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Abstract The slope instability is connected to a large
diversity of causative and triggering factors, ranging from
inherent geological structure to the environmental condi-
tions. Thus, assessment and prediction of slope failure
hazard is a difficult and complex multi-parametric prob-
lem. In contrast to the analytic approaches, the systems
approaches are able to consider infinite number of affecting
parameters and assess the interactions of each couple of the
parameters in the system. This paper presents a complete
application of the rock engineering systems approach in
prediction of the instability potential of rock slopes in 15
stations along a 20 km section of the Khosh-Yeylagh Main
Road, Iran as the case study of the research. In this
research, the main objective has been defining the principal
causative and triggering factors responsible for the mani-
festation of slope instability phenomena, quantify their
interactions, obtain their weighted coefficients, and calcu-
late the slope instability index, which refers to the inherent
potential instability of each slope of the examined region.
The final results have been mapped to highlight the rock
slopes susceptible to instability. Finally, as a preliminary
validation on the utilization of systems approach in the
study region, the stability of investigated rock slopes were
analyzed using an empirical method and the results were
compared. The comparisons showed a rather good coinci-
dence between the given classes of two methods.
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Introduction

The stability of slopes is of great importance to civil,
geotechnical and mining engineers worldwide. Failure of
rock slopes, both man-made and natural, include rock falls,
overall slope instability and landslides, as well as slope
failures in open pit mines. The consequence of such fail-
ures can range from direct costs of removing the failed rock
and stabilizing the slope to possibly a wide variety of
indirect costs. Examples of indirect costs include damage
to vehicles and injury to passengers on highways and
railways, traffic delays, business disruptions, loss of tax
revenue due to decreased land values, and flooding and
disruption to water supplies where rivers are blocked by
slides. In the case of mines, slope failures can result in loss
of production together with the cost of the failed material,
and possible loss of ore reserves if it is not possible to mine
the pit to its full depth (Wyllie and Mah 2004). Thus,
stability analyses are required for a wide variety of engi-
neering projects and especially for slopes of the highways
and railways. Because in these projects, a higher degree of
reliability is required since slope failure, or even rock falls,
can rarely be tolerated (Ross-Brown 1972).

There are many different techniques for the analysis of
slope stability. The most widely used techniques include the
various limit equilibrium methods (Hoek and Bray 1981;
Nash 1987; Norrish and Wyllie 1996); empirical methods
using rock mass classifications, such as RMR' (Bieniawski
1976, 1993), SMR? (Romana 1985; Romana et al. 2003)
and SSPC? (Hack 2002; Hack et al. 2003); the numerical
methods including continuum and discontinuum models

! Rock mass rating.

2 Slope mass rating.
3 Slope stability probability classification.
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(Cundall 1976; Larsson et al. 1992; Stead et al. 2000, 2001)
and also by means of a GIS (Irigaray et al. 2003; Kim et al.
2004). These techniques all belong to a category that are
generally known as the analytic approaches, and thus are
only able to consider a limited number of affecting factors
and then solve the problem in details. In contrast, the sys-
tems approaches not only can examine the problem in its
totality with a complete list of the components, but also can
take the interactions between the factors into account. The
rock engineering systems (RES) approach has been intro-
duced by Hudson (1992a) to deal with complex engineering
problems, as it combines adaptability, objectivity, repeat-
ability, efficiency and effectiveness. In the literature, a few
researchers have adopted the RES approach to the general
problem of stability of slopes in cases of natural slopes,
landslides, etc. (Smith 1994; Mazzoccola and Hudson 1996;
Castaldini et al. 1998; Ali and Hasan 2002; Zhang et al.
2004; Ceryan and Ceryan 2008; Rozos et al. 2008; Budetta
et al. 2008). Smith (1994) used a similar approach for the
engineering geological assessment of shallow mine work-
ings in chalk. Mazzoccola and Hudson (1996) adapted the
method for natural slope stability assessment by the con-
struction of a rock mass classification in Cimaganda in the
Italian Central Alps. Castaldini et al. (1998) studied the
earthquake-induced surface effects on the stability of nat-
ural slopes of the Northern Apennines in Italy by using the
RES approach. Ali and Hasan (2002) studied the landslides
in Bangladesh. This study was based on a field investigation
which was followed by geomechanical analyses of the field
data. They developed a new method to determine the degree
of instability of slopes quantitatively, according to the cause
and effect for each parameter in the interaction matrix.
Zhang et al. (2004) showed that RES methodology can be
used to analyze the interactivity mechanism of numerous
parameters sensitive to rockfall hazards, and to evaluate the
rockfall intensity, rockfall frequency and rockfall hazard
under complex natural environments. Ceryan and Ceryan
(2008) utilized the RES approach and interaction matrices
(IM) methodology for failure susceptibility zoning in
Dogankent area in Turkey. Rozos et al. (2008) used the RES
as a tool for ranking the instability potential and hazard of
landslides in Karditsa County in Greece. Finally, Budetta
et al. (2008) presented a combined approach for landslide
hazard zonation using RES and GIS and used the approach
on cliffs along the coastline of the Cilento region in Italy.
The RES approach can be considered as a suitable
method for assessing the stability of rock slopes in areas
with complex environment and multiple affecting para-
meters. Accordingly, the purpose of the present study is to
apply the RES for the rock slope stability assessment of a
mountainous area, along the Khosh-Yeylagh Main Road,
NE Iran. For this purpose, 15 stations have been selected
and a relatively comprehensive database containing the
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fieldwork information has been constructed. The procedure
which has been followed step by step to develop the tool in
question is as follows: the parameters, identified as caus-
ative and triggering factors responsible for the slope failure
activity, are selected and analyzed. Then, the construction
of the interaction matrix is done by using the selected set of
the parameters. The interactivity of the parameters is
examined by a uniform coding technique and the weighted
coefficients for the parameters are obtained. Afterward, the
parameters are classified into different categories regarding
the field measurements, each one of them representing a
specific condition. After that, the data from each of the 15
stations are analyzed and every parameter is assigned with
the appropriate rating. Finally, an instability index is
established and calculated for each considered station,
representing their inherent instability. Eventually, the
slope instability zonation map is presented for the Khosh-
Yeylagh Main Road.

General characteristics of the study area

The Khosh-Yeylagh Main Road is situated in a moun-
tainous area, approximately 90 km from northern Shahrood
city, north-eastern Iran. This road connects Semnan prov-
ince to the northern provinces. Figure 1 shows a photo-
graph of the area. Geological map and description of study
region in this research can be seen in Fig. 2. In this figure,
the main investigated region has been marked by a rect-
angle with specific coordination of its ending points.

The geological structure is complicated in the region by
multiple folding associated with shear zones and brittle
fault zones, but the general attitude of rock units forms a
monocline dipping at N130-180E/20-60 (dip direction/
dip). The area is principally located on the Khosh-Yeylagh
formation with some other formations such as Pad-ha,

Fig. 1 A landscape of the Khosh-Yeylagh Main Road
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Fig. 2 Part of geological map
for the Khosh-Yeylagh region in
scale of 1:100,000 as the
sampling area IGMEO 2001)
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Soltan-Meydan and Shir-Gasht. The Khosh-Yeylagh for-
mation pertains to the Devonian period in the Paleozoic
era. The formations comprise the consequences of gray
limestone, red quartzite sandstone, thin-layered gray
sandstone and also green and white sandstones. Moreover,
a set of dolomitic limestone, shale, dolomite and sandstone
can be found in some parts of the region. The major parts
of these rocks belong to a spectrum of weathered rocks
found in the region. Based on the type and macrostructure
of the rock block, the integrity and mechanical properties
of the rock mass, and the hydrologic properties, four dif-
ferent grades of weathering in the rocks are identified as

follows: completely weathered rock (I); heavily weathered
(I); moderately weathered (II); and slightly weathered
and fresh (IV).

The meteorological records for the period 1975-2007
show the highest temperatures are experienced in July and
August (11-35°C) and the lowest in January and February
(—10 to 7°C), while the highest rainfall is recorded in
March and April (300400 mm) and the lowest in July
(70-100 mm) (IGOSIT 2007).

Along 20 km of the road, 15 stations were selected as
rock slopes to be investigated in this research. Figure 3
shows the location of considered slopes along the road.

@ Springer



668 Environ Earth Sci (2012) 67:665-682
Fig. 3 The location of §5°1¢0' 55030
considered slopes along . L
the road & LOCATION MAP OF INVESTIGATED SLOPES >
& ALONG THE ROAD SECTION FROM SHAHROOD - fg
“ TOWARDS AZADSHAHR
Fadlo :::‘:m:fm“i‘ii; Towards Azadshahr
Til-Abad river
Towards Shahrood
LEGEND
3 N River I | I'?l
og ] N Main road -
4 Location of investigated slope Ol ? Ko
Scale
55°10' 55°30'

Rock engineering systems

With the increasing sophistication of our interpretive
techniques, numerical analysis and rock characterization
schemes, it is becoming more important to base rock
engineering design and the associated site investigation,
construction and monitoring procedures on a coherent
structural understanding of the complete rock engineering
problem. This includes not only the primary mechanisms
and parameters, but also the interactions between them
(Hudson and Harrison 1992). The RES as a systems
approach introduced by Hudson (1992a) aims to provide a
useful checklist for a rock engineering project. More
importantly, it also aims to provide a framework from
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which the complete design procedure can be evaluated,
leading a rock engineering project to an optimal result. The
RES approach contains a very useful procedure for devis-
ing a rock mass classification scheme for any rock engi-
neering project. In a rock mass classification scheme, a
single parameter is required to comprehensively charac-
terize the quality of any rock mass for a given engineering
project that is to take place within the rock mass (Latham
and Lu 1999). According to the RES approach, all possible
rock mass classification schemes can be represented by a
function of the leading diagonal parameter values of an
interaction matrix. The selection of the parameters and the
definition of the weighting of each parameter in a classi-
fication system can be made through the coding of the
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Fig. 5 Summation of coding values in the row and column through
each parameter to establish the cause and effect co-ordinates (Hudson
1992a)

interaction matrix following a rational procedure. This
coding is crucial to the applicability of the equation in the
classification scheme.

In the RES approach to rock engineering, the interaction
matrix device (Hudson 1992a) is both the basic analytical
tool and a presentational technique for characterizing the
important parameters and the interaction mechanisms in
RES. In the interaction matrix for a RES (e.g., a rock slope
system), all factors (or parameters) influencing the system
are arranged along the leading diagonal of the matrix, called
the diagonal terms. The influence of each individual factor
on any other factor is accounted for at the corresponding
off-diagonal position, and these are named the off-diagonal
terms. The off-diagonal terms are the assigned values which

Fig. 6 The (C, E) plot for the supposed case comprising n influencing
factors (Hudson 1992a)

describe the degree of the influence of one factor on the
other factor. Assigning these values is called coding the
matrix. The general concept of the influences in a system is
described by the interaction matrix, which is shown in
Fig. 4a. Also, a problem containing only two factors is the
simplest example of the interaction matrix, as shown in
Fig. 4b. A general illustration of the coding of interaction
matrix is shown in Fig. 5. The row passing through P;
represents the influence of P; on all the other factors in the
system, while the column through P; represents the influ-
ence of the other factors, or the rest of the system, on the P;.
Several procedures have been proposed for numerically
coding this matrix, for example, the 0-1 binary and the
expert semi-quantitative (ESQ) method (Hudson 1992a).
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After coding the matrix by inserting the appropriate
values for each cell of the matrix, the sum of each row and
of each column can be calculated. The sum of a row is
termed the “cause” value and the sum of a column is the
“effect” value, designated as coordinates (C, E) for a par-
ticular factor. C represents the way in which P; affects the
rest of the system and E represents the effect that the rest of
the system has on P;. The coordinate values for each factor
can be plotted in cause and effect space, forming a so-called
C £ E plot allowing the discrimination between “less
interactive” and “more interactive” parameters (Hudson
1992a). After obtaining the C £ E plot for a system, an
equation defining a classification index that takes into
account key contribution factors can be developed. These
stages would be followed and shown in the next sections. In
principal, there is no limit to the number of factors that may
be included in an interaction matrix, although the number of
factors needed to solve a practical engineering problem is
finite. A problem which includes n factors (or parameters)
will have an interaction matrix with » rows and n columns,
as shown in Fig. 5. Also, Fig. 6 shows the resulted (C,
E) diagram for this case comprising n influencing factors.

The application
Selection of the parameters affecting the system

In consecutive steps for selection of the key parameters in
the system, one has to firstly define the project and the
environment. The task ends with a detailed list of param-
eters related to the rock and site characteristics (which are
determined by site investigation, expertise, theoretical
analyses and historical documents), with their quantitative
or qualitative descriptions. Hudson (1992b) has proposed a
set of general parameters affecting the stability of rock
slopes which has been followed in the selection of the key
parameters in this research.

In this paper, dealing with the general setting, the
overall geological, climatic and previous instability con-
ditions were outlined for the studied site, and all these
factors were found to be relevant for the study of potential
instability. The final list of 17 parameters can be grouped
into 5 main headings:

e Setting:

1, Geology and lithology; 2, faults and folds; 3, intact
rock strength; 4, previous instability; S5, weathering; 6,
rainfall; 7, freeze and thaw cycles;

e Discontinuities:

8, Number of sets; 9, orientation; 10, aperture; 11, per-
sistence; 12, spacing; 13, mechanical properties;
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e Rock mass:

14, Hydraulic conditions;
e Slopes:

15, Slope height, 16, slope inclination;
e Others:

17, Potential instability.

The choice of parameters does not include items that are
considered insignificant; for example, seismic activity
would be taken into account if we moved to Central Iran.
On the other hand, there were not any reliable data for in
situ stress status in the study area. Thus, in spite of its
significance, we could not add it to the list. A brief
description on the importance of each parameter and also
some field observations are given below.

Geology and lithology

Lithology or rock type is one of the most decisive
parameters (causative factor) regarding the slope failure
manifestation. There are two dominant rock types in the
study area: gray sandstones and limestones, plus a range of
combinations of the two. The found sandstones have rela-
tively more homogenous texture with fine grain size that is
called “Khosh-Yeylagh Sandstone” (Zare Naghadehi et al.
2010). As evident from the stratigraphic position of the
area, the older rocks mainly comprised limestones with
subordinate dolomitic limestones which are classified into
higher grades of weathering. From field observations, it
was found that more failures (instabilities) occurred in
limestone slopes.

Faults and folds

Faults and folds are the critical features which have great
effect on some other important parameters in rock engi-
neering activities. Faults are particularly important because
they induce the formation of major joint sets in their ori-
entation. Also in their vicinity, the fracture frequency
increases and at times a layer of crushed rock is present.
Moreover, the complex jointing, foliation planes and
additional joint sets are usually formed by the folds and
found in their vicinity. In the Khosh-Yeylagh region, the
major faults are generally along the main faulting direction
of the area and control the region’s morphology.

Previous instability
The presence of previous instability demonstrates that a

critical combination of factors leading to instability is
possible and, from the observation of failures, it is possible
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to deduce how these factors in some combination led to
instability and anticipate how they might combine again.
Moreover, even small-scale phenomena may be repeated at
larger scales and their analysis is always useful to under-
stand the process (Mazzoccola and Hudson 1996).

Intact rock strength

The intact rock strength has to be taken into consideration
since it is included in rock mass strength. The rock types in
the region can be classified as medium rocks from strength
point of view and this is unusual to have failure through the
intact rock in these stress levels. But field studies concluded
that the high anisotropy of the intact rock could lead to local
failures along weaker directions at depth in high slopes.

Weathering

Field studies indicated that both physical and chemical
weathering increase the instability of slopes in many ways.
This is a very active factor for the given climatic conditions
and rock types. Some alterations along open joints are
present and may slightly decrease mechanical properties
along discontinuity surfaces.

Discontinuity properties

It is obvious that the discontinuity properties are so
important in slope stability problem. These properties
include the number of discontinuity sets and their spacing,
the orientation of discontinuities with respect to the slope
orientation, the aperture of discontinuities, and the per-
sistence of discontinuities.

Mechanical properties of discontinuities

Slope failures usually occur along a surface, plane, or
weakness that is a discontinuity in the rock. Thus, the
stability of rock slopes is strongly related to the mechanical
properties of existing discontinuities. This term is basically
intended to include the shear strength along the joint sur-
faces, which incorporates cohesion and friction angle.

Hydraulic conditions

This parameter covers all the rock mass characteristics
which control water flow, such as permeability, intercon-
nectivity and disposition of fractures, drainage paths, etc.,
leaving apart the actual presence of water in the rock mass.
The primary effect of the groundwater pressure in reducing
the stability of rock slopes is the resulting decrease in
effective shear strength of discontinuities. This phenomenon
is described by the effective stress principal, which is

fundamental to understanding the influence of groundwater
on rock slope stability.

Slope height

The height of a slope is the combined result of the tectonic
activity and the erosion-weathering processes and is related
to climatic conditions throughout an interactive influence.
Rock blocks in higher slopes have more potential energy
than rocks in lower slopes; thus, they present a greater
hazard and are more prone to failure (Kliche 1999).

Slope inclination

The orientation along with the inclination of the slope plays
a very important role in the concept of failure manifesta-
tion as causative factor. As the angle of a potential slip
plane increases, the driving force also increases. Thus,
everything being equal, slope failure would be more fre-
quent on steep slopes.

Rainfall

Precipitation is highly connected with slope failure mani-
festation and usually constitutes their triggering cause. In
general, the participation of precipitation (mainly rainfall) in
the problem of failure manifestation is multi-folded, and it
plays the most important role in triggering mechanisms or
reactivation of failure phenomena. In fact, many large and
small failures occurred after a period of particularly heavy
rainfall, although this period has not been unequivocally
defined (Koukis et al. 1997). The triggering effect may be
due to the combination of different factors: the increments
of erosional capacity of rivers and streams, which can
remove material from the toe of the slopes; the increase of
the superficial runoff which may erode the slope laterally;
the rise of the ground water table, which depends on the rock
mass permeability, may lead to the complete saturation of
the rock mass and to water pressure build-up into fractures,
providing an additional component to the actuating forces.
Water saturation also increases the weight of the rock mass.

Freeze and thaw cycles

This process is a peculiarity of the mountain regions at high
elevation and is linked to the presence of a number of
conditions. The fundamental one is the cyclic temperature
oscillation around 0°C. In some ranges of the months, the
maximum and minimum daily temperatures are on average
below 0°C, and thus are critical for freeze and thaw.
Another basic condition is the presence of water due to
rainfall or snowfall and of structures able to retain it, such
as open vertical fractures. The possibility of ice freezing or

@ Springer



672

Environ Earth Sci (2012) 67:665-682

Table 1 Interaction matrix coded for the Khosh-Yeylagh region

Py 2 3 3 3 2 0 0 2 2
2 P, 3 0 1 4 4 4 4 4
0 0 Py 0 1 0 0 2 0 1
0 0 2 Py 3 2 0 0 0 1
0 0 3 2 Ps 0 0 0 0 0
0 0 3 0 2 Pg 0 0 0 0
0 0 3 0 0 0 P, 2 2 2
0 0 3 0 3 0 0 Py 2 2
0 0 3 0 2 0 0 1 Py 1
0 0 3 0 1 0 0 1 1 P
0 0 2 0 0 0 0 0 0 0
0 0 3 0 3 0 0 2 1 0
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Fig. 7 The cause—effect plot for the Khosh-Yeylagh region

thawing depends on its depth inside the rock mass, as heat
transmission through the rock has to be taken into account
(Notarpietro 1990).

Interactions

The implementation of the RES method has been achieved
through an interaction matrix (Table 1), where the 16
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principal parameters are placed in its leading diagonal posi-
tions, together with the “potential instability”, i.e., the con-
cept in question (the subject to be studied) as the 17th
parameter. The bottom right box is occupied by this para-
meter. The column of interactions through this last box rep-
resents how the rock mass system affects potential instability,
while the row through this box represents the influence of
potential instability on the rock mass (which does not exist in
this application because instability is “potential”). The coded
expressions of all possible binary interactions between every
two parameters are placed in all the off-diagonal positions. To
quantify the result of binary interactions, a semi-quantitative
coding method (ESQ) has been used with values including 0O,
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1,2, 3, and 4 corresponding to no, weak, medium, strong, and
critical interaction, respectively (Hudson 1992a; Mazzoccola
and Hudson 1996).

As described in “Rock engineering systems”, from this
matrix, the influence of each parameter on the system (named
cause, C) and the influence of the system on each parameter
(named effect, E) are presented in an external row and a
column, respectively. Cause and effect are considered to be
the sums from coding the considered level of interaction, in
both ways (i.e., P; on P, parameter and P, on P| parameter),
between all possible parameter couples. The influential role
of each parameter on slope failure (weighted of coefficient
influence) is revealed from a cause versus effect diagram
(Fig. 7), while the role of system’s interactivity is expressed
from the histogram of the interactive intensity (cause,
C + effect, E) versus the parameters (Fig. 8).

The cause—effect plot is helpful in understanding the
role of each factor within the project and may be used to
decide which interactions are beneficial for engineering,
and hence could be enhanced and, conversely which ones
are detrimental for engineering, and hence should be
minimized. In this case, the computation of the level of
interactivity via the C + E value may be an indication of
identifying parameters to be kept under control, as their
variation is likely to induce significant changes in the
system (Mazzoccola and Hudson 1996).

The choice of considering the summation C + E as a
discriminating factor among the parameters is made to
emphasize the role of the system interactivity. On average,
the more a system is interactive, the more it is potentially
unstable because there is more chance of a small variation in
one parameter significantly affecting the system behavior.

Plotting the cause—effect diagram of the 17 parameters
engaged in the presented method (Fig. 7), the following
remarks can be made: (a) all the parameters used are rather
well interactive, as their cloud in the diagram is elongated
perpendicularly to the center of the C = E locus (the
diagonal of the diagram). This means that the parameters
do not have a great scatter in their level of interactivity, i.e.,
in their C 4+ E values. This is different to other systems in
which the parameters points are in a cloud along the main
diagonal, with some parameters having a very low activity
and others being highly interactive; (b) the more interactive
is the previous instability (3rd), the less interactive is the
rainfall (15th); and (c) the lithology (1st) and faults and
folds (2nd) are the ones that dominate the system, while the
potential instability (17th) is the one, which is dominated
by the system. These are confirmed from the histogram of
the interactive intensity (Fig. 8) versus the parameters, as
this intensity for the majority of the parameters is slightly
above the mean value.

Rating assignments of the selected parameters

It was observed from the histogram of interactive intensity
(Fig. 8) that the interactive intensities of the majority of the
parameters were around the mean value. Consequently, it is
not possible to say that only a few parameters are important
for the definition of the system interactivity, nor that others
do not have any influence. From these observations, it can
be concluded that all the 16 parameters combine to influ-
ence the 17th “potential instability” and have to be taken
into account in ratings and then in the calculation of an
“index of instability”.

Table 2 Rating assignments of
the parameters for the Khosh-
Yeylagh region

Parameters

Geology and lithology
Faults and folds
Previous instability
Intact rock strength® (MPa)
Weathering
Number of joints sets
Orientation”
Aperture (mm)
Persistence (m)
Spacing (m)
 Uniaxial compressive strength Mechanical properties® (MPa)
(UCs)

° Number of major directions
of instability

Hydraulic conditions
Slope height (m)
Slope inclination (°)
Rainfall® (mm)

Freeze and thaw (cycles)

¢ Peak shear strength under
normal load = 1 MPa

4 Per annum

Rating

0 1 2

Gray sandstone Sandstone and limestone Limestone
Not present Minor Major
Inactive Quiescent Active
>50 30-50 <30
Unweathered Discolored Infilling material
1 1-3 >3

<2 2-5 >5

<1 1-5 >5

<5 5-10 >10

>0.4 0.15-0.4 <0.15

>1 0.5-1 <0.5

Dry Wet Flow

<5 5-15 >15

<45 45-75 >75

<300 300-500 >500

<80 80-120 >120
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Table 3 Dominant field conditions for the study area

Slope no. Lithology Faults and Previous Hydraulic Slope Slope
folds instability conditions height (m) angle (°)
S1 Sandstone Minor Quiescent Dry 55 82
S2 Sandstone and limestone Minor Active Dry 4.3 78
S3 Sandstone and limestone Minor Active Dry 4.2 85
S4 Sandstone and limestone Major Quiescent Dry 35 84
S5 Sandstone No Inactive Dry 6.1 79
S6 Sandstone and limestone No Quiescent Dry 14.2 73
S7 Sandstone Minor Active Dry 19.5 79
S8 Sandstone and limestone Minor Active Dry 4.8 76
S9 Sandstone and limestone Major Active Dry 5.1 85
S10 Sandstone and limestone Major Active Dry 12.5 81
S11 Limestone Major Active Dry 17.4 78
S12 Sandstone and limestone Minor Quiescent Dry 7.3 81
S13 Limestone No Inactive Dry 5.4 73
S14 Sandstone and limestone Minor Inactive Dry 11.5 67
S15 Sandstone and limestone Minor Quiescent Dry 13.2 77

At this stage, having defined the relative interactive
intensity as a measure of the significance of the parameters,
the actual parameter values must come into play and a
more detailed data input is needed from the field. The
parameter values are chosen from a table formerly called
“pull-down menu” by Mazzoccola and Hudson (1996).
The list of the 16 relevant parameters was used on the field
to collect data on 15 slopes, located in the Khosh-Yeylagh
Main Road. Note that the parameter “potential instability”
is of course not used and so the number of indicator
parameters is 16. Some parameters were described quali-
tatively; others were described quantitatively. For this
reason, it was not possible to utilize the actual parameter
values directly to compute an instability index, but a rating
was assigned to different classes of parameter descriptions
and values. Three classes of parameter values were set,
with ratings of 0 for “low contribution”, 1 for “contribu-
tory” and 2 for “strongly contributing”. Thus, higher rat-
ings are always assigned to classes of parameter values
associated with higher instability (Table 2). Some brief
descriptions about the assignments to the parameters are
presented in subsections.

Geology and lithology

The rock types for the studied slopes can be seen in second
column of Table 3. Some strength characteristics were
considered for the major rock types found in the region. As
a result, a qualitative description of the lithology which
constitutes all of the investigated slopes is given as gray
sandstone (rating 0), complex of sandstone and limestone
(rating 1) and limestone (rating 2).
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Faults and folds

The presence of faults and folds has been described as: not
present, presence of minor structures, presence of major
structures (Table 3) with associated ratings of 0, 1, and 2.
Minor faults are those discontinuities which present signs of
relative movements of blocks, such as slickensided surfaces.
Major faults are those which are parallel to regional trends,
usually accompanied by increase of fracture frequency and
locally crushed rock. On the other hand, large scale or minor
folds influence the whole slope face, while small scale or
minor folds are developed on the limbs of adjacent major
folds and usually only affect part of the slope face.

Previous instability

The presence of previous instability has been classified as
inactive, quiescent or active (Table 3) with associated
ratings of 0, 1, and 2, according to the definitions given by
Varnes (1978): inactive slopes are those for which factors
for movement have been removed naturally or by human
activity; quiescent slopes are those for which there is no
evidence that the movement is taking place in the present
conditions, but the movement may be renewed; active
slopes are those that are currently moving.

Intact rock strength

Average values of the uniaxial compressive strength (UCS)
have been computed for each slope by laboratory experi-
ments. Table 4 shows the results of these experiments.
Higher ratings are given to lower UCS values. In this
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Table 4 The results of uniaxial compressive strength (UCS) tests for
rock specimens of 15 rock slopes

Slope no. Specimen no. Dry specific UCS (Mpa)
weight (kN/m>)
S1 A-1-1 26.5 375
A-1-2 26.5 42.7
S2 A-2-1 26.8 28.2
A-2-2 26.8 335
S3 A-3-1 27.4 259
A-3-2 27.4 232
S4 A-4-1 26.1 34.1
A-4-2 26.1 31.6
S5 A-5-1 26.7 48.5
A-5-2 26.7 383
S6 A-6-1 26.9 389
A-6-2 26.9 35.1
S7 A-7-1 26.7 56.2
A-7-2 26.7 475
S8 A-8-1 27.1 529
A-8-2 27.1 44.7
S9 A-9-1 27.6 41.3
A-9-2 27.6 382
S10 A-10-1 26.4 29.5
A-10-2 26.4 311
S11 A-11-1 27.4 18.8
A-11-2 27.4 15.5
S12 A-12-1 26.9 29.5
A-12-2 26.9 27.5
S13 A-13-1 27.3 227
A-13-2 273 19.1
S14 A-14-1 27.3 24.4
A-14-2 27.3 15.6
S15 A-15-1 26.1 23.8
A-15-2 26.1 352

manner, the UCS values >50 MPa have rating of 0; the
values between 30 and 50 MPa have rating of 1; and finally
the values lower than 30 MPa have rating of 2.

Weathering

A qualitative description of the average weathering con-
ditions of discontinuity surfaces, according to the ISRM
suggested methods (1981) is presented for each slope,
assigning higher ratings to classes of highly weathered
discontinuity surfaces. The field observations of the
weathering conditions of the investigated slopes can be
seen in the second column of Table 5. The ratings of this
parameter considered as O for unweathered discontinuities,
1 for discolored ones and 2 for the discontinuities having
infill material between their planes.

Number of joint sets and orientation

A more detailed survey of the discontinuity orientations
has been made. The data collected for each slope have been
plotted on hemispherical projections as pole plots and
contour plots. In this way, the major directions of insta-
bility (which involve discontinuity surfaces parallel to fault
directions) and minor directions of instability (which
involve any other discontinuity set) were recognized. In
this case, the criterion of grouping the slopes with a similar
number of major sets and direction of instability was used,
with higher ratings being given to classes with a greater
number of critical sets or directions of instability. The
measurements of discontinuity properties are presented in
Table 5.

Aperture, persistence, and spacing

Systematic measurements of the aperture and persistence
have been done. The final results for these parameters are
seen in Table 5. These factors plus the spacing are pre-
sented in the rating assignments according to the field
conditions and the gathered data from scanlining.

Mechanical properties

For this parameter, the mean peak shear strength value of
the major discontinuities of the rock slope under normal
load of 1 MPa has been considered as the representative
factor in ratings. The results of laboratorial tests on the
rock discontinuities from all of the studied slopes are
presented in Table 6. Higher ratings are given to lower
peak shear strength values ranging from lower than
0.5 MPa to greater than 1 MPa.

Hydraulic conditions

As a water table is not present at the site, the discontinuity
conditions can be used as an indication of preferential
water pathways. Hence, a qualitative description of the
hydraulic characteristics, according to the ISRM suggested
methods (1981), exhibited by the discontinuities is pro-
vided (Table 3, column 5), with assigned ratings of 0 for
dry discontinuities, 1 for wet discontinuities, and 2 for
discontinuities with considerable flow of water.

Slope height
In the present study, the height of the slopes ranges from 3
to 25 m from the adjacent road (Table 3, column 6).

Higher ratings are given to the higher slopes ranging from
lower than 5 m to greater than 15 m.
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Table 5 Gathered field data from scanlining on the discontinuities

Slope no. Weathering Joint sets Joints Joints Joints Joints
number orientation aperture (mm) persistence (m) spacing (m)
S1 Severe 2 1 2 6.5 0.12
S2 Severe 3 2 <1 8.2 0.08
S3 Severe 4 3 35 12.1 0.14
S4 Severe 3 2 2 13.5 0.28
S5 Change in color 3 2 <1 4.3 0.23
S6 Change in color 2 1 <1 2.7 0.20
S7 Change in color 5 3 1.5 4.5 0.05
S8 Change in color 2 1 2 12.1 0.12
S9 Severe 4 3 1.5 5.6 0.05
S10 Severe 4 2 <1 16.7 0.03
S11 Severe 3 1 <1 11.4 0.18
S12 Change in color 3 2 <1 7.9 0.15
S13 Change in color 2 2 1 11.2 0.30
S14 Change in color 4 3 1 8.5 0.27
S15 Severe 4 2 <1 7 0.13

Table 6 The results of laboratorial tests on the rock discontinuities

Slope no. Specimen no. C (kPa) @ (°) Max. shear
strength (MPa)
under normal
load = 1 MPa

S1 A-1 600 32 1.22

S2 A-2 750 29 1.3

S3 A-3 620 31 1.22

S4 A-4 950 33 1.59

S5 A-5 670 25 1.14

S6 A-6 470 27 0.98

S7 A-7 380 29 0.93

S8 A-8 620 30 1.19

S9 A-9 510 27 1.02

S10 A-10 670 26 1.16

S11 A-11 520 23 0.94

S12 A-12 410 27 0.92

S13 A-13 560 30 1.14

Si4 A-14 420 24 0.86

S15 A-15 470 26 0.96

Slope inclination

Within the unstable slopes of the investigated area, the
angle of the slope ranges from 50 to 85°. Thus, the safe
angle may be considered as <45° (no one of the parameters
is a controlling factor solely). The measurements for the
slopes in the study area can be seen in last column of
Table 3. As a result, the higher ratings are assigned to the
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higher slope angles ranging from lower than 45° to greater
than 75° (ranging from O to 2).

Rainfall and freeze and thaw

Because all the slopes have the same climatic conditions,
they are here given the same rating (the intermediate rating
of 1) for those two factors. The ratings were similarly
assigned for these parameters to take into account eventual
changes in climatic conditions toward situations of greater
or lower instability potential.

Calculation of slopes instability and mapping

The rating of the slopes is presented in Table 3. In this
table, the C + E values (interactive intensity) have been
transformed into a percentage form acting as weighting
coefficients, which express the proportional share of each
parameter (as a failure causing factor) in slope failure, and
normalized by dividing with the maximum rating (i.e., 2),
giving the a;%. The maximum possible slope instability
index (SII) value is 100. As it can be deduced from the
process presented above, a careful compilation and running
of the interaction matrix optimize the expert’s subjective
judgment, and eventually, the resulting weighting coeffi-
cients are expressing the maximum possible objectivity,
which can be revealed from a given experience.

Having established both the value scaled from the
C + E histogram for each parameter and the rating for
each parameter for each slope, the SII can be computed
according to the formulae (Hudson 1992a):
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Table 7 Computation of the slope instability index
Slopes Parameters rating

P, P Ps Py Ps Ps Py Pg Py Pio Py P2 Py3 Py Pis Py Sl
1 0 1 1 1 2 1 0 1 1 2 0 0 1 2 1 1 45.841
2 1 1 2 1 2 1 1 0 1 2 0 0 0 2 1 1 50.851
3 1 1 2 2 2 2 1 1 2 2 0 0 0 2 1 1 62.571
4 1 2 1 1 2 1 1 1 2 1 0 0 0 2 1 1 53.497
5 0 0 0 1 1 1 1 0 0 1 0 0 1 2 1 1 25.992
6 1 0 1 1 1 1 0 0 0 1 1 0 1 1 1 1 32.042
7 0 1 2 0 1 2 1 1 0 2 1 0 2 2 1 1 53.686
8 1 1 2 1 1 1 0 1 2 2 0 0 0 2 1 1 52.079
9 1 2 2 1 2 2 1 1 1 2 0 0 1 2 1 1 63.611
10 1 2 2 1 2 2 1 0 2 2 0 0 1 2 1 1 63.705
11 2 2 2 2 2 1 0 0 2 1 1 0 2 2 1 1 66.352
12 1 1 1 2 1 1 1 0 1 1 1 0 1 2 1 1 46.975
13 2 0 0 2 1 1 1 1 2 1 0 0 1 1 1 1 41.682
14 1 1 0 2 1 2 1 1 1 1 1 0 1 1 1 1 44.612
15 1 1 1 2 2 2 1 0 1 2 1 0 1 2 1 1 55.482
Max P;; 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
%% 586 7.75 11342 3969 6427 5293 5293 6994 7.183 5293 586 8.696 5482 5671 3.024 5.86 100
a; 293 3.875 5671 1985 3214 2646 2.646 3497 3.592 2646 293 4348 2741 2836 1512 293

Table 8 The classification of stability status

Index range Class Stability status
SII < 30 Very good Completely stable
30 < SII < 40 Good Stable
40 < SII < 50 Fair Partially unstable
50 < SII < 60 Bad Unstable
SII > 60 Very bad Completely unstable
4 = 1 « (C+E) % (1)
MP; 5 (C+E)
16
SIj = a; x P (2)
i=1

where i refers to parameters (from 1 to 16), j refers to
slopes (from 1 to 15), a; is the value scaled from the
C + E histogram for each parameter and P is the rating
assigned to different classes of parameter values and is
different for different slopes.

The results of this final computation are shown in
Table 7. SII is an indication of the level of potential
instability of the slopes in the sense that higher SII values
indicate more critical slopes.

Table 8 shows the presented classification of stability
status for the slopes according to the SII values according
to the field observations. Then, as it can be inferred, among

the 15 investigated rock slopes, 1 slope ranked to be
completely stable; 1 ranked stable; 4 ranked partially
unstable; 5 ranked unstable; and 4 of them ranked to be
completely unstable. Finally, Fig. 9 shows the mapping of
the SII classes for the investigated slopes along the Khosh-
Yeylagh Main Road on the region’s map.

Validation of the results by using an empirical
approach

In this section, the obtained results and classes for the slopes
stations using the RES approach are compared with the results
of an empirical method. The slope mass rating (SMR)
approach is utilized for this task for its special use in rock
slopes stability analysis. The SMR is obtained from rock mass
rating (RMR) geomechanics classification by adding a fac-
torial adjustment factor depending on the relative orientation
of joints and slope and another adjustment factor depending on
the method of excavation (Romana 1985; Romana et al. 2003)
[SMR = RMRB + (Fl X FZ X F3) + F4]

The RMRg (see Table 9) is computed according to
Bieniawski’s1979 proposal, adding rating values for five
parameters: (1) strength of intact rock; (2) RQD; (3)
spacing of discontinuities; (4) condition of discontinuities;
and (5) water inflow through discontinuities and/or pore
pressure ratio. The adjustment rating for joints (see
Table 10) is the product of three factors as follows:
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Fig. 9 Mapping of the resulted slope instability index (SII) for the investigated slopes along the Khosh-Yeylagh Main Road

Table 9 Basic rock mass rating (RMRp) classification (Bieniawski 1976)

Parameter Intervals
UCS (MPa) unconfined <250 250-100 100-50 50-25 <25
compressive strength of 25.5 5.1 <1
i k ial
intact rock materia 15 12 7 4 ) | 0
RQD (%) rock quality 100-90 90-75 75-50 50-25 <25
designation 20 17 13 8 3
Spacing (mm) between >2,000 2,000-600 600-200 200-60 <60
discontinuities 20 15 10 8 5
Condition of discontinuities  Very rough surfaces,  Slightly rough, Slightly rough, Slickensided walls  Soft gouge
roughness, persistence, no separation, separation <1 mm, separation or gouge <5 mm >5 mm or
separation, weathering unweathered wall, slightly weathered <1 mm, highly or separation separation
of walls and gouge rock not continuous walls, not continuous weathered walls 1-5 mm >5 mm
continuous
30 25 20 10 0
Groundwater in joints Completely dry (0) Damp (0-0.1) Wet (0.1-0.2) Dripping (0.2-0.5)  Flowing (0.5)
(pore pressure ratio) 15 10 7 4 0

F depends on parallelism between joints and slope face
strike. Its range is from 1.00 to 0.15. These values match
the relationship: F; = (1—sin A)? where A denotes the
angle between the strikes of slope face and joints.

F, refers to joint dip angle in the planar mode of
failure. Its value varies from 1.00 to 0.15, and matches
the relationship: F, = tngj denotes the joint dip
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angle. For the toppling mode of failure F, remains
1.00.

F5 reflects the relationship between slope and joints
dips. Bieniawski’s (1976) figures have been kept (all
are negative).

F,4 adjustment factor for the method of excavation has
been fixed empirically.



Environ Earth Sci (2012) 67:665-682

679

Table 10 The adjustment rating for joints in SMR method (Romana et al. 2003)

Adjusting factors for joints (Fy, F,, F3)

o; = dip direction of joint
og = dip direction of slope

p; = dip of joint
fs = dip of slope

Very favorable Favorable Fair Unfavorable Very unfavorable

Plane failure: |ozj — O‘s! >30° 30-20° 20-10° 10-5° <5°
Toppling: |ocj — o — 180|
F, value 0.15 0.40 0.70 0.85 1.00
Relationship Fr=(1- sin!rxj — ocs{)z
|[§j | <20° 20-30° 30-35° 35-45° >45°
F, value Plane failure 0.15 0.40 0.70 0.85 1.00

Toppling 1.00
Relationship Fy = tan? f;
Plane failure: §; — fs >10° 10-0° 0°0 0-(—10°) <(—10°)
Toppling: f; + By <110° 110-120° >120° - -
F3 value 0 —6 —25 -50 —60

Relationship

F, adjusting factor for excavation method

F5 (Bieniawski adjustment ratings for joints orientation 1976)

F, = empirical values for method of excavation

Natural slope Presplitting  Smooth blasting  Blasting or mechanical  Deficient blasting
F, value +15 +10 +8 0 -8
Table 11 Tentative description of SMR classes (Romana 1985)
Class SMR Description Stability Failures Support
I 81-100 Very good Completely stable None None
I 61-80 Good Stable Some blocks Occasional
I 41-60 Normal Partially stable Some joints or many wedges Systematic
v 21-40 Bad Unstable Planar or big wedges Important/corrective
\% 0-20 Very bad Completely unstable Big planar or soil-like Re-excavation

Table 11 shows the different stability classes. The
empirically found limit values of SMR for the different
failure modes are also listed in this table.

The complementary measurements were done on all the
considered stations in the study region to calculate the
SMR value for them. At first, the measured data were
utilized to gain the RMR values for slope faces using
Table 9 and then the adjusting factors were calculated
(using Table 10) to obtain the final SMR values for each
station. Finally, Table 7 was employed to achieve the SMR
stability classes of the rock slopes. Table 12 shows the
results for the RMR values, adjusting factors and final
SMR values for the investigated slopes.

Table 13 reflects a comparison between the given classes
by two methods of RES and SMR. A rather good adaption
could be seen between the different methods; ten slopes out
of 15 have been given coincident classes of stability by 2
methods and 5 numbers of them change in 1 class only.

Discussion and conclusions

A large variety of causative factors have been known to be
involved in the slope instabilities. These factors include
several types of interactions ranging from geological
structure to environmental conditions. Thus, assessment
and prediction of slope failure hazard is a difficult and
complex multi-parametric problem. Because of this need to
incorporate many factors into the analysis, the RES
approach was adopted. The RES methodology imple-
mented for the preliminary assessment of slope instability
potential of 15 slope sites in the Khosh-Yeylagh Main
Road was proved to be successful in fulfilling the
requirements of the particular problem. This was found to
be so as some examined slopes were known as failure-
manifested ones, the calculated instability indices through
the RES methodology, have attained relatively high values.
The proper implementation of the ranking process using
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Table 12 Calculation of SMR

values and given stability Slope no. RMRg value Adjusting factors SMR value
classes for investigated slopes F, F, Fs F,
S1 50 0.70 0.85 —6 0 46.43
S2 40 0.40 1.00 -50 0 20.00
S3 38 0.85 1.00 —25 0 16.75
S4 56 0.85 1.00 -25 0 34.75
S5 66 0.15 0.85 —6 0 65.24
S6 62 0.15 1.00 0 0 62.00
S7 50 0.85 1.00 —25 0 28.75
S8 60 0.40 1.00 —25 0 50.00
S9 37 0.40 1.00 0 0 37.00
S10 37 0.70 1.00 -25 0 19.50
S11 52 0.40 1.00 -50 0 32.00
S12 60 0.40 0.70 0 0 60.00
S13 64 0.70 1.00 —6 0 59.80
S14 60 0.40 1.00 —6 0 57.60
S15 40 0.70 1.00 —6 0 35.80
;[I‘;bg}?vii C?;I:eiagjoc;f?:rtgien Slope no. RES stability class® SMR stability class Adaption status between
methods two methods
S1 Partially unstable Partially stable Coincident
S2 Unstable Completely unstable Change in one class only
S3 Completely unstable Completely unstable Coincident
S4 Unstable Unstable Coincident
S5 Completely stable Stable Change in one class only
S6 Stable Stable Coincident
S7 Unstable Unstable Coincident
S8 Unstable Partially stable Change in one class only
S9 Completely unstable Unstable Change in one class only
S10 Completely unstable Completely unstable Coincident
. . S11 Completely unstable Unstable Change in one class only
un{tt;lel:»l(:e l,z,i sis:sREpSa r;}zlls};ﬁcation S12 Partially unstable Partially stable Coincident
and “partially stable” in SMR S13 Partially unstable Partially stable Coincident
classification have been S14 Partially unstable Partially stable Coincident
considered to be equal in the S15 Unstable Unstable Coincident

stability status of the rock slopes

the instability index can facilitate a justified and cost/time-
effective compilation of zonation maps regarding the fail-
ure hazard in an area.

In this study, an application of the RES approach has
been utilized to obtain the inherent potential instability of
road rock slopes in 15 stations. This RES application was a
case where the distribution of the points representing the
interactive intensity of parameters on the cause—effect
diagram implied that it was not appropriate to take only a
few parameters into account in this kind of system; hence,
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all of them were considered. The classes of parameter
ratings have to be assigned taking into account both the
overall distribution of the parameter values (in order to
discriminate among the different slopes) and the mecha-
nical significance of the given parameters values (in order
to give the classes a more scientific basis). The imple-
mentation of such a method indicates that when the value
of instability index increases, that station could be affected
encountering progressively more important problems
where the need for drastic remedial measures is necessary.
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Slope sites in the Khosh-Yeylagh where the value of SII
calculated through the RES method is lower than 40 should
be considered as the stable and completely stable slopes.
Actually, based on the interpretation of the existing data
referring to the 15 failure sites, in Khosh-Yeylagh, areas
with values between 40 and 50 may be characterized as
partially unstable sites. The slopes with SII values >50
should be classified as the unstable and completely unsta-
ble areas (Table 8). Finally, as a preliminary validation on
the utilization of systems approach in the study region, the
stability of investigated rock slopes were analyzed using an
empirical method and the results were compared. The
comparisons showed a rather good coincidence between
the given classes of two methods. Therefore, the imple-
mentation presented could be a simple but efficient tool in
ranking the potential instability in rock slopes and be useful
in decision making, regarding the physical, natural and
environmental conditions in slope failure susceptible sites.

As a recommendation for the future researches, a GIS
cross-correlation between the properties and evidences of
instability can be considered as a way in selection of the key
parameters in such studies and could help showing signifi-
cant parameters and rejecting those useless for the purposes
of identification of instable slopes. This approach has been
widely applied to GIS landslide susceptibility mapping
(e.g., see Irigaray et al. 1999, 2007; Chacon and Corominas
2003; Chacon et al. 2006; Fernandez et al. 2008).
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