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Abstract This paper presents a methodology for the sta-
bility analysis of cuts in rock slopes. A kinematic analysis of
the different types of failure (planar, wedge, and toppling) is
developed using GIS, following which a probabilistic anal-
ysis is made of the limit equilibrium in slopes where the
conditions for kinematic failure are satisfied. The results were
verified by comparing the evaluation against the observed
stability conditions in 40 road cuts along 4 km of national
road N-340, on the Mediterranean edge of Granada province
(southern Spain). The validation analysis showed that for
some 90% of the slopes studied there was a reasonable fit
between the observed and evaluated stability, indicating the
proposed methodology is suitable for the preliminary anal-
ysis of the stability conditions on rock slopes.

Keywords Rock slopes - Kinematic analysis - Safety
factor - Failure probability - GIS

Résumé Le littoral entre Radés et Ezzahra, au nord-est de
la Tunisie, a souffert de 1’érosion pendant une forte
tempéte en 1981. En conséquence, entre 1985 et 1988 un
brise-lames a été construit a Rades et deux brise-lames a
Ezzahra. L’article présente une étude de I’efficacité de ces
structures et considere les autres facteurs qui controlent les
processus d’accrétion et d’érosion du littoral.
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Introduction

Stability assessments of rock slopes involving civil works
are generally preceded by a kinematic analysis which
forms the basis for the selection of cut slopes for further
assessment of the factor of safety (Hoek and Bray 1981;
Norrish and Wyllie 1996). A kinematic analysis is a
geometrical method developed using stereographic pro-
jections. It can assist in the determination of likely failure
modes, the geometrical relationships between discontinu-
ities and the relevant friction angles, and has been
reported by several authors (Hoek and Bray 1981; Yoon
et al. 2002).

According to the equilibrium-limit method, the failure of
a rock mass occurs above a discontinuity when the shear
stress surpasses the shear strength of this surface. Generally,
this type of analysis is made by the deterministic calculation
of the factor of safety (Goodman and Bray 1976; Kumsar
et al. 2000; Hoek 2007). However, the uncertainty and/or
variability associated with the geotechnical properties of
materials hampers the selection of the appropriate values
needed for this type of analysis and gave rise to the
development of probabilistic methods. Some authors have
proposed substituting the use of the standard safety factor,
FS, for the reliability index, RI, (e.g Christian et al. 1994) or
the probability of failure, PF (Hoek 2007).

Numerous authors have used the equilibrium-limit
method for the stability analysis of rock slopes, both from
the deterministic standpoint (Sarma 1979; Warburton
1981) as well as the probabilistic approach (Priest and
Brown 1983). However, this method has the limitation that
the failure mode must be known before it can be applied;
that is, the method cannot recognize the failure mode
without the help of a prior kinematic analysis (Kim et al.
2004).
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The spectacular increase in the availability of computers
in recent years and the development of GIS have provided
powerful tools to analyse spatial information. GIS has been
widely used to analyse stability against slope movements in
general (Carrara et al. 1991; Chacén et al. 1996, 2006;
Chacén and Corominas 2003; Irigaray et al. 2007),
but there are fewer examples of its use in rock slopes
(Gokceoglu et al. 2000; Irigaray et al. 2003, 2010; Giinther
et al. 2004; Kim et al. 2004; Aksoy and Ercanoglu 2007).
This paper presents a methodology incorporating ArcGIS
9.3 (ESRI 2009). It was validated by stability analyses for
different types of failure controlled by the discontinuities in
rock masses at the Mediterranean edge of the province of
Granada (southern Spain).

Location of the study area

The study area is located on the coast of Granada (southern
Spain) 15-20 km east of the city of Motril (Fig. 1). Geolog-
ically, it belongs to the Alpujarride Complex of the Internal
Zones of the Betic Cordillera. It is covered by the carbonate
materials of the Murtas Unit of Triassic age (Aldaya 1981),
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although in places the underlying Permo-Triassic phyllites
crop out.

Thirteen rock slopes along national highway N-340
(between the Arraijana beach and Castell de Ferro) were
selected for study, based on their geological and structural
features. The study was limited to the surface area between
the highway and a height of between 15 and 20 m above
the road. Some of these slopes were sub-divided into sec-
tions, either because the ground plan of the slope was
curved or because they included significant lithological or
structural differences, such that a total of 40 slope units
were studied. Figure 2 is an example of one of the studied
slope units.

The meteorological records show the maximum tem-
perature in July and August is some 26-27°C while in
February the minimum is some 13°C. The mean annual
rainfall is 486 mm; the precipitation peaking in March
(monthly mean of 69 mm) and December (90 mm) while
in July it is as little as 1 mm.

Data collection

Scan line surveys were made of representative slopes,
following Hoek and Bray (1981), and Hudson and Priest
1983). A total of 2,330 m of scanline were undertaken for
740 analysed discontinuities and their geomechanical
parameters measured, including spacing, resistance to
compression, weathering, presence of water, etc. (Irigaray
et al. 2003). The tilt test was used to measure the angle of
friction (Bruce et al. 1989; Franklin and Dusseault 1989;
Barton 2008). Cohesion was not measured but was esti-
mated based on information published on similar rocks
(Hoek and Bray 1981; Goodman 1989; Waltham 1999).

Some of the data needed for the analysis were obtained
using a Digital Elevation Model (with a 2 x 2 m cell size)
and ArcGIS 9.3 (ESRI 2009). The topographic and carto-
graphic information used was prepared by Granada Prov-
ince Council in 1998 at a scale of 1:2,000.

Table 1 shows the general characteristics and the mean
geomechanical parameters for one of the slopes studied.
All the information acquired was implemented in the
Geographic Information System ArcGIS 9.3 (ESRI 2009).

Methodology and results

Four sets of discontinuities were identified in each of the
slope profiles and representative values of the geome-
chanical properties established. Stereographic projection
was used (DIPS 5.0) to identify all the possible intersec-
tions between the sets of discontinuities present in each
slope.
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Fig. 2 Marble slope in the
national road N-340 between
Calahonda and Castell de Ferro
(Granada, Spain)

Table 1 General characteristics and mean geomechanical parameters of the slope T1-a

Mean values of discontinuities (85 measurements):

Set 1 2 3 4

Dip 68° 53° 33° 37°

Dip direction 273° 233° 137° 332°

Spacing (m) 0.1 0.1 0.3 0.2

Continuity Sub-continuous Not continuous Continuous Not continuous
Roughness Slightly rough Smooth Slightly rough Slightly rough
Infilling No Clay Calcite No

Aperture (mm) 0.1-1 0.1-1 >5 0.1-1
Weathering Slightly weathered Slightly weathered Slightly weathered Slightly weathered
Groundwater Dry Dry Dry Dry

Cohesion (kPa) 0 10 50 40

Friction angle (°) 33 32 33 36

Slope unit: T1-a. Excavation method: normal blasting. Maximum altitude: 12.5 m. Length: 110 m. Strike: N330°. Dip: 80°. Shape: rectilinear.
Lithology: limestone-dolomitic marbles with alternating clear white and dark ones from centimetres to decimetres in thickness. Age: Triassic.
Support measures: None. Breaks visible: formation of several decimetric wedges with low risk of falling. Uniaxial compressive strength:

37 MPa. Unit weight of rock: 26 kN/m?

The stability conditions in the rock masses were ana-
lysed at two different stages (Goodman and Bray 1976;
Hoek and Bray 1981; Goodman 1989; Norrish and Wyllie
1996). First, a kinematic analysis was made to determine
the likelihood of planar, wedge, and/or toppling failure
using GIS ArcGIS 9.3 (ESRI 2009). Where potential fail-
ure was identified, the factor of safety (FS) and probability
of failure (PF) were determined using ROCPLANE 2.0 and
SWEDGE 5.0 (Rocscience 2009b, c).

Kinematic analysis

The kinematic conditions for planar, wedge and toppling
failure are recorded along the route corridor (Fig. 3). The
slopes that present a greater extension of the zones with
geometric instability are T8-c, T-7b, and T-8a, with values
>20%. The slopes T-2a, T-7c, T-7d, T-7g, T8-g2, T9-1,
T9-2, T11-a, and T13 presented no potential geometric
instability (Fig. 3).
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Fig. 3 Map of kinematic conditions for the planar, wedge, and toppling failure

Safety factor and failure probability

Factors of safety were established using limit-equilibrium
analysis (Kovari and Fritz 1975; Hoek 2007), based on the
parameters given in Tables 2, 3 and 4. In addition, a sen-
sitivity analysis was made in order to determine the influ-
ence of the various parameters on the value of the
calculated factor of safety. This type of analysis involves
the application of the theory of probability to the risk
evaluation (Harr 1987; Pine 1992) and provides a medium
factor of safety (FS) as well as a probability of failure (PF).
The results are given in Table 5.

The results are shown for the calculation of the safety
factor by a probabilistic analysis for the cases of planar and
wedge failure, made by the programs ROCPLANE 2.0 and
SWEDGE 5.0, respectively (Rocscience 2009b, c). The
analysis was made in all those slopes where the kinematic
analysis indicated pixels that fulfilled the structural con-
ditions of planar or wedge failure.

Planar failure

In the general case, the calculation of safety factor for
planar failure of the slope is determined by the following
equation (Norrish and Wyllie 1996; Hoek 2007):

FS_CA—|— (W(cos » —nsinlﬁp) -U- Vsinlpp—chosO) tan¢

W (sinyy, +ncosy, ) +Vcosy, —Tsinf
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where FS = factor of safety against sliding along a sheet
joint; ¢ = cohesive strength along a sliding surface;
A = base area of wedge; W = weight of rock wedge
resting on the failure surface; Y, = angle of failure sur-
face, measured from horizontal; # = seismic coefficient;
U = uplift force due to water pressure on failure surface;
V = horizontal force due to water in tension crack (if
present); T = force applied by the anchor system (if
present); O = inclination of the anchor, anti-clockwise
from normal; ¢ = friction angle of sliding surface.

To determine the input data used for calculating the
safety factor for the planar failure by ROCPLANE 2.0
(Rocscience 2009a) the following has been taken into
account:

(a) Geometry and weight The slopes had no bench and in
general had a rather uniform dip, so that the overall
slope angle was considered fixed over its entirety. The
failure planes were determined from prior kinematic
analysis and appear to be almost smooth; thus the
waviness angle is considered equal to 0. The overall
slope height is considered fixed for the entire
extension of the slope based on direct measurement
in the field. The slope of the upper face corresponds to
the angle of the natural slope from the DEM (Digital
Elevation Model), and, given that it can present a
certain variability over the slope, it was considered to
be a random variable with a normal distribution and a
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Table 2 Mean values of the

input data used to calculate the Cut slope ID Slope

Failure plane Upper face Strength

probabilistic factor of safety for Angle (°) Height (m) Unit weight No set Angle (°) Angle (°) ¢ (kPa) ¢ (°)
planar failure (kN/m?)
Tl-a 80 12.5 27 4 37 34 40 36
T1-b 75 12 27 4 43 35 50 30
Tl-c 77 15 27 2 43 32 10 30
T1-d 75 15 26 3 61 33 30 34
T1-f 73 26 26 4 44 32 150 35
T1-h 72 29 26 4 62 33 120 34
T2-b 72 20 26 1 62 30 40 32
T4 69 23 26 3 61 34 40 37
TS 65 25 26 1 54 30 10 30
T6-a 67 15 27 4 41 34 40 37
T6-b 70 19 26 4 41 30 60 30
T7-b 68 20 26 4 46 33 5 36
T8-a 65 14 27 4 41 30 5 34
T8-c 62 18 26 4 38 28 5 36
T10-b 68 8 26 3 40 34 150 30
T10-c 46 12 26 4 43 34 20 32
;l;:;)ll)llte ditalvlllz:; \tlce)llg;lscja:zihe Cut slope ID  Upper face Slope face Sl(.>pe Slope Unit vxgeight
probabilistic factor of safety for Dip (°) DipDir () Dip (°) DipDir (°) height (m)  length (m)  (kN/m”)
wedge failure
Tl-a 34 046 80 060 12.5 110 27
T1-b 35 053 75 060 12 95 27
TI1-f 32 115 73 125 26 146 26
T1-h 33 200 72 200 29 140 26
T2-b 30 130 72 160 20 90 26
T4 19 285 69 003 16 80 26
TS 30 235 65 225 25 115 26
T6-a 41 115 67 125 15 100 27
T7-b 33 205 68 175 20 75 26
T8-a 30 155 65 155 14 120 27
T8-f 25 217 71 176 17 100 27
T8-gl 35 300 52 310 13 60 27
T10-b 34 62 68 72 8 113 26
T10-c 34 180 46 180 12 85 26
TI12 24 189 52 359 6 40 26
standard deviation of 5°. The specific weight of the (b) Water pressure From field observations, the slopes
rock was determined from typical values in the appeared to be in a dry state (Irigaray et al. 2003). The
literature (Farmer 1968; Goodman 1989; Waltham carbonate nature of the materials (marbles) as well as
1999). In field observations, no tension cracks were their structural characteristics indicated drained con-
located; however, given the possibility that they ditions in all cases hence the water pressure was
could exist and that they were inadvertently over- assumed to be nil.
looked, two situations were considered: without (c) External and seismic forces In the slopes studied, no

tension cracks and with tension cracks. In the latter,
vertical tension cracks were considered with the FS
location.

type of outer reinforcement was used and therefore in
this section only seismic force is considered. Based on
the Seismic-Resistance Construction Norm of Spain
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Table 4 Mean values of the Cut slope ID Sets  Joint 1

Joint 2

input data of discontinuities

used to calculate the Dip (°) DipDir (°) ¢ (kPa) ¢ (°) Dip(°) DipDir(°) c (kPa) ¢ (°)

probabilistic factor of safety for

wedge failure Tl-a 14 68 273 0 33 37 332 40 36
T1-b 2N3 42 125 0 35 73 25 150 29
T1-f 34 68 051 150 34 44 140 150 35
T1-h 1-4 56 259 150 31 62 142 120 34
T2-b 14 62 223 40 32 52 115 20 35
T4 2-3 80 280 15 37 61 062 40 37
T5 14 54 2717 10 30 73 146 5 35
T6-a 34 70 68 50 36 41 150 40 37
T7-b 34 74 056 150 36 46 138 5 36
T8-a 1-4 85 026 5 34 41 126 5 34
T8-f 1-4 75 025 10 36 38 117 30 36
T8-gl 1-2 88 244 10 35 58 286 50 36
T10-b 2-3 62 351 10 32 54 051 150 30
T10-c 14 63 276 70 34 43 172 20 32
T12 34 77 258 150 31 47 298 10 32

'(II':aSl;l(;nSd xgigbfi?;tyoro?tf;?ﬁtey Cut slope ID ROCPLANE analysis SWEDGE analysis

(PF) obtained into the Without tension crack With tension crack

ROCPLANE and SWEDGE

analysis FS PF (%) FS PF (%) FS PF (%)
Tl-a 1.23 7 1.01 45 591 0
T1-b 1.44 1 1.46 10 4.94 0
Tl-c 0.59 100 0.55 100 - -
T1-d 0.92 63 0.79 87 - -
T1-f 1.67 0 1.31 0 2.63 0
T1-h 2.10 0 1.83 0 2.76 0
T2-b 1.13 29 1.00 50 1.21 9
T4 1.25 18 1.14 30 2.68 0
T5 0.48 100 0.46 100 1.22 6
T6-a 1.17 27 0.98 53 1.88 0
T6-b 1.24 15 1.01 48 - -
T7-b 0.60 100 0.58 100 0.70 100
T8-a 0.68 100 0.65 100 0.72 100
T8-c 0.78 100 0.76 100 - -
T8-f - - - - 5.33 0
T8-gl - - - - 3.88 0
T10-b 4.36 0 3.03 0 17.28 0
T10-c 2.78 4 2.61 4 3.55 0
T12 - - - - 19.01 0

NCSR-02 (Ministerio de Fomento 2002), the seismic
coefficient of the study sector (town of Gualchos) is
equal to 0.13 g.

(d) Shear strength The relationship between the shear
strength (1) of the failure plane and the normal stress
(0,) acting on the plane is represented by the Mohr—
Coulomb equation:

@ Springer

T=c+o,tan ¢

where ¢ is the friction angle of the failure plane and c is
the cohesion.

The friction angle of the discontinuities has been esti-

mated from data measured directly in the field by the tilt
test (Barton 1981; Franklin and Dusseault 1989). From
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these results, and taking into account the data from the
literature (Farmer 1968; Hoek and Bray 1981; Goodman
1989; Waltham 1999) a normal distribution was considered
for this variable, with a standard deviation of 5°. No
experimental data were available to determine the cohesion
of the discontinuities for the study zone hence this
parameter was estimated on the basis of information pub-
lished for similar rocks (Farmer 1968; Hoek and Bray
1981; Goodman 1989; Waltham 1999). A normal truncated
distribution was assumed with a minimum value of 0 kPa,
a maximum equal to double the mean values, and a stan-
dard deviation of 10 kPa.

(e) Sampling technique The sampling technique used in
the probabilistic analysis was the Latin Hypercube
(Iman et al. 1980), which provides results comparable
to those of the Monte Carlo technique (Harr 1987) but
with fewer samples (Hoek 2007).

Table 2 shows the mean values of the input data used to
calculate the probabilistic factor of safety for planar failure.

Wedge failure

In the case of wedge failure, the calculation of the safety
factor is given below' (Kumsar et al. 2000): where
FS = factor of safety; W = weight of the rock wedge
resting on failure surfaces; i, = intersection angle;
n = seismic coefficient; f = inclination angle of a
dynamic force (f = 0 for seismic forces); ¢ = cohesive
strength along the sliding surfaces; U; = water force acting
on the face of the slope (if present); U, = water force
acting on the upper part of the slope (if present);
U,, = force caused by fluid pressure normal to each joint;
A; and A, = joint surface areas; ¢ = friction angle;
A = wedge factor by Kovari and Fritz (1975):

COS 1 + COS W)
sin(w1 + 0)2)

where w; and w, are the angles between the surfaces of
each joint with the vertical.

Taking into account the same considerations as in the
analysis of the planar failure, in the probabilistic analysis
for wedge failure neither benches, tension cracks, nor water
pressure were considered. The Latin HyperCube sampling
method was used.

Tables 3 and 4 show the mean values of these data for
the talus that fulfil the kinematic conditions of wedge
failure.

[A[W(cosi, — nsin(iy + B)) + Ussiniy + U cosiy) — Up) tan ¢ + (A} + Az)
W(sin i, + ncos(iy + ) — Uscosi, + Uy sini,

FS =

Table 5 shows the FS and PF calculated for the different
conditions studied in the slopes where the kinematic con-
ditions were satisfied. The results show that

(a) The slopes that presented the greatest probability of
failure, both for planar failure and wedge failure
(FS < 1 and PF = 100%) were slopes T7-b and T8§-a.

(b) Slopes Tl-c and T8-c also presented the greatest
probability of failure, but, in these, planar failure was
geometrically possible.

(c) Slope T5 presented the maximum probability of
planar failure, and a lower probability of wedge
failure (FS = 1.22 and PF = 6%). However, the
extension where the planar failure was geometrically
possible was very reduced in this slope.

(d) Slopes T1-d, T2-b, T4, T6-b, T8-f, and T10-c could
also present instability problems but with low prob-
abilities of failure (maximum 63% in T1-d).

(e) The rest of the slopes presented very low or null
probabilities of failure.

Validation of the results

With the aim of testing the validity of the results, a com-
parative analysis was made between the evaluation and
field observation.

Table 6 shows the failures detected in the field, as well
as the overall evaluation of the stability of the slopes
studied. It also includes the results of the kinematic and
equilibrium limit analyses.

Table 7 shows the failure categories for the 40 slopes. It
can be seen that the mathematical analyses for 36 of the 40
slopes studied (90%) were generally consistent with the
stability observed in the field. The five slopes directly
observed as “unstable” were compatible with failure, both
from the geometric and limit equilibrium analysis. In the
ten slopes showing “stable” conditions, it was confirmed
that failure kinematic or limit equilibrium conditions were
not accomplished. The seven slopes directly observed as
“rather unstable” included five slopes fulfilling all the
failure requirements, one slope which showed the kine-
matic conditions for toppling failure and only one slope
which did not satisfy geometric failure conditions. In the
18 slopes directly observed as “rather stable”, only three of
them were considered as failed using the proposed meth-
odology while the remaining 15 slopes show various dif-
ferent stable conditions (Table 7).

Determination of the appropriate slopes for the talus
Prior to the design of an engineering work in a rock mass, it

is important to determine a stable slope angle which is cost
effective. To determine whether the slopes studied were
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Table 6 Failures detected and overall evaluation of the stability of all the slopes studied

Cut slope ID KF PF (%) Observed failures Observed stability
P W T P W

Tl-a Y Y Y 7-45 0 Plane failure, falling blocks Rather stable

T1-b Y Y N 1-10 0 Plane failure, few wedge failures Rather stable

Tl-c Y N Y 100 — Plane failure, falling blocks Rather unstable

Tl-d Y N Y 87 - Falling blocks Rather unstable

Tl-e N N Y - - Small falling blocks Rather stable

T1-f Y Y Y 0 0 Small falling blocks Rather stable

Tl-g N N Y - - Small falling blocks Rather stable

T1-h Y Y Y 0 0 Small wedge failure Rather stable

T2-a N N N - - No Stable

T2-b Y Y Y 29-50 9 Plane and wedge failures Unstable

T3 N N Y - - Small falling blocks Rather stable

T4 Y Y Y 18-30 0 Plane failure, falling blocks Rather unstable

T5 Y Y Y 100 6 Falling blocks, wedge failure Unstable

T6-a Y Y N 27-53 0 Plane failure Rather unstable

T6-b Y N Y 15-48 - Plane failure Rather unstable

T7-a N N Y - - Small blocks Rather Stable

T7-b Y Y Y 100 100 Large wedge failure Unstable

T7-c N N N - - No Stable

T7-d N N N - - No Stable

T7-e N N Y - - Small falling blocks Rather stable

T7-f N N N - - Falling blocks Rather unstable

T7-g N N N - - No Rather stable

T8-a Y Y Y 100 100 Plane failure, falling blocks, wedge failure Unstable

T8-b N N N - - No Rather stable

T8-c Y N N 100 - Plane failure, falling blocks Unstable

T8-d N N Y - - Falling blocks Rather unstable

T8-e N N Y - - Falling blocks Rather stable

T8-f N Y Y - 0 Falling blocks, wedge failure Rather stable

T8-gl N Y N - 0 Small wedge failure Rather stable

T8-g2 N N N - - No Stable

T9-1 N N N - - No Stable

T9-2 N N N - - No Stable

T10-a N N Y - - Small falling blocks Rather stable

T10-b Y Y N 0 0 Small falling blocks Rather stable

T10-c Y Y N 4 0 Small plane failure Rather stable

T10-d N N Y - - No Stable

Tll-a N N N - - No Stable

T11-b N N Y - - Small falling blocks Rather stable

T12 N Y N - 0 No Stable

T13 N N N - - No Stable

KF Kinematic failure; P Planar failure; W Wedge failure; 7 Toppling failure; Y Yes; N No; PF Probability of failure

sufficiently stable, determinations were made of the slope
angle which would give an FS against planar and wedge
failure, of >1.5, assuming the remainder of the parameters
considered in the equilibrium-limit analysis remained

@ Springer

unchanged. Table 8 shows the recommended angles, which
in some cases indicate a reduction in angle of some 20°.
Where the recommended angles could not be achieved,
whether for geometric or economic reasons, it is highly
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Table 7 Distribution of the number of slopes that fulfil different conditions for failure and observed stability

Observed stability Plane or wedge failure Toppling No kinematic
failure conditions for failure
LE NLE
Unstable (5) 5 0 0 0
Rather unstable (7) 5 0 1 1
Rather stable (18) 3 5 8 2
Stable (10) 0 1 1 8

LE Compatibility with failure according to the limit equilibrium analysis. No compatibility with failure according to the limit equilibrium

analysis

Table 8 Actual slope angle (A) and recommended slope angle («) for unstable slopes to reach a safety factor higher than 1.5

Cut slope ID Tl-c T1-d T2-b T4 T5 T6-a T6-b T7-b T8-a T8-c
A () 77 75 72 69 65 67 70 68 65 62
o (%) 45 67 58 66 46 55 55 47 42 39

recommended that an adequate support of some outer
reinforcement be applied (wire mesh, anchors, etc.).

Discussion and conclusions

The aim of the present work was to propose a methodology
for analysing the stability conditions of rock slopes. It
involves two stages:

1. A kinematic analysis of the different types of failure
(planar, wedge, and toppling) using GIS.

2. A probabilistic analysis of the limit equilibrium in the
slopes where the conditions of kinematic failure were
satisfied.

The results were verified by the comparing the insta-
bility evaluation and the instability conditions observed on
site.

In the case of the study area, situated on the national
highway N-340 in southern Spain, the kinematic analysis
indicated that 27 of the 40 slopes studied presented geo-
metric conditions consistent with failure. Of these 27
slopes, 7 had safety factors lower than 1 for planar or
toppling failure, of which 5 presented a probability of
failure of 100% with the parameters estimated. The vali-
dation analysis showed that, overall, for 90% of the slopes
studied there was a reasonable fit between the calculated
and observed stability, indicating the methodology is useful
for a preliminary analysis.

The main limitation of this type of analysis is the esti-
mation of the parameters of the discontinuities, especially
the friction and cohesion angle, particularly taking into
account local conditions, as well as the climate and

geomorphology. The results for the basic friction angles
determined from tilt tests were corrected taking into
account published experimental results on peak friction
angle. More limitations were found in the selection of
cohesion values, as it was not possible to make direct
measurements between discontinuity planes.

The methodology proposed should be used in combi-
nation with other sources of information and analysis
methods, and only in the preliminary phases of the design
and planning of engineering works. However, in these
preliminary phases, GIS constitutes a quick, inexpensive
and effective tool for analysing the spatial stability of
natural and cut slopes, which can provide useful informa-
tion when time and economic resources are limited and
indicate areas where more specific investigations and
analyses should be focussed.
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