazard (LH) Zone
Moderate hazard (MH) Zone
High hazard (HH) Zone
Very High hazard (VHH) Zone
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