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have been developed which include a range of simple evaluations, planar failure,
limit state criteria, limit equilibrium analysis, numerical methods, hybrid and high-
order approaches which are implemented in two-dimensional (2D) and three-
dimensional (3D) space. In the meantime, limit equilibrium methods due to their
simplicity, short analysis time, coupled with probabilistic and statistics functions to
estimate the safety factor (F.S), probable slip surface, application on different failure
mechanisms, and varied geological conditions has been received special attention
from researchers. Stability analysis is essential to ensure the stability of rock slopes.
There are various methods for stability analysis of slopes, especially rock slopes.
According to the geological studies, the considered slope which is in the spillway
area of Gabric dam (south of Iran), is located in marl-sandstone layers’ question, with
Eocene Oligocene age. Considering the height of this terrace and the gradual process
of changing the nature of the layers from marl to sandstone, the considered
parameters are equivalent parameters. In the analysis of the overall stability of a rock
slope, the parameters of shear strength have been used based on the Hoek-Brown
failure criterion. After the analysis of the overall stability and the design of the
support system, the stability of the stone wedges has been analyzed and the adequacy
of the support system for the stability of the wedges that have the potential to slip.
has been investigated and also to consider the loading related to the earthquake, in
addition to static analyses, quasi-static analyzes have been performed by applying
horizontal acceleration corresponding to the design and use level of the roof to reach
the appropriate reliability coefficients. According to the analysis, it shows that in the
spillway of Gabric Dam, there is a planar rupture and a pit, which reduces the
reliability factor due to saturation and earthquake. The presented paper provides slope
stability analysis of Spillway of Gabric dam to limit equilibrium methods used for
discontinuous rock slope stability analyses with different failure mechanisms of
natural and cut slopes. The article attempted to provide a slope stability of spillway of
Gabric dam for rock slope stability analysis outlook based on Transfer and Kinematic
analysis.

1. Introduction

The first phase of building a structure, including a trench,
is designing a structure as an underground structure. As a
whole, design means predicting all the issues and
problems that will occur during the implementation or
construction of a structure, and finally, providing a
solution to overcome these problems and determine a
plan for the structure in question, taking into account
economic and safety aspects can to satisfy the user's
demands in the desired period of time (Sadeghpour et al.
2008; Poorbehzadi et al. 2019; Karimizad et al. 2020;
Asthana and Khare 2022; Grayaa and Louati 2022;
Sharifi Teshnizi et al. 2022)

The design of a trench will ultimately lead to the
calculation of a suitable maintenance system. The design
of any structure, including a trench, requires a series of
engineering information. The necessary information in
the design of the spillway will be obtained from the
construction of the spillway. Because the nature of
information on the ground is an estimate, that means
there is a possibility of error. Therefore, the more
accurate the information, the more accurate the design
will be (Zeidan 2015; Ozbek 2017; Arjmandzadeh et al.
2019; Sharifi Teshnizi et al. 2021b; Asfaw et al. 2022; Li
et al. 2022).Therefore, designers should use different
design methods, which include: experimental methods,
analytical methods, and observational methods.
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Each of these methods have strengths and weaknesses. It
should be noted that all design analysis methods are only
approximations of the real case.

Experimental methods: These methods evaluate the
stability of tunnels and mines using statistical analysis.
Rock engineering classification is the best known
experimental methods for evaluating underground spaces
and trenches in rock. In fact, in many projects, rock
engineering classification is considered as the only
criterion for designing complex underground structures
(Davoudi et al. 2014; Sharifi Teshnizi et al. 2019; Kumar
and Muthukkumaran 2022). Most of the trenches that are
being built now use the classification of rocks for design.
The most important of these classifications are:

v" Geomechanical classification of rock mass (RMR),
which was presented by Bieniawski (Bieniawski
1993; Bieniawski et al. 2017).

v" Rock mass quality index (Q), which was presented
by Barton et al. 1974, 1981; Barton 1978.

v' Geological resistance index (GSI), which was
presented by Marinos and Hoek 2000; Hoek 2002;
Hoek et al. 2002.

v Rock mass index (RMi), which was presented in
Palmstrém 1996, 2009.

v Classification of SMR was presented by Romana
1993; Romana Ruiz et al. 2001; Romana et al. 2015.

Observational methods: These methods are based on
laboratory and on-site measurements. In these methods,
some help is taken from experimental methods, but As a
whole, the basis of analysis and engineering judgment
about the implementation of the structure and
maintenance system is based on instrumentation and
behavior measurement of the desired structure (Liu et al.
2017; Briggs et al. 2019; Sharifi Teshnizi et al. 2021c)

Analytical methods: In these methods, the analysis of
stresses and deformations around the trench is used.
These methods include techniques such as closed form
solutions, numerical methods and physical modeling. In
recent years, in order to design deep trenches with large
dimensions, more numerical analyzes have been used.
Currently, the following five humerical methods are very
common in solving geotechnical problems (Nassirzadeh
Goorchi et al. 2019; San Mauro et al. 2019; Grayaa and
Louati 2022; Kumar and Muthukkumaran 2022; Li et al.
2022)

v Finite element method (FEM)

v Finite difference method (FDM)
v' Boundary element method (BEM)
v Discrete element method (DEM)
v" Hybrid methods

Slopes need be designed and cut with a margin of safety
for open pit mines. Economics could be improved by
steepening the slope thereby reducing the amount of

waste excavation; however, excessive steepening of slope
could result in failure leading to loss of life and damage
to property (Singh et al. 1989; Singh and Singh 1992;
Singh and Goel 1999; Sharifi Teshnizi et al. 2022). The
factors, which mainly influence the stability of a typical
open-pit slope, are the shear strength parameters of slope
forming material, the presence and characteristics of
discontinuities in the slope mass and the groundwater
conditions (Singh and Monjezi 2000; Singh et al. 2008;
Rastegarnia et al. 2018; Arjmandzadeh et al. 2019;
Karimizad et al. 2020; Sadeghi et al. 2020)

The slope stability is considered as a most extensive
description for soil and rock (or combination of both)
slope masses under various failures (Akgiin and Kogkar
2004; Bertolini 2010; Akgun 2012; Johari et al. 2015;
Johari and Lari 2016; Azarafza et al. 2017, 2021; Dahoua
et al. 2018; Sharifi Teshnizi et al. 2019, 2021a; Zeqiri et
al. 2019; Arjmandzadeh et al. 2019; Fredj et al.
2020).These movements can cause damages under certain
conditions (Azarafza and Ghazifard 2016; Yang and Liu
2018; Raghuvanshi 2019; Yang et al. 2019; Zheng et al.
2019; Liu et al. 2020). These conditions can be classified
related to geometry and geo-material status which
determine the behavior and the critical slip surface
expansion. Figure 1 shows various types of possible slip
surfaces based on limit equilibrium analysis approaches
which are directly depending on the geological conditions
of the slope mass (Zhang et al. 2021). The existence of
such a slip surface complicates the stability analysis and
demands to consider more assumptions for covering the
existing uncertainties. Therefore, the methods used in
stability analysis have undergone a number of changes
and improvements. In this task, the theoretical
foundations and a literature review of stability analysis
using the limit equilibrium method are presented herein
which are successfully used for accurate description of
slope failure mechanisms and stability analysis. In
general, the type of slope failure directly depends on the
geological units and constituent geo-materials, geometric
characteristics, stress—strain history, structural and
tectonic conditions, geo-morphology status, regional
climate, seismic activity, water conditions (surface and
underground), vegetation, weathering, drainage pattern,
construction activities and special occasions (Ansari et al.
2021; Azarafza et al. 2021; Wu et al. 2021; Youssef and
Pourghasemi 2021; Asfaw et al. 2022; Asthana and Khare
2022; Grayaa and Louati 2022). According to the nature
of the slippery mass, it can be stated that the slope failure
mode in isotropic and homogeneous masses such as soils
is mostly rotational (or massive failure). If there is a rigid
surface or resistant layer, they occur in planar form
(Abramson et al. 2001). Depending on the discontinuity
network, joint orientation, infilling material, the rock
masses undergo a wide range of failures such as wedge
failure, planar failure, rotational failure, and toppling
failure (Hoek and Brown 2019). Most commonly, failure
occurrence in slopes can be classified into the main and
secondary groups. The main group consists of wedge
failure, toppling failure (rock slopes), planar failure,
rotational failure (rock and earth slopes) and the second
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group consists of composite slips, special cases, glacial
slips, etc.(Skempton 1984; Abramson et al. 2001;
Romana et al. 2015; Alashti 2018; letto et al. 2018).

Wedge failure: This failure type is one of the most
common failure types in the discontinuous rock masses
and it occurs based on the slip geometry in wedge form
leading to tilt towards the slope face with a deviation
degree less than the free face of the slope which slides
along the inter-section of the discontinuities downwards
the slope (Zhou and Wang 2017).

Planar failure: This failure type is also a special case of
slip that occurs because of the geological conditions and
the geometry of the discontinuities, where slip occurs
along a surface on the main discontinuity or a layer that is
more related to the geotechnical conditions from the
upper mass (Wyllie and Mah 2004).

Toppling failure: Occurs in rock slopes where the
discontinuity orientation with a deviation degree close to
the vertex and opposite to the excavation
orientation/slope faces occurs. Because of the sliding
gravity geometric center positioning, the blocks are
extruded along the slope driven by gravity, which is
referred to as toppling (Zheng et al. 2019).

Rotational failure: This type of slope movement is
observed inhomogeneous and isotropic masses such as
soils, severely discontinuous, and weak rock masses. The
occurrence mechanism of rotational movement is to form
a shear surface that engulfs the entire mass as a curvature
or circle and may involve several smaller rotational slips
in the mass body (Wyllie and Mah 2004).

Also, The shear strength reduction (SSR) method was
used for soil slope stability analysis in 1975 (Zienkiewicz
et al. 1975). Duncan (1996) defined the factor of safety of
soil slopes as the ratio of actual shear strength to the
minimum shear strength required to avoid failure, or the
factor by which shear strength must be reduced to bring a
slope to failure. This method was applied for rock masses
(Bolton Seed and Duncan 1987; Duncan 1996; Shangyi et
al. 2003). Yingren and Shangyi (2004) and Hammah et
al. (2007) demonstrated the efficiency of SSR method for
slopes of soil and rock masses. This method was also
adopted in several other studies, such as (Hammah et al.
2004; Zheng et al. 2009; Sheen et al. 2014; Gupta et al.
2016).

Therefore, every vyear due to the occurrence of
earthquakes, many human and financial damages are
caused due to the sliding of roofs in different regions of
the world. The location of Iran in an earthquake-prone
region of the earth on the one hand and the need to carry
out various constructions in mountainous areas and in the
vicinity of natural hills on the other hand, doubles the
attention to the factors affecting the seismic stability of
the hills. Iran is a seismic country due to its location on
the Alpine earthquake belt, therefore the effect of
earthquakes on stone structures in Iran is of particular
importance. Among these stone structures, there are rock
slopes that, due to the mountainous nature of Iran, rock

slopes around the roads become significant. On the other
hand, due to the existence of mineral capacities in Iran,
especially in the form of surface mines, they are an
important part of mineral structures. The slopes will be
rocky. Also, one of the most important factors in the
failure of dams is the unfavorable conditions of the
foundation and the land of the dam site (Attia et al. 2021;
Ribas et al. 2021; Sharifi Teshnizi et al. 2021a, b; Asfaw
et al. 2022).

The objective of this paper is to slope stability of the
spillway of Gabric dam of limit equilibrium-based
methods for discontinuous rock slope stability analyses
(i.e. wedge, planar, toppling failure) and for weak rock or
soil-like lithologies (i.e. mass failure) of natural slopes as
well as of cut slopes. The prepared article provides
information about the limit equilibrium procedure to
estimate the failure mechanisms in rock slopes. The main
focuses on this matter are to provide principles and
applications of stability analysis procedures especially, of
the most recently developed methods named ‘Block
theory’. Therefore, in this research, taking into account
the geological and engineering geology conditions in the
spillway area of Gabric dam in the south of Iran, the
stability analysis of the spillway trench has been
analyzed.

2. Materials and methods
2.1. The study area

The studied area in Hormozgan province is about 430 km
southeast of Bandar Abbas and 98 km northeast of
Bandarjask and in the 58" 8'to 58" 48 E and 25" 52"to 26°
47" L. The access to the studied place is through asphalt
Bandar Abbas-Minab-Jask-Konark road. Along this
route, after crossing the Jegin river, a side road branches
off to the left, which leads to Titken village. The said
road to this area is dirt and grade 3 and the length of this
road to the dam area is 42 km. Figure 1 shows the
geographic location and access roads of the studied area.

The geomorphology of the studied area is because it is
located in the catchment area of Gabric river and this area
follows the geological conditions governing the area
which is located in Makran area. Therefore, the highest
place in the studied area is 1432 meters in the northeast of
the basin, in the north of Dad Mardan village, and the
lowest point is in the construction of the dam, at a height
of 30 meters above the Sea level.

Based on the sedimentary and structural zone of Iran, the
studied area is located in Makran structural zone. The
sedimentary units in the studied area are Eocene-
Oligocene, and these rock units were introduced as the
Lower Flysch series by (Ghorbani and Ghorbani 2013;
Ghorbani 2021). In this unit, there is a layer of pebble
conglomerate to sand, dark mica sandstone with green to
gray and brown shale and marl, reef limestone and sand
(Figure 2).
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Fig 1. Schematic of access road to the studied area
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Fig 2. Geological map of the studied area

2.2. Stability analysis methods

Conventional rock slope analysis methods are generally
divided into two categories: kinematics and limited
equilibrium techniques. In addition, computer-based
analytical methods have been developed to analyze
critical rock falls (usually referred to as rock fall
simulation).

2.2.1. Kinematic analysis

Kinematic methods are focused on the possibility of
transition drops due to the change of the edges or the
thickness of "bright day". Also, these methods are valid
based on the accurate evaluation of the mass structure of
the rock and the geometry of the discontinuous groups
that may be involved in the instability of the rock. This
participation is done by diagrams or special codes that
deal with the formation of surface and edge. For example,
the DIPS program visualizes and defines the kinematic
feasibility of discrete features (Figure 3).

It is necessary for users to be aware that such views only
detect storage spills that include single discontinuities or
discontinuity joints and do not cover spills that include
connections or series of connections or internal
deformation and internal cracks. However, the data of
discontinuity and disconnection of series connections in
the DIPS program can be entered to contribute to the
edge-shedding safety factor for cooperation with finite-
equilibrium codes (for example, SWEDGE Rock Science
B). These programs often have potential tools in which a
variety of connection series features and support sizes are
added, due to their effect on the safety factor.

planarsliding

zone daylight envelope

slope
face

pole friction cone

toppling envelope

slope face
ship limit
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Fig 3. Feasibility measurement of surface (left) and overturning (right) kinematics and stability analysis using stereographic
structures.

Analyzing the feasibility of separation can be performed
on a computer based on the key block hypothesis
(Goodman and Shai 1985). The stability of these key
blocks is investigated using limited equilibrium methods
such as the SAFE X program (Windsor and Thompson
1993) and KBSLOPE (Penteknica 2001).

Dips software is the best software to Kinematic Analysis,
as Dips is designed for the interactive analysis of
orientation based geological data. The program is capable
of many applications and is designed for the novice or
occasional user, and for the accomplished user of

stereographic projection who wishes to utilize more
advanced tools in the analysis of geological data. Dips
allows the user to analyze and visualize structural data
following the same techniques used in manual stereonets.
In addition, it has many computational features, such as
statistical contouring of orientation clustering, mean
orientation and confidence calculation, cluster variability,
and qualitative and quantitative feature attribute analysis.
Dips is designed for the analysis of features related to the
engineering analysis of rock structures, however, the free
format of the Dips data file permits the analysis of any
orientation-based data (Figure 4).
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Fig 4. Calculation method of the analysis of rock slopes in the form of Dips

2.2.2. Limited equilibrium analysis

Finite equilibrium techniques are commonly used in the
analysis of landslides, where translational or rotational
displacements occur on separate slip surfaces. These
analyzes are responsible for preparing the safety factor
and a range of shear strength parameters in the flow
during the inverse analysis. As a whole, these methods
are the most commonly accepted solution methods in
rock mechanics engineering, even though many of the
spills have deformations and complex internal cracks,
which have little resistance to the two-dimensional rigid
block assumptions that are required by finite equilibrium
analyses. However, limited equilibrium analyzes can be
very relevant to simple block falls along discontinuities
or rock slopes that are severely fractured or weathered.
(That is, behaving like a string of soil)

All limited balance techniques have a common point of
view based on the comparison of resistance forces or
torque and destructive forces or torque. The methods can
change according to the mechanism of the slope in
question (for example, translational or rotational sliding),
and the assumptions accepted to reach a specific solution.
In recent years, considerable progress has been made in
relation to commercially available finite-equilibrium
computer codes; which include the following:

* A set of two-dimensional finite equilibrium codes with
finite element groundwater flow and pressure analyzes

(for example, SIGMA/W Geoslope, SEEP/W and
SLOPE/W Geoslope 2000).
e Development of potential limited equilibrium

techniques (eg SWEDGE - Rock Science 2001b;
ROCPLANE - Rock Science 2001c).

» Development of three-dimensional limited equilibrium
methods (for example, Hanger et al. 1989; Lem and
Fredland 1993).

+ The ability to various

reinforcements.

accept support and

* Incorporation of unsaturated soil shear strength

standards.

* Significantly improved in terms of images and graphics
before and after processing.

2.2.3. Transfer analysis

Finite equilibrium solutions and surface spills. Cracking
is widely used to determine rock slope instabilities whose
discontinuities are controlled. In these techniques based
on the solutions introduced by Hoek and Berry (1991); is,
the translational sliding of the rigid body along one plane
or along the common section of two planes is assumed in
the case of cracks. Since the ; The sliding block does not
undergo any rotation of the rigid body, all forces pass
through the center of gravity of the body ; As with all
finite equilibrium solutions, it is assumed that all points
along the slip plane are at the yield edge.

With these assumptions, the problem is determined
statically and the calculations of the ratio of resisting
forces and driving forces (i.e. safety factor) are
simplified. The resisting forces are obtained from the
shear force of the sliding surface (for example, adhesion
and friction) and the driving forces generally include the
mass component of the sliding block when it is upside
down and the water pressure at the block boundaries. In
Figures 5 to 6, these forces and the corresponding safety
factor formulation are depicted for plate and crack
stability issues. Solutions related to thickness with non-
vertical tensile cracks and non-horizontal upper slope
surfaces (Sharma et al. 1995), stepped slip surfaces
(Quarry and Fritz 1984) and cracks with adhesive forces
and water pressures (Hook and Berry 1991) are
compatible with the aforementioned solutions.

Computer programs based on these solutions, such as
SWEDGE (Rock Science 2001b), provide a data entry
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and rapid response system for evaluating the geometry
and stability of surface cracks defined by two intersecting
discrete surfaces and a slope plane; There are similar
programs for planar analysis (such as ROCPLANE, Rock
Science 2001). Another fact that computer-based
solutions are useful is that they often have potential tools

that can determine the variation in connection properties
and rock screw support for their effect on the safety
factor (Figure 7). Similarly, logic routines designed to
manage ambiguities in input parameters can be
accommodated.

Tension crack

T SF =

Rock slope

Sliding plane

7, = unit weight of water
« = unit weight of rock

c'(H-z)esey, + (m cosy, —U—I"sinwp:ltané’

Where:

SF = safety factor

"= effective cohesion

= effective friction angle

= dip of slide plane

= weight of block

= uplift force due to water pressure along slide

SEER

= force due to water pressure in tension crack
= slope height
= tension crack depth

R

Veosy, + ¥ sin v,

plane

Fig 5. Calculation method of the analysis of rock slopes in the form of planar slide
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Fig 6. Calculation method of the analysis rock slope analysis in the form of wedge sliding

The one of the best software to plan analysis in slope is
RocPlane. Therefore, RocPlane is an interactive software
tool for performing planar rock slope stability analysis
and design. RocPlane makes it easy to quickly create
planar models, visualize them in both 2D and 3D, and
evaluate analysis results. RocPlane contains many helpful
features that allow users to rapidly build, modify and run
models. RocPlane also includes functionalities for easily

analyzing results, generating figures and charts, and
producing convenient summaries of models and results.
The report generation features of RocPlane are especially
useful to engineers when writing reports with high quality
and professional-looking drawings and diagrams. They
help slope designers readily communicate findings to
people with varying levels of slope engineering
knowledge (Figures 5 and 8).
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Fig 7. Probable limited equilibrium gap analysis (relative frequency refers to the number of valid gaps formed by Font Carlo
sampling of input data)
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Fig 8. Calculation method of the analysis of rock slopes in the form of planar slide with RocPlane software

Another the best software to wedge analysis is SWedge,
As, SWedge is a quick and simple-to-use analysis tool for
evaluating the geometry and stability of surface wedges
in rock slopes. It evaluates the geometry and stability of
surface wedges in rock slope and defines tetrahedral (or
pentahedral) surface wedge models formed by the

intersection of two or three discontinuity planes to
understand the most complex geometry and stability of
surface wedges. This tool provides an integrated
graphical environment for fast, easy data entry and 3D
model visualization (Figures 7 and 9).
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Fig 9. Calculation method of the analysis of rock slopes in the form of planar slide with SWadge software

2.2.4. Overturning analysis

Also, there are tools for direct overturning modes of rock
fall, (similarly, there are solutions for overturning in
screws, but since these spills have internal block
deformations, very few finite equilibrium techniques are
used for them). Direct overturning occurs when the center
of gravity of the differentiated block is outside the outer
line of the block bed; with the result that the critical
moment of overturning will expand. Other considerations
include the possibility of the block sliding or both
overturning and sliding at the same time. (Figure 10)

As a result, the limited equilibrium analysis of
overturning should consider both the possibility of

overturning or sliding. (Figure 11). Action forces and
limited equilibrium conditions for overturning and sliding
of the two-dimensional block on the stepped foundation
are shown. The solution process is similar to what was
stated by Hoek and Berry (1991); Blocks have been
developed to consider the equilibrium conditions of the
whole system. These represent a group of sliding blocks
in the region. Stable blocks on top and a bunch of
overturned blocks in the middle. These equations are
easily programmed and provide fast computer
calculations and images of slip and overturn potential
(Figure 12).

=

Ratio b/h

[
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1]
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d E 2
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Fig 10. The ways slope and aspect affect the stability of the sliding type
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Fig 12. Analysis of boundary balance of sliding and overturning potential in rock slopes based on computer

2.2.5. Rotating analysis

In very weak rock, where the resistance of healthy
materials is similar to the applied stresses, structural
geology cannot control the states of stability and rupture;
among the states that may occur in soils. Usually these
states are circular ruptures; they are called rotations or
slides with linear curvature.

In the analysis of rupture potential, one should pay
attention to the position of the main sliding surface and
determine its safety factor. Iterative solutions are used,
each of which requires the selection of a sliding mass
with the potential of instability, breaking the mass into
parts (including the manner of the parts) and paying
attention to the balance of force and torque applied to
each part (Figure 13).

There are several methods, each of which is different
according to the sub-structural assumptions adopted to
determine the problem. In Table 1, these methods are
briefly presented.

Detailed analysis based on these methods can be done
quickly and effectively using computer calculations. Such
analyzes lead to correct investigations in the field of the
main sliding surface (Figure 14).

Such a method is very time-consuming if done manually.
Boundary equilibrium programs, including the two-
dimensional programs SLIDE (Rock Science 2001d) and
SLOPE/W (GeoSlope 2000) and the three-dimensional
program CLARA (Hanger 1992) have this ability with
the heterogeneous behavior of the soil type and the
geometries of the sliding surface and Model complex
stereographs and variable pore water pressure conditions.
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Where:

> SF (Sseca)
> (Wsina )+ Hz /R

safety factor

effective shear strength

(ie. S/Ab=c¢ "+ o tand )

dip of base of slice

weight of slice

hydrostatic thrust from tension crack
depth of tension crack (relative to Q)

:Ul‘lmgﬁ

length of moment arm.

Fig 13. Boundary equilibrium solution related to circular rupture (adapted from Hudson and Harrison 1997)
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Fig 14. Boundary equilibrium analysis of a rock slope which is done using the main level research.

3. Discussion and investigation
3.1. Discontinuities in the spillway area

Among the many geological constructions, the
discontinuities (layering, faults, seams and cracks, and
vegetation) present in the rock mass are most effective in
the stability of underground spaces and the support of
dams. Discontinuities are structures that depend more on
the tectonics and structural conditions of the region in
terms of orientation, distance and number.

Various characteristics of rock mass discontinuities in the
engineering geological unit of the studied area were
collected using standard methods of ISRM (1981) in
order to estimate rock engineering parameters using this
information and properties of virgin rock. Discontinuities
have been removed ina linear, windowed and scattered

10

manner and as much as possible along the tunnel route. It
should be noted that the selection of the location and type
of harvesting stations was a function of the availability of
stone outcrops.

The extractions done in the spillway route were equal to
the number of 160 extractions. Figures 15 and 16 show
the state of the seams and the rose diagram of the
removed seams in the spillway route, and Table 2
presents the properties of the removed seams. Is. The
joints were filled with clay and silt. These seams are
related to folding and were created according to the
prevailing tension conditions in the region. Table 2 shows
the condition of the filling of the joints in the spillway
area according to different materials.
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Table 1. Specifications and opportunities taken from common methods used in boundary analysis of rotational slip ruptures (taken
from Duncan 1996)

method Constraints, opportunities and satisfactory equilibrium conditions
Low safety coefficients are inaccurate in surface slopes with high pore pressure.
The usual way of parts (Flenius 1927) is only suitable for circular slip design, it is assumed that the normal force applied
to the base of each piece is W Cos (a); An equation (total mass torque balance) one
An accurate method is only for circular sliding surfaces; provides vertical balance and overall
moment balance; With the assumption that the lateral forces are horizontal parts. Equations and
unknowns:

The force satisfies the applied force balance for any shape of the sliding surface, assuming that the
slopes of the lateral force may be the same in all parts or that they may be different in each part,
the partial slopes of the lateral force cause the amount of force to be less than that of the method.

be the calculated applications that satisfy all equilibrium conditions,

The force balance method applied to any form of sliding surface assuming that the lateral forces
are horizontal (same for all parts), the safety factors are usually significantly lower than the
calculated applied methods that all equilibrium conditions satisfies
The force balance method that is used for any form of sliding surface with the assumption that the
slopes of the lateral force are equivalent to the slope of the inclined surface; (They are the same for
all parts) Safety factors are often significantly higher than calculated practical methods that meet

The modified method
of Bishab(Bishab1995)

Power balance methods
John Boe's Simplified
Method (1968)
Modified method (US

Army Corps of
Engineers in 1970)

all conditions.
It is usually the most accurate method of force balance, which is used for any form of sliding
The method of Lowe surface, with the assumption that the slopes of the lateral surface are the average of the slope and
and Karafias in 1960 the sliding surface (they are different in each piece), it provides horizontal and vertical force
balance.

It satisfies all conditions of equilibrium. It is applied to any shape of the sliding surface with the
assumption that the slopes of the lateral forces are similar in each section; Slopes of lateral forces
are calculated in the solution process in such a way that all balance conditions are met; It is a
precise method.

Morgenstern satisfies all equilibrium conditions and is used for any form of sliding surface; With
the assumption that Shibhay and Prisce in 1965 lateral forces are subject to a certain pattern; The
Morgenstern method slopes of the lateral forces can be similar or each part can be different; Lateral force gradients in
the solution process are calculated in such a way that all equilibrium conditions are provided; It is
a precise method;

Spencer method 1967

Max Conc

Fig 16. A view of the state of the rose diagram in the spillway area
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Table 2. Specifications of the seams removed in the spillway area (author)

roughness O(pnim?g length (meters) distance (cm) ﬁig?ﬁg;c
wavy -  smooth-  0.5- S05  >10 3- 1 >1 5200 60- 20- 6- steep slope discontinuity
rough rough 10 10 3 200 60 20 direction
22 78 30 70 8 44 48 0 020 33 9 12 011 77 J1
0 100 0 100 0 44 5 0 47 27 20 6 096 76 J2
0 100 18 82 0 17 75 8 18 55 27 0 010 38 J3
0 100 0 100 100 O 0 0 20 34 31 15 281 29 BEDDING

2.3. Determining the classifications of rocks in the
spillway area

In order to determine the geomechanical parameters of
the rock mass, the engineering classification of the rock
mass was done using the results of laboratory tests and
field surveys to estimate and present the geomechanical
parameters of the rock mass in the studied area. The
method used for the engineering classification of rock
masses is to calculate GSI, Q and RMR based on the
information obtained from the drilled boreholes in the
study area. Based on the aforementioned, GSI index and
RMR and Q values were calculated and the results are
presented in Table 3.

Table 3. The results of classification of rock masses in the
studied area

Condition GSlI RMR Q
dry 35-42 63-71 3.26-8.34
Saturation 35-42 54-63 2.97-5.51

According to the measurements taken from the dam
construction, the classification values of Q and RMR
have been taken, and the relationship between them is
presented in Figures 17 to 20.

The purpose of this adaptation is not to present a new
relationship between the systems, but rather to control
and ensure the correctness of different classifications.
Due to the fact that the systems are not completely
equivalent and each of the classification systems shows
more emphasis on special parameters. Therefore,
obtaining a high convergence in the matter of
compatibility is not a criterion for the correctness of the
work, but the closeness of the obtained result to the
existing results proposed by other researchers is the
criterion of the correctness of the work. For example,
obtaining a convergence coefficient of 1 for two RMR-Q
classification systems will not prove the correctness of
the work.

These two systems, which were proposed one year apart
from each other, are among the most widely used
classification systems and have the most compatibility
among the systems. There are countless statistical
equations of relationships that have been proposed by
different researchers during the lifetime of these two
systems, and in this research, the best relationship
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between these parameters has been presented based on
linear, exponential, and logarithmic relationships, and the
best fit between the data is logarithmic which is presented
in Figure 20.

75

y =2.604x+50.386
R*=0.8281

70

65

50

45

40

Fig 17. Linear relationship between Q and RMR
classification system
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50
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Fig 18. Exponential relationship between Q and RMR
classification system
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Fig 19. Power relationship between Q and RMR
classification system
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Fig 20. Logarithmic relationship between Q and RMR
classification system

3.3. Analysis of the stability of the spillway trench
head

Various methods are used to check and evaluate the head
of the spillway trench. According to the drawn cross-
section, it shows that the amount of excavation in the
spillway will be about 20 meters. In the following, it is
stated that different methods are used to check the
stability of spillway walls.

> Use of discontinuities

According to the condition of the seams mentioned in
Table 1, it can be stated that this area had 3 seams and
one layering, which is shown in Figure 21. In order to
check the mode of rupture, the Schmitt network was used,
which considering that the slope considered for the
spillway is 72 degrees, therefore, in Figure 21, the
condition of the joints has been shown in relation to the
slope and the direction of the slope of the exit of the
spillway opening, and the probability of sliding is There
is a planar face for the J3 joint, and considering the
condition of the joints, we can also expect a wedge break.

Fisher
Concentrations
% of total per 1.0 % area

0.00 ~ 2.00 %
200~ 4.00%
4.00~ 6.00 %
6.00~ 8.00 %
8.00 ~ 10.00 %
10.00 ~ 12.00 %
12.00 ~ 14.00 %
14.00 ~ 16.00 %
16.00 ~ 18.00 %
18.00 ~ 20.00 %

No Bias Correction
Max. Conc. = 15.6011%

Equal Angle
Lower Hemisphere
160 Poles
160 Entries

Fig 21. The condition of the joints and the slope of the spillway outlet range

» Planar rupture analysis

In this analysis, Rocplane software from the RocScience
software series is used, which in this analysis is modeled
as dry, saturated, and earthquake acceleration. Figure 22
shows the condition of planar rupture in the dry state in
the spillway, and in this case, the safety factor of the wall
is equal to 2.13. Figure 23 shows the state and
specifications of the sliding screen. If the spillway area
becomes saturated, it will cause planar sliding in this
spillway, which is shown in Figure 24 of the condition
and characteristics of planar sliding in a fully saturated
state, and in a saturated state, the safety factor will be
equal to 1.74. Figure 25 shows the sensitivity analysis of
the saturation percentage (fullness) with the safety factor
of plate breakage, in this case, the more the saturation
percentage is added, the safety factor of breakage will
decrease.
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If it is applied to the earthquake structure, it will reduce
the safety factor, which is shown in Figure 26, the state
and characteristics of planar rupture in the spillway due to
the existence of an earthquake. In this case, the safety
factor of plate breakage will be equal to 1.14. Figure
2273 shows the sensitivity analysis of the safety factor of
planar rupture in the spillway with respect to the changes
in earthquake acceleration, which has caused a decrease
in the safety factor in sliding with the increase in
earthquake acceleration in the region.

If there is water and earthquake acceleration in the area, it
will reduce the safety factor, as shown in Figure 28, in
this case, the safety factor of rupture will be equal to
1.12.
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Fig 22. The condition of planar rupture in the spillway
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Fig 24. Plate sliding characteristics in the saturated state in the spillway
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Fig 25. Sensitivity analysis of planar rupture safety factor with percentage of filling (saturation)
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Fig 27. Sensitivity analysis of planar rupture safety factor with changes in earthquake acceleration
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Fig 28. Planar rupture characteristics in case of earthquake and saturation

» Wedge rupture

Swedge software from Rocscience software series has
been used to check wedge breakage. Which in this
analysis is modeled as dry and saturated and earthquake
acceleration.

Figure 29 shows the state of wedge rupture in the dry
state in the spillway, in which the safety factor of the wall
is equal to 3.7. If the spillway area becomes saturated, it
will cause the wedge to break in this spillway, which is
shown in Figure 30 of the state and characteristics of the
wedge slip in the fully saturated state, and in the saturated
state, the safety factor will be equal to 0.0. In this case,
the more the percentage of saturation is added, the less

If it is applied to the earthquake structure, it will reduce
the safety factor, which is shown in Figure 31, the
condition and characteristics of wedge rupture in the
spillway due to the existence of an earthquake. In this
case, the safety factor of plate breakage will be equal to
2.69 which has decreased the safety factor in landslides
with the increase in the earthquake acceleration in the
region.

If there is water and acceleration of the earthquake in the
area, it will reduce the safety factor, which is shown in
Figure 32. In this case, the safety factor of rupture will be
equal to 0.0.

the breakage safety factor will be.
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Fig 29. Wedge rupture condition in spillway in dry state
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Fig 30. Wedge rupture condition in spillway in saturated state
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Fig 31. Wedge rupture condition in spillway in earthquake mode
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Fig 32. The state of wedge rupture in the spillway in the state of saturation and earthquake
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4. Conclusion

These papers present a systematic study of kinematical
and limit equilibrium-based methods (LEMSs) that are
utilized for discontinuous rock stability analyses as well
as for limit-equilibrium methods for jointed rock which
are implemented in two-dimensional and three-
dimensional spaces. During as decades, various
approaches were developed by scholars to estimate the
slope stabilities. To this end, the main methodologies of
LEMs have been examined and their approaches through
history have been described. The LEMs have been
improved and modified to cover applications ranging
from simplified circular failure analysis to high-order
solutions of complex failures. Finally, the most advanced
method of rock slope stability assessment that has been
widely used by researchers nowadays and named as
‘Block theory’ that is based on strong computational and
analytical foundations has been considered. In this regard,
a brief overview of the new decade’s achievements on
Goodman’s theory, which reflects modification of Block
theory over time has been mentioned and discussed. As
outlook of the LEMSs, these approaches due to the
flexibility can be coupled with the new procedure like
numerical and hybrid methods and provide the simple
and fast implementation for slope stability assessments.
On the other hand, the application of new theories such as
Block theory provides simple mathematical decryption
for both structural and stress-field failures which is highly
efficient in combination with numerical procedures like
distinct of finite elements. In terms of the future scope for
LEMs-based slope stability especially Block theory, it
can be notified that Goodman’s theorem can be
considered as the strongest approach to quantify the
discontinuous rock slope and estimate the slope’s
stability condition

For reconstruction project of spillway of Gabric Dam, the
stability of the slope on both banks is crucial to the safety
of the project. Because of the complex geological
conditions after the earthquake, and lack of detailed
survey information, it was very difficult to determine the
strength parameters of rock mass. Based on the stability
analysis of slope, a strength parameters inversion method
was presented. Based on the results, the stability of the
slope was analyzed and the effect of reinforcement was
evaluated, The most important outcomes are the
followings:

The studied area is located in the Makran area in the
sedimentary structural division of Iran.

The stratigraphic units in the spillway area include
the SM unit, which includes sandstone and sandstone
with interlayers of marl and silty marl.

The quality index of the rock mass in the spillway
area is in the medium to good category.

According to the climatic conditions of the region
and the erodibility of the units, it is recommended to
use mesh and shotcrete covering along with the
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design of surface and deep drainage during
excavation in the drainage area.

Also, during the excavation of the spillway,
according to the condition of the joints, the necessary
precautions should be taken to prevent plate and
wedge slips in the trenches.

According to the analyzes done, a planar rupture can
be seen in the head of the trench, which according to
the obtained results shows that if the spillway area is
saturated, it will cause a plate slip in this spillway
will be 1. And according to the sensitivity analysis of
the percentage of saturation (filling) with the safety
coefficient of plate breakage, it shows that in this
case, the more the percentage of saturation is added,
it will decrease the safety coefficient of breakage.

If it is applied to an earthquake structure, it will
reduce the safety factor, and in this case, the safety
factor of planar rupture will be equal to 1.14 and the
sensitivity analysis of the safety factor of planar
rupture in the spillway with respect to the changes in
earthquake acceleration shows that the increase in
earthquake acceleration in the region has caused a
decrease in the safety factor in sliding. If there is
water and acceleration of the earthquake in the area,
it will reduce the safety factor, which in this case, the
safety factor of rupture will be equal to 1.12.
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