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Abstract. Key-block theorem, also known as block theory or Goodman’s app-
roach, is considered themost accurate and flexiblemethod for understanding struc-
tural instability conditions of discontinuous rock slopes. This procedure provides
useful information on slope failure mechanism, rock blocks geometry, disconti-
nuity networks and slope stability conditions. In this article, the application of the
key-block analysis method was considered, which attempted to present a practical
review of Goodman’s theory in recent advancements.
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1 Introduction

Slope stability is one of the essential issues in geoengineering for more than 300 years.
Slope stability is involved in numerous geotechnical projects and covers different aspects
of infrastructural developments [1–3]. The slope stability analysis can be categorized in
various instabilities of earth or rock slopes, which are classified as primary and secondary
groups. The primary group consists of wedge failure, toppling failure (rock slopes),
planar failure, rotational failure (rock and earth slopes), and the secondary group consists
of composite slips, exceptional cases, glacial slips, etc. [4]. The wedge failure is the most
common instability type in discontinuous rock slopes with slip geometry in wedge form,
leading to the unstablemass during the functional interface of two ormore discontinuities
in rock slope. The failure that contains several metres to hundreds of metres of geometric
volumemovablemass above themain slip surface can be triggered progressively [5]. The
planar failure is considered a particular case of wedge failure due to its geometrical status
of the discontinuity network of slope mass. This failure occurs along a planar surface,
such as bedrock, main discontinuity surface, resistant layer, and dense clay lenses [6, 7].
The toppling failure is considered as anti-dip instability occurred in a discontinuous rock
slope. The main discontinuity set and slope surface orientations are opposite, and rock
columns are overturned at the geometric centre of the sliding mass [8]. Goodman and
Bray (1976) categorized these types of instabilities, which called toppling into the main
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and secondary groups [9]. The main group contains systematic toppling named flexural
failure, block failure and block-flexural failure. The secondary group includes the non-
systematic and complex form of toppling [10, 11]. Finally, the rotational or massive
failure mainly occurs in homogeneous masses (i.e., soil, heavily jointed rock, weak geo-
materials) where slip surfaces pass through the body of the mass in the most fragile
state [7, 12, 13]. Generally, various approaches are used for slope stability assessments
to investigate the instability conditions and quantify the failure mechanisms, classified
as simple evaluations, planar failures, limit state criteria for limit equilibrium analysis,
numerical methods, hybrid, and high-order approaches [2, 3, 14]. In the meantime, limit
equilibrium methods (LEMs) are considered the most flexible approach due to their
simplicity, continuous access, rapid implementation, accessible assumptions, closed-
form analysis, and providing multiple answers, coupled with different methods [15].
This flexibility helps to develop different capable formulations like Goodman’s block
theory [16].

2 Key-Block Theorem

Block theory, also known as Key-block theory or Goodman’s theorem, was introduced
by Goodman and Shi in 1985 [16]. It is based on stability assessment of rock blocks
using LEM and two primary mechanisms of failure called ‘structural failure’ because
of discontinuities and ‘stress-based failure’ because of the presence of high stresses.
The key-block theory uses the geometrical status of rock blocks and the discontinuity
network on rock mass to claim the logical relationship between the block geometry
and the critical failure surface of excavated or natural rock slopes [15]. Goodman’s
theorem aims to search and identify the finite key blocks involving local or progressive
instability on discontinuous rock slopes [17]. Thus, the rock blocks’ geometric position,
discontinuity network, and emplacement on rock mass play essential roles instability
assessments and are considered evaluation variables. This theory classified the blocks
into finite and infinite groups, which the finite blocks are capable of movement, which
causes structural failure. These blocks are divided into different blocks, as well as a
presentation in Fig. 1.

Key-block theory uses “finiteness theorem” and “removability theorem” to iden-
tify, recognize, classify and analyze the discontinuity network based on spatial equa-
tions/inequalities of discontinuities which lead to recorded block information in polar
coordinates (i.e., discontinuities’ dip/dip direction) as rockmasswhich can easily convert
to Cartesian coordinates [18]. Based on the removability theorem, the polyhedral geom-
etry of blocks was convex convergence form to block’s mobility. The non-convergent
concave blocks are not movable. According to the finiteness theorem, the joint pyramid
(the shared spaces between half-spaces of discontinuity planes that form part of the
block pyramid), the excavation pyramid a group of extraction half-spaces (excavation
half-spaces) that are displaced to create a block pyramid), space pyramid (complemen-
tary half-space of excavation pyramid), and block pyramid (the factor for determining
the convexity and concavity of blocks) have to define and categorized [19]. These con-
tinuous equations give a mathematical definition for block geometry and their stability
analysis leading to [16]:



202 M. Azarafza and H.-H. Zhu

Fig. 1. Rock block classification based on block theory [13].
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It is easy to restrict the trending evaluation loops to identify the active key-blocks
based on the equations. This advantage has focused on key-block theory in stability
analysis [20, 21]. Also, Goodman and Shi (1985) applied the removability theorem
to express the tendency trend and removable blocks. They can displace in a particular
directionwithout encountering theneighbour’s actions.This is the definitionof key-block
as it is a key of instability [16, 22–24]. For the removable block [16]:

Block pyramid = ∅
Block pyramid = Joint pyramid ∩ Excavation pyramid
Joint pyramid ∩ Excavation pyramid = ∅
Joint pyramid ⊂ Space pyramid
Joint pyramid �= ∅

They also defined non-removable blocks that blocks cannot move in any direction.
The removable and non-removable status is presented in Fig. 2. So, the slope instability
in discontinuous rock masses is limited to finite and removable blocks. This finiteness
in the LEM-base stability analysis provides the evaluation much faster, more accurately,
and less time than traditional methods like manual methods or commercial software.

Fig. 2. Rock block in an excavation: (a) intersection of two joint surfaces and two free spaces,
(b) removable space of the block [16].

3 Review of Literature on Key-Block Method

Um and Kulatilake (2001) provide a kinematic and LEM analysis based on block the-
ory for stability evaluations on rock slope in Gorges dam site in China [25]. Huang
et al. (2000) used key-block basics to describe discontinuity networks in rock slopes
[26]. Yarahmadi-Bafghi and Verdel (2003) developed a key-group method based on
Goodman’s theory [27]. Jimenez-Rodriguez et al. (2006) utilized the systematic quan-
titative procedure for rock slope stability assessments based on key-block theory [28].
Haswanto and Abd-Ghani (2008) performed a rock slope stability analysis based on
key-block theory in Fraser’s Hill Pahang in Malaysia [29]. Kulatilake et al. (2011)
applied the key-block method to estimate the stability condition of rock slopes at the
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Yujian River dam site [15]. Greif and Vlčko (2013) used key-block analyses to evalu-
ate the LEM-based stability status for 45 rock slopes in Slovakia [30]. Azarafza et al.
(2013) applied key-block theory to stability analysis of discontinuous rock slopes in the
southwest of Iran [31]. Sun et al. (2014) utilized key-block procedure for LEM-based
stability analysis of rock slopes in the Jinping-I hydropower station in China [32]. Li
et al. (2016) introduced a method based on block-group, and Sarma approaches stability
assessment for rock slope mass instabilities [33]. Azarafza et al. (2017) provided the
algorithm for three-dimensional simulation of discontinuities emplacements in jointed
rock slopes named 3DDGM (three-dimensional discontinuity geometrical modelling)
[18]. Also, the key-block based stability analysis was performed on a discontinuous
rock slope in South Pars Gas Complex, southwest of Iran [17]. Liu et al. (2017) present
the novel semi-deterministic method based on block theory named NSDBT and suc-
cessfully applied it to Changhe dam in Sichuan, China. They mentioned that NSDBT is
capable of identifying block geometry based on key-block instructions [23]. Wang et al.
(2018) utilized a multi-level framework based on block theory and analytic hierarchy
process, named GeoSMA-3D, to characterize rock block dimension in rock mass [21].
Azarafza et al. (2020) provided the key-block-based fuzzy logical decision-making pro-
cedure on estimating the wedge and planar instability status in jointed rock slopes [34].
Later on, Azarafza et al. (2020) introduce the novel approach to investigate the main
toppling failures based on the key-block theorem [35].

4 Key-Block Principles

Key-block is built on principles related to the rock blocks geometry, key-block location,
discontinuity networks, discontinuity friction, and applied loading direction [36]. The
analysis process is mainly covered by LEM and computed safety factors representing the
movable body’s stability [16]. As Goodman’s statements, the key-blocks are the key to
rock blocks instabilities that can be single-handed triggered the movements or motivated
as key-group [27], leading to the progressive instability in slope mass. In this regard, the
following basics have to be satisfied [37]:

– Discontinuity network was considered planar and extended to slope boundaries,
– Key-block have to identify by applying vectorial method,
– Active finite key-block considered as unstable single key when LEM-based safety
factor less than 1.0,

– Recognition of finite neighbour blocks as potential triggering key-blocks,
– Building all possible groups related to active finite key-blocks,
– Stability analysis based on LEM as evaluation loops,
– Iteration of new geometry for final stable state slope condition.

5 Real Case Implementation

Several case studieswere used to apply the concept of the key-blockmethod to investigate
the stability analysis of discontinuous rock slopes. Figure 3 picked the view of the studied
slope from Tabriz -Tehran highway path near Tabriz city, located in East-Azerbaijan
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province, in the northwest of Iran. The studied slope is composed of jointed limestone
units in which three joint sets have been identified by field survey. According to the
recent excavation, the slope is geometrically modified, leading to local instability in
slope mass. The mechanism of failure is obtained as wedge failure and block sliding.
So, conducting the key-block method can provide a fast and accurate way to locate the
key-block and perform suitable stabilization procedures. Figure 4 illustrates the key-
block-based geometrical identification of studied rock slope. The results of experiments
and field studies have been used to estimate the geomechanical properties of rock slopes.
The Mohr-Coulomb criterion has been used for obtaining the strength properties and
LEM analyses. Also, Table 1 shows the results of slope mass mechanical properties.
Table 2 and Fig. 5 present the stability analysis of slope based on LEM, which can be
stated that the domain is generally stable and the estimated safety factor is up than 1.0.
But it is detected some local failures which are required to conducting stabilizations.

Fig. 3. Photograph of the selected slope.

Fig. 4. Key-block-based geometrical identification of studied rock slope.
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Fig. 5. LEM-based stability status of the rock slope under investigation.

Table 1. Mechanical properties of the slope mass

Parameter c (kPa) φ (o) γ (kN/m3) E (GPa) Kn (GPa) Ks (GPa) ν

Value 12 32 18.75 75 0.5 0.5 0.33

c: cohesion, φ: angle of internal friction, γ : unit weight, E: Young’s modulus, ν: Poisson’s ratio,
Kn & Ks: Normal and shear joint stiffness coefficients

Table 2. Stability analysis by using the key-block method.

Stability Weight of unstable stone (Tn) Factor of safety Analysis method

Stable 1.02 1.17 LEM

6 Conclusions

This paper tried to presents an illustration of the key-block methodology to provide
a proper understanding of the outlook of this theory during the past decades. In this
regard, the application of key-block theory on jointed rock slope stability is discussed.
The principles and basics of the jointed rock slopes that lead to preparing the instability
conditions are considered, and the roles of discontinuity network and rock block geom-
etry in failure occurrence were stressed. Different sliding mechanisms of discontinuous
rock slopes were mentioned.
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