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Abstract. This article assesses and estimates the progressive failure mechanism of complex pit-rest secondary toppling of
slopes that are located within the vicinity of the Gas Flare Site of Refinery No. 4 in South Pars Special Zone (SPSZ), southwest
Iran. The finite element numerical procedure based on the Shear Strength Reduction (SSR) technique has been employed for the
stability analysis. In this regard, several step modelling stages that were conducted to evaluate the slope stability status revealed
that the main instability was situated on the left-hand side (western) slope in the Flare Site. The toppling was related to the rock
column-overburden system in relation to the overburden pressure on the rock columns which led to the progressive instability of
the slope. This load transfer from the overburden has most probably led to the separation of the rock column and to its rotation
downstream of the slope in the form of a complex pit-rest secondary toppling. According to the numerical modelling, it was
determined that the Strength Reduction Factor (SRF) decreased substantially from 5.68 to less than 0.320 upon progressive
failure. The estimated shear and normal stresses in the block columns ranged from 1.74 MPa to 8.46 MPa, and from 1.47 MPa
to 16.8 MPa, respectively. In addition, the normal and shear displacements in the block columns ranged from 0.00609 m to

0.173 m and from 0.0109 m to 0.793 m, respectively.
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1. Introduction

Toppling failure is one of the discontinuous slope
instability types which shows a different failure mechanism
than the other sliding failures. This failure system is
associated with a chain of complex events that are related
with rock block geometry, discontinuity network, and the
geological condition of the discontinuous rock slope which
can be caused by either natural or human activities (i.e.,
Song et al. 2011, Zhou et al. 2011, Tang et al. 2015,
Basahel and Mitri 2017, Asadi and Ashtiani 2018,
Ukritchon et al. 2019, Ardestani et al. 2021, Villalobos and
Villalobos 2021). The history of toppling studies dates back
to the 1960s with the overturning phenomenon in the Vaiont
dam, Italy (Miiller 1964). However, Ashby (1971) was the
first researcher to use the toppling concept for such
overturning failures. Cundall (1971) provided a computer-
based computational description of large-scale progressive
rock toppling and utilised this evaluation technique on well-
known cases. Although from 1971 to 1976 toppling failures
were reported on some scattered case studies (e.g.,
Erguvanli and Goodman 1972, de-Freitas and Watters 1973,
Hoffmann 1974, Bukovansky et al. 1976), Goodman and
Bray (1976) were the pioneer researchers who presented an
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exclusive classification and quantification of the toppling
phenomenon. These researchers classified toppling failure
into two main groups that are known as primary (i.e., block,
flexural, block-flexural) and secondary (i.e., slide-head
toppling, slide-base toppling, slide-toe toppling, column
toppling, pit-rest toppling, slump toppling, tension crack
toppling) toppling failures, respectively (Goodman and
Bray 1976, Wyllie and Mah 2004). Although the occurrence
of secondary toppling failure is less common than primary
toppling failure, it has greater structural complexity, and the
stability of slopes amendable to secondary toppling should
be handled with caution to determine the prevailing failures.
Even though a number of classification systems have been
used in toppling failure assessment, the classification by
Goodman and Bray is still the most widely accepted
classification that is used by geo-engineering researchers.
Table 1 presents a summary of the toppling failure types
and evaluation methods by various researchers which
demonstrates that the researchers have mainly focused on
the primary toppling group. This is mainly because the
analyses of secondary toppling group is generally much
more complicated and requires far more detailed analysis
due to the involvement of different/complex geological
conditions.

Evans (1981) is one of the pioneer researchers who
worked on different secondary toppling stability analyses
after Goodman and Bray. Zanbak (1983) followed his work
to establish a proper description of the failure mechanisms,
stability assessment, and stabilisation. Wyllie and Mah
(2004) provided extensive literature regarding different
types of toppling failures based on previous studies. Alejano
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Fig. 1 Different types of secondary toppling based on the
classification of Goodman and Bray (Wyllie and Mah
2004, Ardestani et al. 2021)

et al. (2011), Havaej et al. (2014) and Spreafico et al
(2017) conducted various computational approaches on
secondary toppling in the form of local case studies to
estimate the stability status of discontinuous rock slopes
subjected to secondary toppling in various countries. Amini
et al. (2017, 2018, 2019) performed several experiments on
different  secondary toppling types to  prepare
analytical/numerical ~ solutions for probable failure
conditions. Ardestani et al. (2021) presented a limit
equilibrium-based computer code for complex toppling
failure analyses which was capable of estimating the
stability condition of primary and secondary toppling
instabilities.

The article presented herein provides a numerical
assessment of secondary toppling that is classified as
toppling at pit crest resulting in circular failure of the upper
slope or complex pit-rest toppling (Wyllie and Munn 1978)
as related to the complex failure of discontinuous rock
slopes. Fig. 1 presents a classification of the main types of
secondary toppling.

2. Method of analysis

Secondary toppling is considered a complicated aspect
of toppling failure in discontinuous rock slopes which
occurs in relation to the complexity of the geological
condition of the rock masses. Estimation of the stability
status of the slopes under such failure requires a good
understanding of the driving mechanisms, in-situ stress-
deformation background, discontinuity network
emplacement, and geological history. In general, the three
types of approaches used to evaluate toppling failure are
physical, analytical, and numerical methods that have been
successfully applied to different types of toppling failure to
date. Each of the evaluation procedure types has limitations
and advantages. Physical models that provide the
experimental view of toppling failure require laboratory
equipment (Amini et al. 2015). Although the laboratory
models provide a proper view of toppling failure behaviour,

the high cost of the equipment and the cell experiments
limit their use (Mohtarami et al. 2014). Analytical models
are considered as one of the most elegant procedures that
utilise complex analyses such as closed-form approaches
with several restrictions. However, high computational
power and simple assumptions utilized in analytical
approaches are considered a significant advantage
(Haghgouei ef al. 2020). Amongst these methods, numerical
methods are preferred by geotechnical engineers due their
convenience in performing behavioural analysis along with
selection of the deformation models, the stress-deformation
field and visualisations. The numerical procedure may be
performed in a continuous as well as in a discontinuous
environment which covers different aspects of the system
(Bobet et al. 2009). Although the discontinuous
deformation analysis is similar to the discrete element
method in regards to mostly being utilised for continuous
geo-media assessment such as rock masses (Jing and
Hudson 2002, Jing 2003, Jing and Stephansson 2007), some
of the finite element codes based on the Shear Strength
Reduction (SSR) technique such as the Phase® software
provide a credible alternative to cover the effects of
discontinuities in a rock mass which leads to the analyses of
various types of instabilities in rock slopes as well
(Rocscience 2019). Some researchers that have used the
SSR technique for failure behavioural analysis in rock
masses have reported accurate and promising results (Meng
et al. 2019, Yang et al. 2019, Sari 2019, Sun et al. 2020).
Thus, it may be stated that the main advantage of the finite
element method based on the SSR technique is a full
automated stability description of different types of failure
in a slope body without a need to initially determine the
instability progress (Meng et al. 2019). In addition, the
application of a continuum-discontinuum interface for
heterogeneous/mixed slopes can be considered as a suitable
opportunity to estimate the dimension, deformation, and
expansion of failures in discontinuous rock slopes (Liu et
al. 2020).

This study utilises these benefits and provides a stability
analyses based on a coupled finite element numerical model
and the SSR technique using the Phase? software.

3. Study area
3.1 Geological setting

The South Pars Special Zone (SPSZ) is located in
Assalouyeh, Bushehr province, which is considered as the
most important hydrocarbon facility centre in Iran. The
topographical variation and geo-structural extension
indicate that the SPSZ possesses a complex geological and
tectonic background. The main cause of these complexities
is the tectonic movement of the Arabian plate under the
Central Iranian plate (Azarafza et al. 2018). This movement
has created a series of anticlines-synclines, folding, faults
and a thrust belt with a general NW-SE strike of different
scales (Nogol-Sadat and Almasian 1993). In general, these
tectonic activities have created the Zagros folded mountains
and the multiple anticline-syncline geo-structures with a
high seismicity potential in southwest Iran.
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Table 1 Toppling failure types and evaluation methods by different researchers

Toppling class

Analysis method

Reference

Primary/Secondary
Secondary
Primary/Secondary
Primary
Primary
Primary

Primary
Primary/Secondary

Primary
Primary
Primary

Primary
Primary

Secondary
Primary
Primary

Secondary
Primary
Primary
Primary
Primary
Primary
Primary

Secondary
Secondary

Primary
Secondary

Primary
Primary

Secondary
Secondary
Secondary
Primary
Primary
Primary/Secondary

Secondary

Analytical techniques for an estimate of the instability condition
of different types of toppling

An analytical procedure based on stress redistribution to analyse
different types of secondary toppling

An analytical method for stability assessment of block toppling
failures in discontinuous rock slopes

An analytical method for stability assessment of flexural toppling
in surface and subsurface operations

Experimental models for flexural toppling failure mechanism
appraisement

Analytical techniques for block toppling failure instability
evaluations

Distinct element numerical method for large-scale brittle-ductile
toppling failure in rock slopes by the UDEC software
Comparative literature about different types of toppling failure
Analytical description for single-column over-tilted jointed slope
in a granite quarry, Spain

Analytical technique for flexural toppling stability analysis and
failure stabilisation

An experimental study and physical model for flexural toppling
under dynamic conditions

Three-dimensional distinct element numerical model for block
toppling by 3DEC software

Numerical and kinematic stability analysis of complex toppling-
circular slope failure in Valencia open-pit mine, Spain by using
SLIDE and UDEC softwares

Analytical, numerical, and physical models for stability analysis
of joint-controlled bilinear footwall slope failures

An analytical description for flexural toppling failure mechanism
based on geo-structural conditions

An analytical method for stability analysis of block flexure
toppling failure in discontinuous rock slopes

Numerical procedure for stability assessment of footwall slopes by
ELFEN and UDEC commercial softwares

Analytical and numerical modelling for circular-toppling complex
failure

Analytical procedure for block toppling-sliding failure evaluation
and to overestimate stability assessment in slopes

Analytical and experimental model for block toppling failure
mechanism and stability analysis

Physical models for block-flexure toppling failure mechanism
assessment

Analytical description of block and flexural toppling failure
mechanisms parallel to the slope surface

Distinct element numerical method for stability analysis of block
toppling failure by UDEC software

Theoretical approach and physical model for slide-toe toppling
failure mechanism evaluations and stability analysis

A coupled numerical method for simplified discrete fracture
network (DFN) and Voronoi polygonal finite element mesh for
overall toppling failure mechanism analyses in San Leo, Italy
Analytical and experimental description and stability analysis of
block toppling

An analytical and experimental model for slide-head toppling
failure

An analytical method for flexural toppling failure mechanism
description and stability analysis

An analytical and numerical procedure for block toppling
Analytical and numerical techniques for complex toppling an
open-pit mine

Finite element numerical method for slide-head toppling failure by
Phase? software

An analytical method for slump toppling description in rock
slopes

Fuzzy expert decision-making system for fast toppling failure
instability assessment

An analytical technique based on block theory for toppling failure
stability analysis

An analytical method for limit equilibrium based analysis of
toppling failure

An analytical procedure based on limit equilibrium for stability
analysis of footwall slope with respect to bi-planar failure

Goodman and Bray (1976)
Evans (1981)
Zanbak (1983)

Aydan and Kawamoto (1992)
Adhikary et al. (1997)
Sageseta et al. (2001)

Nichol et al. (2002)
Whyllie and Mah (2004)
Alejano et al. (2006)

Amini et al. (2009)
Aydan and Amini (2009)

Brideau and Stead (2010)
Alejano et al. (2010)

Alejano et al. (2011)
Majdi and Amini (2011)
Amini et al. (2012)
Havaej et al. (2014)
Mohtarami et al. (2014)
Babiker et al. (2014)
Alejano et al. (2015)
Amini et al. (2015)

Smith (2015)
Nikoobakht and Azarafza (2016)

Amini et al. (2017)
Spreafico et al. (2017)

Alejano et al. (2018)
Amini et al. (2018)

Zhang et al. (2018)
Sun et al. (2018)
Amini and Ardestani (2019)

Sarfaraz et al. (2019)
Haghgouei et al. (2020)
Azarafza et al. (2020)
Azarafza et al. (2021)
Ardestani et al. (2021)

Sun et al. (2020)
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Assalouyeh represents the last stage of this activity and
the forehead of the Arabian plate/Central Iranian plate
subduction zone which is observed in the northern part of
the SPSZ region that covers the majority of the geological
outcrops. These geo-structures are highly deformed and
folded which have created various type of instabilities and
slope failures in the rock masses (Azarafza et al. 2014).
Since these geo-structural instabilities have affected the
stability of the transportation roads, facilities and
installations, they need to be analysed and stabilised. The
location of the studied area is shown in Fig. 2.

As seen in this figure, the SPSZ region represents a
narrow path which is rather limited by the Assalouyeh
anticline in the north and the Persian Gulf in the south
covering a footprint area of about 100 km? (Azarafza et al.
2019).

Within a geo-structural perspective, the SPSZ is located
in the front face of the continental collision that is related to
the Central Iran vs. Arabian tectonic plates. The continental
collision is a phenomenon of the plate tectonics of the earth
that occurs at convergent boundaries. This collision
represents a variation of the fundamental process of
subduction, whereby the subduction zone was destroyed,
the mountains were produced, and the two continents were
sutured together (Toussaint et al. 2004, Ernst 2006). The
Zagros belt (folded and thrust) was originally formed by
this collision and has cut through the SPSZ in central Iran
(Aghanabati 2007). This geo-structural process has led to
several geological gaps in the lithostratigraphic order at the
SPSZ. Fig. 3 provides the lithostratigraphic characteristics
of the SPSZ (Geological Survey of Iran, GSI 2009).
According to this figure, several gaps (lacks) of
sedimentation is observed in different geological cycles in
the SPSZ. Nevertheless, the geological complexity has led
to the deformation of the sedimentary layers and outcrops
(Aghanabati 2007).

This article has considered slope instabilities which have
occurred in the sedimentary rock units that are related to the
Aghajari formation. The Aghajari formation (known as
Upper Fars), has developed throughout the Folded Zagros
Zone and its thickness in southwest Iran varies between 10
and 2966 metres (Sahraeyan et al. 2013). This formation
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Fig. 3 The lithostratigraphic order of SPSZ (GSI 2009)

geologically consists of gray lime, cream to pink marl and
marly limestone, cream to yellow claystone, and cream to
dark green clayey marl (Aghanabati 2007).

Fig. 4 shows a view of the studied slope which is
situated in the vicinity of Refinery No. 4 of the Gas Flare
Site. The slope involves rock block instability originating
from complex secondary toppling which overlies a small-
scale folded pseudo-anticline.

As seen in this figure, the foundation of the flare site is
settled on the core of the folded pseudo-anticline. In terms
of the geological condition, the slope consists of marl and
limey marlstone with clay infilling. According to this figure,
the toppling is classified as a complex pit-rest toppling with
blocky failure in the foreground on the western (left-hand)
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Fig. 4 A view of the studied slope with geological description

the marl depend on the carbonate content and on the type

Table 2 The geomechanical properties of the studied geomaterials

Parameter Max Min Mean Std. Dev. Num. of Tests
Intact rock
Water absorption (%) 4.89 2.79 3.84 1.052 5
Specific gravity (Gs) 2.66 2.60 2.63 0.033 5
vt (KN/m?) 22.72 22.21 22.46 0.255 5
va (KN/m?) 23.13 22.60 22.86 0.265 5
Porosity (%) 4.12 3.80 3.96 1.161 5
UCS (MPa) 25 19 22 3.000 5
Cohesion (MPa) 1.15 1.09 1.12 15.00 5
Friction angle (degrees) 30 28 28 2.000 5
Poisson’s ratio 0.30 0.30 0.30 - 5
Discontinuity
Normal stiffness (GPa/m) 1.12 0.85 0.985 - -
Shear stiffness (GPa/m) 1.0 0.73 0.865 - -
Slope mass strength

Young’s modulus (GPa) 2.37 2.30 2.33 0.035 -
Shear modulus (GPa) 0.91 0.88 0.89 0.015 -
Bulk modulus (GPa) 1.97 1.91 1.94 0.030 -
P-wave modulus (GPa) 3.19 3.09 3.14 0.050 -
Lame’s constant (L) 1.36 1.32 1.34 0.023 -

side and block toppling on the eastern (right-hand) side of
the Flare Station. This type of toppling is considered as a
side-toe toppling with composite failure mechanism
(circular-toppling) which is characterised by talus at the toe
(foot) of the slope (Wyllie and Mah 2004).

Geologically, the SPSZ is mainly covered by Quaternary
alluvial and recent sediments which forms the large parts of
the central and southern part of the region. In the northern
part of the SPSZ, the rocky outcrops related to the
Assalouyeh anticline are located (Azarafza et al. 2019). The
rocky outcrops are subjected to natural or man-made
activities where slope-cuts of various heights are considered
as potential instabilities. These slopes contain weak
geological units mostly composed of marl, marly lime, and
limey marl of the Aghajari formation (Aghanabati 2007). In
general, marl and marlstone that are considered as weak
rock consist of clay minerals and calcium carbonate with
different ratios (Lamas et al. 2002). The index properties of

content of minerals in the clay fraction (El-Amrani Paaza et
al. 1998). In this regard, the geomechanical characteristics
of the units as well as the discontinuity network play an
important role on slope instabilities and rock mass failure.

3.2 Geomechanical characteristics

A comprehensive field survey and a geotechnical
investigation were performed to determine the
geomechanical characteristics of the discontinuous rock
slope by recovering and testing creamy marlstone samples
of the Aghajari formation. In this regard, the recovered
specimens were tested for bulk density, specific gravity,
water absorption (ASTM D6473), uniaxial compressive
strength (UCS, ASTM D7012), and shear strength (i.e.,
rock-on-rock direct shear testing; ASTM D5607) to
determine the geomechanical properties that were necessary
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S
Fig. 5 Kinematic analysis results by DIPS: (a) toppling;
(b) planar sliding; and, (c) wedge sliding

as input data for performing the numerical simulations for
the stability analysis. Table 2 presents the geomechanical
characteristics of the creamy marlstone that outcrops in the
studied slope.

The field survey performed displayed the discontinuity
network of the slope through using the DIPS software
(Rocscience 2016). According to the field survey and the
stereonet analysis by DIPS, three main discontinuity sets
were determined. In addition, the two small-scale faults that
were identified during the field survey were considered as
additional detachment surfaces in the kinematic stability
analysis. Utilisation of a discontinuity-controlled failure
mode in DIPS to estimate the kinematic status of toppling
indicated a failure possibility of about 66.67%, which
implied that failure was ‘“highly probable”. In addition,

Table 3 GSI parameters used in the modelling

Parameter Unit Value
GSI - 58
m; - 7
my - 1.562
s - 0.0094
a - 0.503
Tensile strength MPa 0.132
Global strength MPa 3.923
Deformation modulus MPa 1105.98

Analysis of Rock Strength using RocLab

Hoek-Brown Classification
intact unisxial comp. strength (sigci) = 22 MPa
GSI=58 mi=7 Disturbance factor (D) =0
intact modulus (Ei) = 2330 MPa
Hoek-Brown Criterion
mb=1562 $=00094 &=0503
Mohr-Coulomb Fit
cohesion = 1.137 MPa _ friction angle = 29.80 deg
Rock Mass Parameters
tensile strength = -0.132 MPa
uniaxial compressive strength = 2.101 MPa
global strength = 3.923 MPa
deformation modulus = 1105.98 MPz

Major principai stress (MPa)

P SR ]

Shear stress (MPa)

012345678910
Normal stress (MPs)

01 2 3 4 5 6
Minor principal stress (MPa)

Fig. 6 The failure-strength variation in the slope mass

planar sliding and wedge sliding possibilities were
determined to be about 33.33% and about 66.67%,
respectively. Circumstances where all three types of
kinematic failure was possible indicated that the slope
condition was critical and a comprehensive stability
assessment was required. Fig. 5 presents the kinematic
analysis results which were obtained by the DIPS software.

3.3 Behavioural properties

Understanding complex slope failures is related to the
knowledge on the geomechanical behaviour of rock blocks
and to the discontinuity network in the rock masses
(Hudson and Harrison 1997). For this purpose, different
approaches and different failure criteria such as the Hoek-
Brown, the Mohr-Coulomb, and the Barton-Bandis failure
criteria have been proposed to justify such behaviour. In this
study, the Hoek-Brown failure criterion (Hoek et al. 2002)
was applied for the rock mass behavioural features and the
Mohr-Coulomb failure criterion (Labuz and Zang 2012)
was used to cover the slip condition in simulations. The
Hoek-Brown failure criterion describes effective parameters
for the Shear Strength Reduction (SSR) method and the
Mohr-Coulomb failure criterion is capable of describing
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elastoplastic behaviour (i.e., by using the elastic-perfectly
plastic constitutive model for initiating failure) for a
stability analysis utilised by the Phase? software. In this
regard, the Hoek-Brown failure criterion parameters and the
failure-strength envelope of the slope mass was estimated
by the RocLab software (Rocscience 2017) which was used
as an input for the numerical analysis performed by Phase?.
Fig. 6 presents a failure-strength envelope for the studied
slope by the RocLab. The Hoek-Brown failure criteria
parameters utilised in this work that were estimated from
RocLab are presented in Table 3.

3.4 Numerical analysis of toppling

In the recent years, the SSR numerical technique has
been utilised to provide a complex continuum-discontinuum
alternative to estimate slope mass failure based on
mechanisms ranging from sliding to toppling (Sari 2019).
The SSR is built on to systematically reduce the shear
strength envelope of the geomaterials and to compute the
finite element models of the slope until deformations are
unacceptably large or solutions do not converge (Hammah
et al. 2005). A main limitation factor for SSR application in
slope stability analysis has been its restriction to Mohr-
Coulomb geomaterials which is properly covered by the
generalised Hoek-Brown criterion. Hence, application of
the Hoek-Brown criterion to the SSR framework provides
more accurate results than the conventional finite element
analysis (Maji 2017). In the SSR procedure the slope is
considered unstable at the instance where the finite element
model within a specified tolerance doesn’t converge to a
solution (Hammah et al. 2005). So, SSR involves shear
strength envelope reduction by the F-factor (Griffith and
Lane 1999) and uses closed-form equations for calculating
reduced parameters that conform to the reduced envelope in
the generalised Hoek-Brown criterion (Hammah et al.
2005).

This study has used the SSR method to assess a complex
condition involving sliding-toppling mechanism which is
known as secondary toppling failure. In this regard, the
Phase? software (Rocscience 2019) which was extensively
developed to perform numerical analysis of rock structure
stability conditions by applying the SSR technique (Shen
and Karakus 2014, Chen et al. 2019, Liu 2020, Li et al.
2020, Sun et al. 2020) was used for a two-dimensional
numerical model of the studied slope. The main feature of
SSR as compared to the regular finite element model is the
model’s capability of automatically computing a Critical
Strength Reduction Factor (equivalent to the Safety Factor)
through using finite element network benefits. In addition,
SSR generates consistent and accurate results that
incorporates a complex continuum-discontinuum alternative
which has considerable benefits for secondary toppling
behavioural assessment. In fact, the functionality and
accuracy is very important in describing the complexity of
secondary toppling because the rock and soil media have to
be considered to build the complex toppling failure
mechanism.

As far as the methodology is concerned, the failure
mechanism was recorded in different stages based on

reducing the shear strength properties of the geomaterial
(rock or soil) and the software performed a systematic quest
for the Strength Reduction Factor (SRF) beginning from
unity to a critical value (Safety Factor is the corresponding
SRF when the slope is in its limit state) that simply carried
the slope to failure. The Safety Factor estimated from SSR
is commonly the same as Safety Factor estimated from limit
equilibrium methods (Griffiths and Lane 1999, Dawson et
al. 1999). Maji (2017) pointed out that the Safety Factor can
be calculated automatically based on the SSR by
performing a series of simulations by changing the strength
properties to determine the unstable conditions of the slope.
To assess slope stability by the numerical method, several
successive steps were considered in the simulations. During
these steps, the inputs and outputs were evaluated and the
computational errors were controlled. These steps included
geometrical design, imposing boundary conditions,
assigning geomaterial properties, assessing behavioural
criteria, solving the model, and performing stability
evaluations.  Although secondary toppling failure
mechanisms tend to be more complex in real cases than
those presented in the models, implementing simplified
numerical models can provide acceptable results in
describing slip characteristics as well as the proper
application of improvements. Fig. 7 presents the
geometrical model that represents the studied case after
employing the boundary conditions and assigning the
geomaterial properties. The geomaterial properties were
obtained by conducting a variety of geotechnical tests as
illustrated in Table 2. The modelling started by considering
some assumptions which were helpful for simulating
progressive failure in the studied slope nearby the Gas Flare
Site at Refinery No. 4 in the South Pars Special Zone,
southwest of Iran. These assumptions can be classified as
follows:

- The right-hand side (eastern) slope was generally
stable based on the field surveys and the numerical
assessments. In this regard, the main focus of the study was
on the left-hand side (western) slope in the Gas Flare Site,

- The outside boundaries of the model were defined
based on the topographic status of the slope,

- The stability of the slope was considered to be a
shear strength related function and the development of the
failure strain reflected the failure zone in the slope,

- The in-situ stress field characteristics was set as
gravitational only and failure was assumed to occur
statically,

- The far field stress ratio (i.e., the horizontal to
vertical stress ratio (on/cy)) that was based on Poisson ratio
law and joint stiffness rate (k) was assigned a value of 1.00,

- 6-noded triangular elements were utilised,

- The slope geometry reflected the actual size of the
studied slope mass. The height of the slope was estimated to
be 54.8 m. The soil overburden height on top of the slope
ranged from 15.7 m to 24.4 m,

- The slope was analysed for a dry condition (i.e.,
no seepage or pore-pressure was present) as reflected in the
field survey with static loading only,

- There was no tensile strength across the rock
columns for the toppling condition and the Critical Strength
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Reduction Factor (CSRF) was considered to be related to
the Safety Factor of the slope.

The field survey performed in the Gas Flare site in
Refinery No. 4 has demonstrated that the geological events
have led to the creation of the complex geological structures
in the South Pars Special Zone. The foundation of the Gas
Flare site that was established on marlstone was subjected
to slope cuts, geometric modifications of the slope and
slope-toe excavations as shown in Fig. 4. The exposed
trenches examined during the field survey indicated that the
slopes had a potential for toppling failure. The right-hand
side (eastern) slope of Fig. 4 indicates block toppling
(primary type) which is stable. The left-hand side (western)
slope shows a rather complicated status that indicates rock-
fall and local sliding. Hence, assessing the stability of the
slopes is important for determining the stability of the Gas
Flare site.

3.6 Model implementation

After providing the basics and conducting a field survey
at the studied site, the toppling stability analysis was
performed with the finite element modelling software
Phase?. In this regard, the SSR framework was used as the
modelling principle. The simulation was conducted for
several stages such as geometrical modelling, boundary
condition, material assignment, behavioural modelling and
stability analysis for solving the mechanical model. The
geometric model was mainly designed as a perspective of
real slope conditions and was drawn with the same
dimensions as the real slope based on the field survey and
ground recording (Fig. 4). In this study, the geometry and
geostructures of the slope were incorporated into the model
along with imposing the boundary conditions and
considering four times the slope depth to account for all
possible deformations within the studied slope. The
geomaterial properties was assigned to the model based on
the geotechnical test results summarised in Table 2. The
model was solved based on the SSR to estimate the stability
condition during complex toppling failure.

4. Results and discussion
4.1 Stability analysis of the studied slope

Referring to the field investigations that were conducted
at the Gas Flare Site and its slopes, it was determined that
the right-hand side (eastern) slope of the Gas Flare Site was
stable. But the left-hand side (western) slope displayed
spatial falls which presented a localised unstable status. In
this regard, a stability analysis of the left-hand side
(western) slope was performed as presented by Figs. 8 to 12
which displays the stability results of the finite element
analysis performed by Phase?. Fig. 8 displays the stress
field prevailing over the slope, which has caused the
deformation of the rock block columns in the lower part of
the overburden of the slope. These deformations may be
classified as both block and flexural mechanisms that
represent a primary type of toppling. But a secondary

toppling mechanism has also been triggered by the
overburden pressure that has led to simultaneous block
sliding, flexural bending, and local failure. This figure
provides the stress field of the slope which has a significant
effect on the rock columns at the slope toe. These rock
columns showed stress-based deformation under the loading
steps. The estimated minimum-maximum shear and normal
stresses in the block columns ranged from 1.737 MPa to
8.462 MPa, and 1.4732 MPa to 16.787 MPa, respectively.
Fig. 9 presents the total and shear displacements that
occurred in the critical state of the slope. According to this
figure, the estimated minimum-maximum normal and shear
displacements in the block columns ranged from 0.00609 m
to 0.1730 m and 0.0109 m to 0.7927 m, respectively.

Figs. 10 and 11 that illustrate the strain status and
discontinuity effect on the toppling failure mechanism of
the studied slope reveal that although the slope is classified
as unstable, most of the instability is local and is related to
the rock columns and overburden. As seen in Fig. 10, the
strain (due to a response to the stress field) is mainly
concentrated on the top of the slope (crest) and the slope toe
(face-front rock slab). This phenomenon most probably
indicates that slope failure started as a planar movement in
the slope crest (weak marls/alluvium) and has triggered
toppling by exerting extra pressure on the rock columns by
causing overturning. In the meantime, the rock columns
(represented in the model as discontinuities) have toppled
and failure has developed in the slope body as indicated by
Fig. 11 and as based on the tensile strain in the rock slabs.
Hence, it can be stated that the overburden pressure (i.e.,
concordant with the weathered status of the Aghajari
formation) on the rock columns act as a triggering agent for
progressive instability in the studied slope. The stress
transfer from the overburden has caused the separation of
the rock columns and its rotation downstream of the slope
in the form of a complex block-flexural-lateral toppling
which is known as a complex pit-rest secondary toppling
phenomenon. On the other hand, evaluation of the yielded
elements by the SSR technique provided information on the
overturning and the stable points in terms of slope
movement as presented in Fig. 12.

Fig. 12 provides the yield condition on the slope which
represents the initial stage for instability. In other words, the
yield status illustrates the starting point for material failure
in the slope mass. As seen in this figure, the maximum yield
points are located in the overburden area which indicates a
complex pit-rest secondary toppling (considered as side-toe
toppling with composite failure mechanism) that was
triggered by mass movements at the crest of the slope. This
movable mass has forced the rock columns to overturn and
to lead to the toppling of the slope body.

Regarding the stress-displacement history of the studied
slope, the variation of the shear and normal displacements
in the toppled rock column part of the slope is presented in
Fig. 13. According to this figure, the shear displacement
variation is much significant than normal displacement
variation. This phenomenon suggests that the shear forces
were more active than normal forces as related to toppling
failure.
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Fig. 7 The geometrical model with the boundary
conditions and the geomaterial properties
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Fig. 12 The yield condition in the slope for triggering
progressive failure

Fig. 14 provides the stress field status in the slope that is
subjected to toppling failure. As seen in this figure, the
normal stress is reduced towards the slope face whereas the
shear stress displayed an opposite behaviour. This
phenomenon verified that complex pit-rest secondary
toppling was triggered by shear stresses.

Toppling failure is initiated by the increase of shear
displacements in the rock columns that lead to the
overturning of the rock blocks and rotation about the base.
A plot of the shear displacement for each slab is presented
in Fig. 15. As seen in this figure, the shear displacement
increased towards the surface of the rock columns.
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4.2 Evaluation of the critical safety factor

Upon converting the Hoek-Brown criterion into the non-
linear Mohr-Coulomb envelope, the standard integration of
the Mohr-Coulomb model is employed. The additional non-
linearity introduced by the dependence of ¢ on o requires an
interactive process, where the Mohr-Coulomb parameters c'
and ¢' are calculated for o3 and updated at each iteration i
until convergence is obtained. Fig. 16 illustrates the Hoek-
Brown model iterated by the Mohr-Coulomb model
(Ledesma et al. 2016). Hammah et al. (2004) provides a
detailed application of the Hoek-Brown model integration
into the Mohr-Coulomb model. The Phase? software uses
this integration as well.

Fig. 17 illustrates the SRF that was calculated for the
progressive failure stages of secondary toppling in the
studied slope. Upon specifying these progressive failure
stages, the Factor of Safety (i.e., noting that the Safety
Factor corresponds to SRF when the slope is in its limiting
state) decreased subsequently from 5.68 to less than 0.32
which confirms two important issues (Fig. 17):

i) The overall toppling failure stability analysis of the
studied rock slope indicates that the slope is stable with
local instabilities (i.e., the General Strength Reduction
Factor is higher than 1.26 but the front faces of some of the
rock columns show instability) as presented in Fig. 17a and,

ii) A total of two unstable parts with an SRF less than
1.00 have been identified, which are located towards the toe
of the slope and the overburden-rock column intersection
point at the slope face which indicates localised/marginal
instability in the slope mass (Fig. 17a).

iii) By considering the SRF factor, it was observed that
local instability could effectively trigger the main instability
of the slope mass (Fig. 17a). However, referring to the
regions under shear and tensile stresses that was estimated
from the SSR model, the main deformation was identified
in the overburden area, and local failure was located in the
front face of the rock column, especially at the toe of the
slope as shown in Fig. 17b.

iv) Referring to the deformation meshes and SRF
variations illustrated in Fig. 17c, it could be stated that the
main stress that acts on the top of the rock columns due to
the weight of the overburden triggered toppling and in turn,
the overturning of the rock columns. The SRF value in the
region that ranged from 0.90 to 1.26 led to local
instabilities.

According to the tensile and shear failure distributions
in this figure, it can be deduced that the progressive failure
mechanism began with the overburden mass movement and
then with the pressure on the rock columns at the face of the
slope that caused its rotation and toppling (Fig. 17b). This
phenomenon led to the toppling of the slope (Fig. 17c).

Referring to the modelling and mechanism investigation
conducted in this study, the complex pit-rest secondary
toppling can be defined as a continuous and complex
reversal failure triggered by the overburden which led to the
composite failure mechanism. The main failure was
initiated by toppling and sliding through the creation of
additional pressure on the rock columns.

Hammah et al. (2004) stated that the Factor of Safety
may be estimated by using the SRF variations and the
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Fig. 16 The Hoek-Brown model integration by the Mohr-
Coulomb model (Ledesma et al. 2016)

On

maximum total displacements. Fig. 18 provides the
corresponding Safety Factor of the studied slope. As seen in
this figure, at an SRF value of 0.95, deformations
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(a)

Fig. 17 The Strength Reduction Factor (SRF) estimation
for the studied slope: (a) spatial variation; (b) shear and
tension points; and (c) deformed mesh
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Fig. 18 Plot of SRF (corresponding Safety Factor) against
maximum total displacement of the slope

significantly increase and failure initiates. The SRF value of
1.26 at which the slope is stable is therefore assumed to be
the Factor of Safety.
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. 19 Progressive failure in rock slope based on the
load-displacement diagram

4.3 Progressive toppling instability

The most important cause of progressive toppling failure
in the region is the complex geostructure. In this regard, the
instability process can be divided in various stages such as
initial condition, sliding, flexural bending, toppling, and
downfall. Thus, each stage can be considered as a triggering
factor for the next stage until massive movement occurs.
The variation of the maximum loading versus displacement
could give a hint on the progressive process in toppling.
Fig. 19 illustrates the loading condition on the slope with
respect to displacement until the final stage. As seen in this
figure, the main displacement started in the overburden (on
the upper part of the slope) and triggered rock slabbing
(towards the slope toe) movement. Thus, the instability
increased and was maximized in the final stage. According
to Fig. 19(a), the instability has concentrated towards the
top of the slope where the overburden consists of weak and
weathered materials (see Fig. 4). The instability has
increased as the load increased and has spread towards the
front of the slope that resulted in the pushing of the rock
columns that caused overturning (Fig. 19b). This stage is
considered as the starting point of toppling failure.
Increased displacement with increased load led to local
instability and progressive toppling failure as shown in Fig.
19c¢.

5. Conclusions

This article has utilised numerical analysis to investigate
complex secondary toppling failure that occurred in a
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discontinuous rock slope that was located in the vicinity of
the Gas-Flare site, at Refinery No. 4 of the SPSZ, southwest
Iran. Geologically, the studied slope is composed of
marl/marlstone of the Aghajari formation which involved a
significant risk for the constructed Gas Flare Site in terms
of rock sliding and slope stability. The geological structure
of the domain has led to a progressive failure mechanism
which is considered as a complex pit-rest secondary
toppling phenomenon (considered as side-toe toppling with
composite failure mechanism). In this regard, the finite
element numerical technique based on the SSR technique
and the Phase? software was utilised to investigate the slope
stability condition. Modelling has been performed in
different stages including geometrical modelling, boundary
condition determination, behavioural criteria, assignment of
geomaterial properties, and stability analysis.

The geomaterial properties have been obtained by
geotechnical experiments and the geometric characteristics
of the slope have been determined during the field survey.
According to the results of the stability assessment, it has
been determined that the main focus of instability is on the
left-hand side (western) slope in the Gas Flare Site where a
detailed stability analysis was required for the slope. In
regards to the numerical modelling, the slope was classified
as “unstable” with mostly local instabilities and as related to
the rock columns and the overburden. In addition, it was
determined that the overburden pressure on the rock
columns formed a triggering element to push the rock
columns forward that led to the progressive instability of
the studied slope. This transfer from the overburden has led
to rock column separation and its rotation downstream of
the slope formed a complex block-flexural-lateral toppling
which is known as complex pit-rest secondary toppling. In
addition, according to the calculated SRF (Safety Factor is
the corresponding SRF), in regards to progressive failure, it
was observed that the evaluated Safety Factor decreased
subsequently from 5.68 to less than 0.320 which confirmed
the fact or listed below:

. Referring to the modelling and mechanism
investigation conducted in this study, the complex pit-rest
secondary toppling can be defined as a continuous and
complex reversal failure that was triggered by the
overburden which led to the composite failure mechanism.

e The overall toppling failure stability in the studied
rock slope indicated that the slope was stable overall (i.e.,
the estimated SRF was greater than 1.26),

e The estimated shear and normal stresses in the block
columns ranged from 1.74 MPa to 8.46 MPa, and from 1.47
MPa to 16.8 MPa, respectively. In addition, the normal and
shear displacements in the block columns ranged from
0.00609 m to 0.173 m and from 0.0109 m to 0.793 m,
respectively.

e Two unstable parts with an SRF less than 1.00 have
been identified, which are located towards the downstream
part of the slope and overburden-rock column intersection
of the slope surface. These results indicated that the slope
mass possessed local/marginal instability.

e The estimated SRF from the SSR procedure has
indicated that the slope durability varied from 5.68 to 0.320
which is illustrated the critical condition of the slope. The

SRF represents the Safety Factor of the slope which is
considered to be less than 1.0 as well.

e The estimated displacement distribution of the slope
mass demonstrated that the shear displacement was
responsible  for toppling failure. The maximum
displacement obtained in the slope was 0.00609 m.

e The estimated shear displacement indicated that the
front faces of the rock slabs showed the highest shear
displacement with a maximum value of about 0.000310 m.

The results of the application of the SSR technique
indicates that this technique has appropriate accuracy for
assessing the stability of secondary toppling with a complex
failure mechanism. Continuum-discontinuum modelling
may be used as an effective tool for various types of
toppling failure.
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