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Abstract 
Rock bridges have been the subject of considerable research since the 1970’s with a focus on 

developing methods to measure rock bridges and quantifying their role with respect to rock 

mass strength. In the literature, rock bridges are generally defined as a portion of intact rock 

separating discontinuity surfaces; however, whether a portion of intact rock resists failure and, 

therefore, represents a critical rock bridge depends on the failure mechanisms that may 

develop within the rock mass. The difficulty of defining what constitutes a rock bridge is 

associated with the challenge of measuring rock bridges in the field. This aspect is often ignored 

by engineers and practitioners, who fail to recognise that rock bridges could exist even within a 

rock mass characterised by fully continuous surfaces. Furthermore, field evidence of rock slope 

failure shows that rock bridges do not fail at the same time, and a simple definition of a rock 

bridge as the distance between existing discontinuities cannot account for progressive rock 



mass damage and changes in stresses within a rock mass. The authors suggest that the concept 

itself of rock bridges may be flawed, and more attention should be given to better 

understanding damage-related processes, including time-dependent damage in the context of 

engineered structures. 

1 Introduction 
Rock bridges have been the subject of considerable research since the 1970’s, with a focus on 

developing methods to measure rock bridges and quantifying their role with respect to rock 

mass strength (e.g., Terzaghi 1962; Jennings 1970; Call and Nicholas 1978; Einstein et al. 1983; 

Read and Lye 1984; Baczynski 2000, 2008; Kemeny 2005; Dershowitz et al. 2017; Elmo et al. 

2009, 2018; Spreafico et al. 2017; Romer and Ferentinou 2019). Note that all those authors 

have considered rock bridges in the context of natural and engineered slopes; rock bridges in 

the context of underground excavations are seldom discussed in the literature. 

The difficulty in defining what constitutes a rock bridge is associated with the challenge of 

observing and measuring rock bridges in the field. In the context of slope stability analysis, Elmo 

et al. (2018) have categorised rock bridges as: in-plane basal (acting across a discontinuity 

surface), in-plane lateral release (a specific type of in-plane rock bridge, occurring across 

typically sub-vertical discontinuity surfaces), and down-slope rock bridges (positive or negative 

with respect to their dip angle). These definitions are graphically illustrated in Fig. 1. The 

difference between positive and negative down-slope rock bridge is of extreme importance. 

The former represents the only type of rock bridges considered in Jennings (1970); however, 

rock mass failure may often include a component of down-slope negative rock bridge fracture. 

 

 

Fig. 1: Illustration showing the definition of rock bridges (Modified from Elmo et al. 2018). 



Furthermore, it is important to differentiate between critical and non-critical rock bridges; the 

former are involved in the generation of failure surfaces or rear/lateral release, while the latter 

may only be involved in fragmentation of the rock mass during movement. Whether a portion 

of intact rock resists failure and, therefore, represents a critical rock bridge depends on the 

failure mechanisms that may develop within the rock mass. In this paper, we present 

supporting arguments to the claim that rock bridges cannot be truly defined without more 

attention being given to better understand damage-related processes, including time-

dependent damage. In other words, the question is not so much as whether rock bridges 

actually exist, rather whether their definition is conditional on the specific rock engineering 

problem, loading conditions and failure mechanism being addressed. 

To answer these important questions, this paper will focus on three key objectives: 

(i) Using field evidence to demonstrate how rock bridges are not discrete measurable 

physical features. Rock bridges exist only within the domain of our engineering 

experience, and they reflect brittle failure mechanisms rather than distinct 

geological structures. 

(ii) Introducing a clear distinction between intact rock bridge problems and rock mass 

bridge problems. For the latter, understanding the role that damage plays in rock 

mass bridge failure remains challenging as simulations of discontinuous rock masses 

are typically carried out by simplifying (truncating) the intensity and size distribution 

characteristics of the natural fracture network. The result is a form of hybrid 

equivalent continuum model in which rock mass bridges separates major 

discontinuities several metres apart from each other. 

(iii) Introducing a new rock mass quality indicator, the NCI—network connectivity index, 

which is capable, when integrated within explicit simulations of rock damage, to 

address the fundamental question of rock mass strength as a function of the 

underlying network connectivity. The result is the definition of a rock bridge 

potential, which, depending on the imposed loading conditions, may be greater than 

zero even in the case of very blocky and interconnected rock masses. 

2 Rock Bridges: A Field Perspective 
It is not possible to understand the true impact of rock bridges on rock stability without 

considering field evidence of their existence. In the field, failure of intact rock bridges may 

reflect the presence of proto joints (e.g., Hencher et al. 2012), sedimentary structures on 

bedding surfaces, or undulations due to tectonic activity. Furthermore, field evidence of rock 

slope failure shows that rock bridges do not fail at the same time, and the definition of rock 

bridges as two-dimensional distances between existing discontinuities is extremely simplistic 



and cannot truly account for potential damage accrued due to stress redistribution (Elmo et al. 

2018). The following sections present field examples of failure mechanisms associated with the 

presence of rock bridges. These examples have in common one fundamental aspect of rock 

engineering design: there is no geological feature to which we can point to and call a rock 

bridge until the rock bridge has failed. A corollary to that statement is that any intact portion of 

a rock mass has the potential to be a rock bridge; while seemingly obvious, this statement is 

ignored in most commonly adopted approaches for rock bridge strength characterisation, 

which are founded on the concept of step-path failure developing exclusively between a set of 

non-persistent discontinues. 

 

2.1 Field Evidence of Rock Mass Stability due to Intact Rock Bridges 

Figures 2 and 3 show how the presence of rock bridges could manifest even within a rock mass 

characterised by apparently fully continuous and interconnected fractures. Their existence and 

geometrical definition would be linked to the slope structural characteristics and the induced 

stress field responsible for the observed rock damage; note that methods commonly used to 

measure rock bridges (e.g., Jennings 1970; Stacey and Read 2009) that exclusively consider 

failure pathways by connecting one set of non continuous and down-slope dipping fractures 

would not be able to replicate the conditions shown in Figs. 2 and 3. 

 

Fig. 2 Example showing how ongoing intact rock bridge failure may occur even in the presence 

of apparently continuous fractures (Modified from Elmo et al. 2018). 



 

Fig. 3 a) Example of an overhanging rock face with multiple fracture sets resulting in partially 

formed blocks; and b) further example of how the presence of apparently continuous fractures 

do not exclude the presence of rock bridges 

 

Both Figs. 2 and 3 describe a typical bias that occurs when analysing and mapping rock 

exposures, that is, fractures traces are generally projected as continuous 2D structures within 

the rock mass. Under these circumstances, in-plane rock bridges are generally ignored. Shang et 

al. (2017) presented an interesting technique called “forensic excavation” for investigating the 

existence of in-plane rock bridges that clearly revealed how rigorous rock bridge measurements 

would be possible only after failure has occurred. This is demonstrated by the field example 

shown in Fig. 4, which depicts a failed block that was once overhanging in a side niche of an 

abandoned tunnel (Passo della Morte, Italy). Photographic evidence shows that the block 

remained in place for several years before it failed, at which point it was possible to confirm the 

extent of the rock bridge that contributed to its stability. Moreover, the Passo della Morte site 

offers a good example of the role of intact rock damage (rock bridge failure) in the creation of 

failure surfaces (Fig. 5). For instance, field observations support the notion that trace B1 is not 

continuous inside the slope. The origin of trace B1 could be due to brittle failure associated with 

buckling of the limestone beds; however, the resulting failure is limited to a narrow outer 

section of the slope. A similar mechanism can be observed along traces B2, C1 and C2. 

Consequently, it is reasonable to assume that the stability of the Passo della Morte rock slope is 

controlled by inherent tectonic damage rather than by in-plane rock bridges acting across pre-

defined failure surfaces. 



 

 

Fig. 4 Pre- and post-failure images of a rock block whose stability was apparently controlled by 

the presence of rock bridges 

 

 

Fig. 5 Field example (Passo della Morte, Italy) showing the role of intact rock damage (rock 

bridge failure) associated with buckling mechanisms contributing to the creation of failure 

surfaces (traces B1, B2, C1 and C2) 

 

Figure 6 shows a rock slope failure in British Columbia (near Squamish, British Columbia) that 

occurred in 2015. Sampaleanu (2017) and Sampaleanu et al. (2017) suggested that failure was 

caused by root pressure behind a block causing a progressive toppling, which in turn crushed 

the outer edge of the underlying block, causing failure. Iron staining along the fracture plane 

denotes possible water infiltration, and thus could be used as an indicator of the persistence of 



the fracture surface prior to failure. Root pressure and freeze–thaw cycles can be key factors 

controlling the failure of rock bridges in natural slopes. However, their role is seldom 

considered in numerical models, since the impact of rock bridges on the stability of a structure 

excavated in rock typically focuses on rock bridge strength in relation to excavation-induced 

stresses. 

 

 

Fig. 6 Pre- and post-failure photographs of a rockfall failure in Squamish, B.C., Canada (Golder 

Associates, 2015 in Sampaleanu 2017) 

 

A prior knowledge of the volumes of the quasi-stable blocks shown in Figs. 4 and 6 would not 

have been sufficient to determine the extent of the rock bridge prior to failure, since their 

stability was determined by three unknown variables: (i) rock bridge area; (ii) intact rock tensile 

strength; and (iii) the actual stability condition of the blocks, in other words their factor of 

safety. More importantly, none of these variables are time invariant. In the example shown in 



Fig. 4, it is reasonable to assume that alteration of the intact rock conditions over time caused 

the rock tensile strength to decrease, which in turn led to progressive damage (i.e., decreasing 

of the rock bridge area) and eventually failure of the block. In their simplicity, these example 

demonstrates the importance of considering the time dependency of progressive failure of 

intact rock bridges (Kemeny 2005) and the impact of weathering on intact rock strength, and 

tensile strength in particular (Arikan et al. 2007; Alzo’ubi 2009). However, time dependency of 

intact rock properties is often ignored in analyses of rock bridges (Elmo et al. 2020a, b). 

3 Rock Bridges as Geotechnical Known Unknowns 
The discussion above appears to identify a major problem for design scenarios, since in the 

absence of visible failed surfaces, rock bridges become a matter of known unknowns. A back 

analysis of an existing—but not yet failed—rock slope to determine the key role that rock 

bridges play in their stability may not necessarily lead to conclusive results, due to the 

impossibility of precisely determining the current stability state of the rock slope (i.e., its 

corresponding factor of safety) and the impossibility of determining the precise location of the 

rock bridges and their strength. Even if the numerical analysis was to be calibrated against 

monitoring data, the uncertainty would remain as to whether the assumptions made in the 

analysis with respect to size and location of the rock bridges are correct. There may be 

instances in which remote sensing techniques (e.g., thermal imaging) may be able to detect 

rock bridges prior to failure (Guerin et al. 2019). Although very promising, the approach 

appears to be limited to the case of cliff-parallel exfoliation fractures and partially detached 

exfoliation sheets. 

When describing the role that rock bridges play in the stability of both surface and underground 

excavations in rock, one may argue that the existence and definition of rock bridges represents 

a form of phenomenal evidence, that is evidence obtained by human perception, rather than 

objective—factive—evidence (Schellenberg 2016). Despite both phenomenal and factive 

evidence employing our capacity to perceive, factive evidence is supported by objective and 

measurable data, while phenomenal evidence is only supported by our experience and 

engineering judgment, which are impacted by cognitive biases and therefore can be flawed 

(Elmo and Stead 2020). In rock engineering, phenomenal evidence is exacerbated by what in 

physics has been termed the “observer effect”, according to which the observation and 

measurement of a phenomenon (e.g., rock bridges) is associated with a change in the 

phenomenon being measured, in this case the failure of the rock mass exposing the surfaces 

along which the rock bridges were acting (Elmo et al. 2018). Because (as shown earlier in Figs. 2, 

3, 4, 5, 6) critical rock bridges exist in relation to their potential to resist failure, intact rock 

damage in between natural discontinuities would represent a potential sign for the occurrence 



of rock bridges, but it would not be evidence of whether they would be important in slope 

stability. Because of their known unknown nature, rock bridges cannot be incorporated in 

design analysis as deterministic features and we should look at rock bridges in the context of 

risk analysis, whereby both the probability of occurrence of rock bridge and the consequence of 

their failure are described by a range of scenarios. 

Indeed, the definition of rock bridge generally encountered in the literature does not account 

for “block forming potential”, “block kinematics” conditions, scale effects, and it ignores the 

case in which a rock bridge may exist and fail despite fractures forming a continuous pathway 

(Elmo et al. 2018). Furthermore, rock bridge problems are directionally dependent: a rock 

bridge could exist in one direction but not be present in other directions. 

Even if one accepts the validity of the 2D classical approach to rock bridges, rock bridge 

problems should not ignore the kinematic characteristics of the resulting rock mass wedge and 

relevant aspects of block theory (Elmo et al. 2018). Using the approach of Jennings (1970), a 

bias is introduced when measuring so-called rock bridge percentages if a condition is imposed 

which neglects cases in which failure of intact rock bridges would result in a negative stepped 

failure path and the formation of a tapered rock mass wedge. Accordingly, 2D rock bridge 

strength characterisation typically ignores negative down-slope rock bridges (as defined earlier 

in Fig. 1) based on the argument that their presence would increase rock mass stability by 

eliminating the kinematic freedom of the resulting block. This assumption, however, is not 

necessarily true. While in purely geometrical terms, negative down-slope rock bridges may 

contribute to increase shear resistance, they would also lead to stresses being redistributed 

within the rock mass creating the potential for intact rock damage (e.g., Fig. 2). For example, a 

negative down-slope rock bridge near the toe of a rock slope may fail if sufficient intact rock 

damage occurs resulting in an alternative failure path by-passing the negative rock bridge itself 

(Fig. 7a). Similarly, a negative down-slope rock bridge could also increase the kinematic 

potential for block failure in the case of an active–passive block mechanism where the negative 

rock bridge contributes to rock mass dilation (Fig. 7b). In other words, negative rock bridges 

may both favour interlocking and at the same time cause stress redistribution and both intra- 

and inter-block intact rock damage. 

 



  

Fig. 7 a) Impact of negative down-slope rock bridges. B) Failure due to stress redistribution and 

resulting rock mass damage; and c active–passive wedge mechanisms (Adapted from Elmo et al. 

2018). 

4 Modelling Simplification: Intact Rock Bridges vs. Rock 

Mass Rock Bridges 
When employing numerical analysis to simulate a naturally fractured rock mass and the 

associated rock bridges, it is not computationally feasible to explicitly include natural 

discontinuities at a scale ranging from cm length to metre, and tens of metres length. The 

adopted upscaling process (i.e., removal of relatively shorter fractures) produces models in 

which intact rock bridges (mm- to cm- scale) are substituted by equivalent continuum rock 

mass bridges (metre scale) (Fig. 8). In principle, every rock mass bridge could be treated as an 

independent synthetic rock mass bridge (SRMB) model. However, the issue still arises as to 

whether it would be correct to apply the same loading conditions to all SRMB models. 



 

Fig. 8 Definition of an intact rock bridge and a rock mass bridge as a function of the upscaling 

process 

 

For a rock slope scenario as depicted in Fig. 8, loading conditions would be spatially variable; 

and we would need to consider that loading conditions for different SRMB models would 

change interdependently as progressive damage accrues in the slope. This aspect highlights one 

of the major limitations of statistical analysis of rock bridge failure (both intact and rock mass 

bridges), that is the imposition of a constant stress field and the lack of consideration of 

progressive damage. The extent of the damage zone that would develop in every SRMB models 

would be a function of the variability of the existing fabric (mm- to cm- scale), which in turn 

corresponds to a different network connectivity. 

In the literature (Jennings 1970; Einstein et al. 1983; Baczynski 2000, 2008; Dershowitz et al. 

2017; Stacey and Read 2009; Elmo et al. 2009), the strength of rock bridges is generally defined 

with respect to a rock bridge percentage factor, calculated as the ratio of total length of rock 

bridges to total length of an equivalent fracture length. The authors believe that the use of rock 

bridge percentage as indicator of rock bridge strength is misleading, since it represents an 



average rock bridge length (or area); the same rock bridge percentage may correspond to a 

different number of rock bridges, each one of different size; the specific location of the rock 

bridges is also not accounted for, though it influences the stress magnitude developing across 

each rock bridge. More importantly, the generally accepted formulations used to calculate rock 

bridge strength ignore scale effects (Elmo et al. 2018). The authors argue that for rock mass 

bridge problems, scale effects must be accounted for, since it is well known that rock mass 

strength decreases with increasing sample size. However, a consideration of scale effect alone 

is not sufficient, since the strength of a rock mass bridge, would depend on the loading 

conditions applied to the SRMB models. Due to different imposed normal stress conditions, for 

the same rock mass fabric and connectivity, the failure mechanism and associated strength will 

change depending on whether the rock mass bridge is located close to the toe or the crest of 

the slope. This is shown in Fig. 9 using the results for two SRMB models that will be discussed in 

Sect. 5.1.1. 

 

 

Fig. 9 Example of how progressive rock mass damage would change depending on the location 

of the rock mass bridge and the imposed normal stress conditions 

5 Rock Bridge Behaviour: Interdependence of Fracture 

Connectivity, Stress Field and Material Properties 
The previous discussion clearly indicates that the notions of rock bridges and rock bridge 

strength are rather complex, and rendered even more problematic by the fact that rock bridges 

cannot be considered an intrinsic and measurable rock mass property. We can postulate the 

existence of rock bridges, but we cannot confirm nor effectively and routinely measure their 

dimensions. Accordingly, the authors believe that rock bridge strength should be defined with 

respect to a novel concept of rock bridge potential that better reflects the interdependence of 



key parameters, such as fracture network connectivity, stress field and rock material properties, 

and better reflects the conditional existence of rock bridges. 

The following sections discuss the development of such a rock bridge potential based on the 

network connectivity index (NCI) parameter introduced by Elmo et al. (2020b). 

5.1 Network Connectivity Index and Rock Bridge Potential 

Several studies have demonstrated that discrete fracture network (DFN) models are effective 

tools for the characterisation of rock masses (Elmo et al. 2014; Wang et al. 2017). Amongst 

other, Elmo et al. (2009) and Dershowitz et al. (2017) presented examples of DFN models 

applied to the study of rock bridges, by identifying potential failure pathways through DFN 

models. DFN models can also be embedded within geomechanical models to provide a 

quantitative measurement of rock mass strength directly linked to the structural character of 

the rock mass (e.g., Elmo and Stead 2010). This is the rationale of the so-called synthetic rock 

mass (SRM) modelling approach (e.g., Pierce et al. 2007; Elmo et al. 2016). Elmo et al. (2020b) 

have used the SRM approach has been used to develop a new rock mass classification system 

that combines fracture intensity, fracture density and fracture intersection density parameters. 

The approach combines DFN analysis and rock mass classification systems by making the DFN 

model the source of the input parameters for the classification process. 

Any geometrical definition of rock bridges would need to consider the measurement of fracture 

length (1D), fracture surface area (2D). In the early stage of a project, fracture surface area is 

generally not available, or has to be inferred based on scaling law relationships. A knowledge of 

fracture length or fracture surface area is also insufficient, since the existence of rock bridges 

depends on another important parameter that controls network connectivity, that is, fracture 

termination, which cannot be measured using 1D data (core logging). Of interest, the ISRM 

suggested methods for the quantitative description of discontinuities in rock masses (ISRM 

1981) lists ten parameters generally recorded when sampling discontinuities in situ. However, 

no mention is made of fracture terminations as a required parameter to describe 

discontinuities and rock masses. Not surprisingly, in the literature, the rock bridge problem 

generally considers intact portions of rock in between pre-existing fractures and thus 

completely ignore the connectivity of the fracture network. 

The importance of network connectivity is well known in the DFN community. For instance, Xu 

et al. (2006) and Alghalandis et al. (2015) presented a connectivity index in relation to 

connectivity maps and studied the relationship between the average number of intersections 

per fracture and the average fracture length per unit area (P21). Alghalandis and Elmo (2018) 

proposed the use of a DFN approach to study rock bridges with respect to the degree of 

interlocking of the rock mass. Using RB21 measurements (rock bridge length per unit area, Elmo 



et al. 2018) along multiple possible paths in multiple directions they proposed a structural 

quality index (0–100) such that the higher the rock mass degree of natural fracturing and 

interlocking, the lower the number of rock bridges available. 

The NCI system developed by Elmo et al. (2020b) combines P21, number of fracture 

intersections per area (I20) and number of fractures per area (P20) using a parameter (NCI) that 

can be easily measured from sampling of 2D rock exposures or derived from 3D DFN models. In 

principle, NCI ratings could also be defined with respect to the trace maps that natural fractures 

produce along the cylindrical surface of a rock core. Compared to other classification systems, 

the NCI provides a quantitative indicator of rock mass blockiness in relation to the network 

connectivity, defined as: 

𝑁𝐶𝐼 =
𝑃21

𝑃20
 𝐼20  (1) 

where P21, P20 and I20 are the areal fracture intensity, the areal fracture density and areal 

fracture intersection density, respectively. The parameter I20 in the NCI formulation is 

corrected to account for censoring effects and shape effects (i.e., width-to-height ratio of the 

mapping window relative to loading direction). For a given SRMB or mapped window, Xt, Xr, Xl, 

Xb and Xint are the number of intersections on the top, right, left, bottom and internal 

intersections, respectively (Fig. 10). 

 

Fig. 10 Definitions of internal and boundary intersections for a rock mass window with 

dimensions W (width) and H (height) 

 

The basic principle of the NCI approach is that the longer the average fracture trace length and 

the greater the number of fracture intersections, the blockier the rock mass. A relatively low 

NCI rating implies that rock bridge failure occurs by connecting existing fractures (positive 

and/or negative rock bridges), while for a high NCI rating rock bridge failure may predominantly 



be in the form of intra-block damage. The NCI approach allows one to determine whether rock 

mass behaviour is related to the characteristics of the fracture network, or if rock mass 

behaviour is largely a stress-driven damage accumulation process (e.g., spalling), or a 

combination of stress-driven failure and sliding along existing fractures. Rock masses are 

inherently variable, and therefore we cannot and should not expect a precise correlation 

between NCI (or any other rock mass classification rating) and rock mass behaviour, defined by 

rock mass strength and deformability. 

Scale and size effects are often ignored during the classification process, and there is a 

tendency to consider rock mass classification systems as absolute rather than relative to the 

size and scale of the problem. Using pillar strength formulae as an analogy, rock mass 

classification systems are generally formulated based on a shape-effect approach, and the 

conventional wisdom is that a given geotechnical unit will have a constant rating associated to 

it independent of changes in its size and shape. However, synthetic rock mass models can 

directly account for scale and size effects. This is demonstrated in Fig. 11, in which finite-

difference element (FDEM) modelling results sourced from Elmo (2006) and Elmo et al. (2020b) 

are used to plot rock mass strength vs. NCI ratings. The results show that very similar NCI 

ratings may be associated with a different rock mass response. The same conclusion could be 

extended to current rock mass classification systems; therefore, it would be incorrect to 

conclude that two rock masses (same rock type) with the same assigned rating would behave 

the same under similar loading conditions. 

 

 

Fig. 11 Plot and preliminary correlation of rock mass strength vs. NCI for two different mine 

locations, units A–E, and unit MM, respectively 



The variability of rock mass strength would decrease for isotropic rock masses at a scale 

approaching the representative elementary volume (REV). This has been demonstrated in Elmo 

et al. (2009) using an anisotropy index calculated from the relationship between the strength of 

hard rock pillars and their initial P21. Note that the anisotropy index would change depending 

on the shape (width-to-height ratio) of the rock mass being considered, hence the need to 

correct the parameter I20 in the NCI formulation above. 

Using equivalent GSI (geological strength index, Hoek et al. 1995) and conditions of fracture 

surfaces estimated for the rock masses corresponding to the models shown in Fig. 11, a table 

has been developed (Fig. 12) that combines GSI ratings and NCI. Note that NCI ranges for 

massive to blocky, to very blocky are fixed, while the same GSI rating in principle may be 

assigned to both a massive and a very blocky rock mass depending on the estimated conditions 

of the fracture surfaces. In this context, NCI helps to better constrain the assumed blockiness 

conditions when estimating GSI. 

 

 

Fig. 12 Preliminary NCI chart based on the GSI by Hoek et al. (1995). NCI should be estimated 

for a window of 10 m2 or larger 



Because new fractures are generated and existing fractures propagate as the rock mass is 

loaded, the NCI concept could be extended to consider the impact of stress-driven fractures. A 

stress-driven damage NCI is, therefore, introduced, NCId, where the suffix (d) refers to the 

damaged state of the rock mass under loading. NCId includes both natural and induced 

fractures; similarly, NCIrb is the NCI calculated with reference to just the induced fractures. 

NCId and the rock bridge potential are expressed, respectively, as 

𝑁𝐶𝐼𝑑 = 𝑁𝐶𝐼 +  𝑁𝐶𝐼𝑟𝑏    (2) 

Rock bridge potential =
𝑁𝐶𝐼𝑟𝑏

𝑁𝐶𝐼𝑑
=

𝑁𝐶𝐼𝑟𝑏

𝑁𝐶𝐼+𝑁𝐶𝐼𝑟𝑏
  (3) 

The ratio between NCIrb and NCId represents the rock bridge potential: the higher the ratio, 

the higher the contribution of intact rock failure to the overall rock mass behaviour. Figure 13 

shows that the relationship between the initial NCI, NCIrb and NCId yields a 3D surface whose 

slope increases for decreasing NCI and increasing NCIrb. Rock masses with an equivalent NCI 

may yield a different rock bridge potential based on the degree of fracturing that would result 

when the rock mass is subjected to loading. 

 

 

Fig. 13 Definition of rock bridge potential as a function of the initial NCI and the induced NCIrb 

 



5.1.1 Modelling Results 

SRMB models (15 m scale) using an FDEM approach were used to test the concept of the rock 

bridge potential presented in the previous section. The FDEM code used in the analysis is the 

proprietary software Elfen (Rockfield 2019). The FDEM approach (Munjiza et al. 1995; Owen et 

al. 2004) is well suited for the characterisation and analysis of rock bridges, since it allows the 

simulation of brittle failure mechanisms, hence the creation of discrete blocks and failure 

kinematics are fully accounted for. 

The analysis combines four models presented in Elmo et al. (2020a) with five new models from 

the same (undisclosed) mine location. Material properties used in the models are presented in 

Table 1. Loading conditions are shown in Fig. 14; every SRMB included three different scenarios 

with normal stress of 0, 2 MPa and 4 MPa, respectively. Because of its proof-of-concept nature, 

in the currently analysis the NCId and rock bridge calculations have been limited to the 

modelling scenarios with 0 MPa applied normal stress. Notwithstanding, a rock bridge potential 

could be calculated for the different normal stress conditions that would be encountered within 

a rock slope. An automated detection algorithm to provide faster measurements of NCId is 

being developed to work in combination with different FDEM codes. 

 

Table 1 Material properties used in the FDEM models showed in Fig. 14 

Intact rock properties Joint properties 

Tensile strength 

(MPa) 

7.1 Cohesion (MPa) 0.1 

Cohesion (MPa) 11 Friction (°) 31 

Friction (°) 38 Normal stiffness (GPa/m) 5 

Fracture energy 

(J/m2) 

15 Shear stiffness (GPa/m) 0.5 



 

Fig. 14 Analysis of results for Models A1 and A2, pre- and post-failure. Note how a significant 

degree of intact rock fracturing accompanies the failure of Model A1, despite the two models 

having comparable initial NCI values. A schematic of the loading conditions (same for all SRMB 

models) is also provided 

 

The SRMB models replicate a direct shear box experiment, hence the sampling region used to 

calculate P21, P20 and I20 is assumed to coincide with a sufficiently large area across which 



induced fracturing directly contributes to the failure of the simulated rock mass. Furthermore, 

NCI is calculated considering the horizontal loading conditions; the height (H) of the sample 

equal 15 m and the width (W) varies as a function of the assumed sampling region (analogous 

to a slender pillar being axially loaded). 

NCIrb values range from 0.06 to 2.8 for models C1 and A1, respectively. Rock bridge potential 

ranges from 0.01 to 0.6 for models C1 and B1, respectively. In Model C1, failure occurs 

predominantly by shearing along a relative persistent fracture. Note that a larger rock bridge 

potential is actually calculated for model B1 (NCI and NCIrb of 1.3 and 2.2, respectively) and not 

Model A1, which combines a relatively large initial NCI (4.2) and the maximum NCIrb of all the 

models. The complete set of NCI ratings and rock bridge potentials are summarised in Table 2. 

Modelling results are presented in Figs. 14, 15, 16 and 17. 

 

Table 2 NCI ratings and rock bridge potentials for all SRMB models shown in Fig. 14 

Model 

ID 

NCI NCIrb RBP Modelled rock mass 

cohesion (MPa) 

Ratio of modelled cohesion to intact 

rock cohesion 

A1 4.2 2.8 0.4 2.6 0.2 

A2 4.8 0.2 0.0 0.4 0.04 

B1 1.3 2.2 0.6 4.3 0.4 

B2 4.8 0.1 0.04 0.2 0.02 

B3 3.1 0.7 0.2 1.5 0.1 

C1 6.9 0.1 0.01 0.5 0.04 

C2 4.5 1.6 0.3 2.4 0.2 

D1 1.1 1.3 0.5 3.5 0.3 

D2 3.4 0.7 0.2 1.3 0.1 

1. Note: Modelled rock mass cohesion determined assuming a Mohr–Coulomb criterion 

(linear best fit) for a normal stress range of [0, 4 MPa] 



 

Fig. 15 Analysis of results for Models B1 and B2, pre- and post-failure 

 



 

Fig. 16 Analysis of results for Models C1 and C2, pre- and post-failure 

 



 

Fig. 17 Analysis of results for Models D1 and D2, pre- and post-failure 

 

Figure 18 below shows the relationship between rock bridge potential and normalised strength 

for all nine SRMB models; because those models represent synthetic direct shear box 

experiments, the normalised strength is calculated as the ratio of modelled rock mass cohesion 

to intact rock cohesion. The results show that the strength of rock mass bridges could be 

characterized in terms of their initial and induced NCI ratings. For equivalent initial NCI rating 

and intact rock strength values, the different SRMB models may yield a different equivalent 

strength and failure paths depending on the imposed loading conditions and the variability of 

the natural fracture network. 

 



 

Fig. 18 Normalised strength as a function of the calculated rock bridge potential. Results for the 

nine SRMB models included in Table 2 

 

The results presented in Fig. 18 suggest that the normalised strength determined for a rock 

bridge potential of 1 would correspond to approximately 62% of the intact rock cohesion value 

(i.e., 6.9 MPa). This can be explained in terms of scale effects and a reduction in rock strength 

with increasing sample size. Using a similar synthetic FDEM approach, Elmo et al. (2016) 

previously demonstrated that the strength of SRMB models at different scales decrease as the 

scale of the model size is increased. The same authors suggested that the reduction in strength 

for SRMB models up to 2-m scale (with no embedded DFN model) would follow a relationship 

like that proposed by Hoek and Brown (1980) for rock samples under compression. Under these 

assumptions, we would expect a reduction of intact rock cohesion from 11 MPa (intact rock 

sample) to approximately 7.2–5.9 MPa (1–2 m synthetic rock mass sample). The results 

presented in Fig. 18 would, therefore, suggest that even in the absence of an embedded DFN, 

the strength of the SRMB models would approach that of a unit cube of the rock mass. 

The concept of rock bridge potential also addresses a fundamental assumption that is made in 

engineering design scenarios when using Jennings (1970) approach, that is the rock bridge 

percentage, and the resulting equivalent cohesive strength is independent of the number of 



rock bridges being considered. Using the slope example shown in Fig. 19, the rock bridge 

coefficient (using the definition by Jennings 1970) would be the same for the two Scenarios (a) 

and (b). However, when considering their rock bridge potential, the NCI pre-failure for case (a) 

is 2/3 of the NCI pre-failure for case (b) due to the different number of fracture segments 

forming the hypothetical failure plane. The two scenarios would have the same NCIrb 

(assuming failure occurs by simply connecting the existing fracture segments). Despite Scenario 

(a) including two separate rock bridges and Scenario (b) including a single rock bridge, the 

number of intersections (I20) used in the calculation of NCIrb would be 4 and 2 for Scenario (a) 

and (b), respectively, thus the resulting NCIrb would be the same. Because of their different 

pre-failure NCI values, scenario (a) would result in a lower rock bridge potential compared to 

scenario (b). 

 

 

Fig. 19 Simple slope example to show how the concept of rock bridge potential can address 

cases in which equivalent rock bridge lengths may, erroneously, lead to consider equivalent 

rock mass responses 

 



5.1.2 Discussion on NCI, Rock Bridge Potential and Failure Mechanisms 

The objective of the numerical simulations presented herein is not to determine precise 

material properties, but to demonstrate the governing failure mechanisms and their association 

with the concept of rock bridges. It is recognised that in its current 2D formulation NCI is 

directionally dependent; however, as described in Sect. 2, rock bridges are indeed directionally 

dependent, their extent and strength being a function of the kinematic freedom and imposed 

loading conditions. At the same time, the theory proposed by Jennings (1970) is itself a 2D 

approach. Although the use 2D SRM models provides a conservative result compared to 3D 

models with embedded DFNs (due to the exaggerated out of plane continuity of the 2D 

fractures), it, however, allows for a better comparison with methods currently adopted in 

industry to characterise rock bridge strength. 

Because of its definition and a full consideration of the network connectivity, the authors 

believe that the proposed rock bridge potential addresses the limitations discussed earlier 

concerning using rock bridge percentage as a measure of rock bridge strength; furthermore, 

both positive and negative step-path failure processes are combined in the definition of rock 

bridge potential. 

A rock bridge potential of 0 could only be achieved in the case of a rock mass comprised of fully 

formed blocks whose failure would not result in any induced fracturing (pure sliding 

mechanisms). In Fig. 20, we have attempted to link the concepts of NCI and rock bridge 

potential to the expected failure mechanisms for rock masses with varying structural 

characteristics (e.g., massive, blocky and very blocky). Our approach is conceptually similar to 

the matrix proposed by Martin et al. (2001) and Kaiser (2019) to highlight the role of increasing 

rock mass damage for rock masses with equivalent GSI ratings subjected to increasing induced 

stresses. For massive conditions (NCI less than 2), failure is more likely to be controlled by 

brittle failure mechanisms, and overall rock mass failure would be associated with a larger 

degree of induced fracturing (i.e., rock bridge potential progressively greater than 0.4, Models 

B1 and D1). The behavior of a blocky rock mass would depend on the continuity of the natural 

fracture network and the degree of interlocking. The lower the continuity or the greater the 

interlocking, the higher the degree of induced fracturing we would observe at failure. 

Accordingly, we observe a transition from sliding (models A2, B2 and C1) to brittle failure 

dominated mechanisms (models A1 and C2). Note that these results refer to SRMB models with 

zero applied normal stress. For increasing applied normal stress conditions, the SRMB models 

yield a much larger degree of induced fracturing (e.g., Model A1 in Fig. 9. 0 and 2 MPa normal 

stress conditions), thus it is expected that the results would shift vertically into the transitional 

and brittle failure zones (rock bridge potential larger than 0.2 and 0.4, respectively). 

 



 

Fig. 20 Relationship between NCI, rock bridge potential and failure mechanisms for rock masses 

with varying structural characteristics (e.g., massive, blocky and very blocky). SRMB models 

with 0 MPa normal stress conditions 

6 Conclusions 
This paper has presented a series of arguments to demonstrate that the general current 

concept of a rock bridge, defined as the distance between existing discontinuities, is flawed, as 

it does not adequately consider failure mechanisms and progressive rock damage. Likewise, the 

validity of equations available in the literature that build on such an approach to define 

equivalent cohesion and friction angle parameters for an equivalent failure plane would also be 

in doubt, since they are limited to very specific conditions seldom encountered in the field. 

These issues, often ignored by engineers and practitioners, are a testimony of how revisions of 

established empirical methods are not so immediate (Elmo et al. 2020a, b). Rock bridges are 

not visible geological features; their existence is conditional to structural, stress and strength 

conditions, which are not necessarily constant over time. 

More attention should be given to better understanding rock bridges in the context of the 

fracture network connectivity and damage-related processes, including time-dependent 

damage occurring in engineered excavations. To this purpose, the authors have presented a 

new rock mass quality indicator, NCI, that combines fracture length, number of fractures and 

number of intersections per area, while at the same time accounting for shape effects of the 

mapped surface area. NCI can be integrated with explicit simulations of rock damage, to 



address the fundamental question of rock mass bridge strength. To date, the NCI approach has 

been validated using data from two different locations and four different rock mass domains. 

The authors are currently working to improve the NCI system based on additional case studies. 

Work is ongoing to develop an automated detection algorithm to provide faster measurements 

of NCId and rock bridge potentials using outputs from different FDEM codes. 

The proposed rock bridge potential suggests that by adopting FDEM or DEM modelling 

techniques with fracturing capabilities over continuum modelling approaches we could gain a 

better understanding of rock bridge problems. Adding an explicit fracturing capability to 

simulations of large rock engineering problems with embedded fracture network models would 

inherently capture the role of rock mass damage. However, the authors acknowledge that 

large-scale 2D and 3D FDEM and DEM modelling is generally limited by the discrete mesh 

and/or particle resolution adopted in the models (Elmo and Stead 2016). 

A major implication of the discussion presented in this paper is that rock bridges should be 

considered in terms of the risk they may pose. The emphasis should, therefore, be on 

considering the failure of rock bridges as hazards, while at the same time, understanding the 

consequence that such failure may impose. For slope problems, the hazard would be the 

potential for critical rock bridges related to the presence of critically oriented fractures to allow 

daylighting or kinematic release; non-critical rock bridges would control fragmentation and 

would not represent an immediate hazard. However, the degree of fragmentation due to non-

critical rock bridge failure could later impact the flow/fall mechanism of the failure—i.e., rock 

bridges could control the size of the block involved in failure and transitions from large block 

failures to rockfall and rock avalanches with considerable runout. Similarly, non-critical rock 

bridges become a hazard when studying mass mining problems in which rock mass 

fragmentation is considered critical. 
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