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Abstract 

The stability of rock slopes is often compromised by the presence of groundwater in the 

discontinuities within the rock mass. Discontinuities form the major pathways for 

groundwater flow and result in seepage zones along slopes. The hydrogeological 

characterization of fractures is, hence, an important task in rock slope investigations. 

Nevertheless, most current techniques require direct access to the rock slope, which can 

often be severely limited due to access, safety and the limited coverage of survey 

methods. In an attempt to both complement and overcome existing limitations of current 

methods, the present research makes use of remote sensing techniques to implement a 

window mapping approach to allow for the collection of structural and seepage 

information over a wide spatial area. Photogrammetry, ground based LiDAR and Infrared 

Thermography (IRT) are discussed. 

Research is also undertaken investigating continuum, discontinuum (distinct element 

model) and lattice-spring scheme modelling applied to assess the effect of groundwater 

on large open pit rock slope stability. Fluid flow within a fractured rock mass occurs as a 

coupled process where the flow field is influenced by the stress field and  changes in 

stress resulting in changes in pore water pressures within the rock mass. Understanding 

coupled and uncoupled groundwater and mechanical processes in complex fractured 

rocks is essential for slope-stability engineering. Application of Discrete Fracture 

Network Engineering (DFNE) methods in the interpretation of seepage zones and 

simulated damage within rock slopes (due to both mechanical and pore water pressure 

induced brittle fracture) are demonstrated.  

The key findings gathered through this research highlight the importance of considering 

the use of coupled field and state-of-the-art remote sensing techniques in the 

characterization of seepage areas on high engineered and natural rock slopes. 

Discontinuity persistence is shown to be a parameter that is highly dependent on the 

sampling domain area and therefore, results suggest that further considerations should 

be given to the selection of an appropriate mapping window size. Similarly, numerical 

codes provided meaningful ways to account for the effect of incorporating groundwater 

in slope stability analysis. The continuum code, Phase 2, is shown to be suitable for 

simulating non-fracture controlled slope analysis. Nevertheless, limitations exist when 
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groundwater flow is mainly affected and controlled by the fractures defining the rock 

mass. Under these conditions discontinuum codes may be more appropriate. The 

conventional UDEC code is shown to be useful at providing information on the effect of 

the inclusion of pore water pressures, UDEC-Voronoi/Trigon is demonstrated  to be an 

innovative and meaningful technique to account for the development of stress-induced 

brittle fracturing. The newly developed lattice-spring Slope Model is proven to be a 

useful means to assess the role of groundwater conditions on slope instability. 

Additionally, the use of DFN engineering principles are demonstrated to be very 

important in the interpretation of both mapped and  simulated damage within rock 

slopes, especially, due to mechanical and pore water induced brittle fracture. 

Keywords:  Fracture flow, open pit slopes, DFN, Infrared Thermography, 
Photogrammetry, LiDAR, lattice-spring model. 
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Chapter 1.  
 
Introduction 

Groundwater seepage characteristics are a key element in the analysis of rock 

slope stability in open pits and natural slopes. Discontinuities form the major pathways 

for groundwater flow and, therefore, characterization of seepage in a rock slope through 

definition of joint sets, faults and bedding planes is a routine component of engineering 

discontinuity surveys. Nevertheless, most current techniques require direct access to the 

rock slope, which can be severely restricted due to limited access, safety, and the limited 

coverage of the survey methods. In an attempt to both complement existing methods 

and overcome some of the limitations of conventional field measurements, remote 

sensing techniques can be used to allow the collection of structural and seepage 

information over a wide spatial area. Remote sensing has the potential to provide 

additional insights into the orientation and general connectivity of fractures that may play 

a major role in the general stability of rock slopes. The use of three-dimensional digital 

LiDAR and/or photogrammetry point clouds for geotechnical analysis and 

mapping/surveying of rock slopes has increased considerably, and is now routinely 

undertaken in both open pits and on natural slopes. Nevertheless, few workers to date 

have considered the variation in fracture intensity obtained, due to variations in the sizes 

of remotely mapped windows and how fracture intensity values in these windows change 

along a pit wall, an important factor when attempting to establish different structural, 

geotechnical and hydrogeological domains. More recently, Infrared Thermography 

techniques have started to be used to characterize rock fracture patterns. This thesis 

presents observations undertaken on three pit wall slopes using photogrammetry 

techniques, and a modified window approach. Additionally, terrestrial LiDAR and Infrared 

Thermography are used with the aim to characterize seepage in a natural high rock 

slope.  
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Pore pressure is an integral parameter in any rock slope engineering 

assessment, because it changes the effective stress of the rock mass within the slope. It 

may also change the volume of the slope material and cause a change in hydrostatic 

loading (Read et al., 2010). The flow field is influenced by the stress field and changes in 

stress lead to porosity changes within the rock matrix which often cannot be disregarded 

(Cappa et al., 2004; Guglielmi et al., 2008). Groundwater and mechanical coupled 

processes in complex fractured-porous rocks are essential for the safety and efficiency 

of subsurface and slope-stability engineering (Guglielmi et al., 2007). Data extracted 

from combined field and remote sensing investigations can be extrapolated into advance 

numerical modelling, allowing for significant analyses regarding stability can be made. 

Commonly, rock masses that host mineral deposits typically comprise hard, 

brittle rock types with low compressibility. Mine locations are bordered by unconsolidated 

sediments, but the ore-bodies themselves are hosted in igneous or metamorphic rocks, 

or highly indurated sediments. All of these rock types are prone to brittle fracturing and 

sustain extensive open fracturing (Beale and Read, 2014). These fractures will 

frequently contribute to the permeability. Ground water flow in a fractured rock mass 

occurs predominantly along the discontinuities because of the very low primary hydraulic 

conductivity of most intact rock. The interconnectivity and the conditions within individual 

fractures therefore control the local-scale movement of groundwater and are the subject 

of increased interest and ongoing research. 

One of the most challenging problems is the prediction of fluid flow through 

fractured and deforming rocks. New fractures created can cause significant local 

changes in the permeability of the rock mass, and stress-induced changes in the flow 

properties can potentially affect the performance of a particular rock engineering project. 

Thus, predicting the behaviour of fluid flow through fractured and deforming rock slopes, 

especially in highly stressed rocks is a difficult task considering the difficulties due to the 

geometry and the transmissivities of the individual fractures (Latham et al., 2013).  

The occurence of brittle fracture during slope failure indicates it is important to 

consider coupled discontinuum-brittle fracture codes. Research undertaken to date 

clearly shows that intact rock fracture is important at a wide variety of scales including 

shearing of asperities and roughness on joints, the development of failure surfaces, 

internal rock slope dilation and fracture, and rock comminution during failure and 
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transport (Yan et al., 2007). Stead et al. (2007) emphasise that the incorporation of intact 

brittle fracture into the analysis of rock slopes, especially when considering the 

interaction of pore water pressure, is essential if the failure of large open pit slopes is to 

be realistically modelled. 

The stability of a rock slope depends on the rock mass mechanical strength and 

on the state of stress inside and at the boundaries of the slope (Hoek et al., 2002b). 

Slope strength depends on the fracture network geometry, individual fracture strength 

and intact rock strength. Generally, the state of stress in a slope is complex, with zones 

of low stress close to the middle and upper part of the slope, and zones of high stress at 

the toe and deep within the slope, where relaxation has been considered to develop 

from the middle to the top of the slope and may induce the opening of existing fractures 

(Amadei, 1996; Sjöberg, 1999). 

Traditional assessment of slope stability has relied on the consideration of the 

hydraulic and geotechnical processes using an uncoupled approach. In an uncoupled 

approach, the water phase is calculated and solved separately from the equilibrium 

(stress-deformation) process. Common practice has consisted of using a “dry” 

mechanical analysis. In a “dry” analysis the total and effective stresses are the same. 

Groundwater pore pressure is then considered by subtracting the water pressure from 

the previously computed “dry” normal stresses. In this way, the effective stresses can be 

calculated and a distribution of the factor of safety throughout the slope estimated. The 

distribution of pore water pressure may be obtained from a separate analysis using a 

seepage analysis or by assuming a groundwater pressure distribution. This approach, 

however, has been shown to be generally erroneous and an approximation of unknown 

reliability (Hustrulid et al., (2000).   

This research attempt to provide a response to questions such as: 

•  Whether water pressures are important throughout the rock mass or only 
along the major discontinuities.  

•  How slope deformation and dilation of the materials change the water 
pressures within the rock mass. 

• What are the resulting changes in the induced fracture network? 
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1.1. Research objectives 

The primary objectives of this thesis are to: 

 To investigate the utility of remote sensing techniques including photogrammetry, 

ground based LiDAR, and Infrared Thermography (IRT) in the acquisition and 

interpretation of groundwater seepage data for characterization of rock mass fracture 

network and fracture connectivity applied to rock slopes. 

 To apply both continuum and discontinuum hydro-mechanical modelling techniques 

to model brittle fracture mechanisms, and their effects on groundwater flow paths, 

focusing on biplanar failure in large open pit slopes. 

 To study the influence of groundwater on intact rock bridge failure in a rock slope. 

 To explore how pore pressure distribution influences brittle fracturing, and access the 

development of new pore pressure distribution after fractures have developed. 

 

Secondary objectives of this research include: 

 To apply discrete fracture network engineering principles to rock slope 

characterization with the combined use of fracture and seepage intensity 

parameters. 

 To undertake a preliminary study of groundwater-blasting damage zone behaviour in 

a large rock slope. 

 To study the initiation and propagation of brittle fracturing due to the inclusion of pore 

water pressures.  

 To study the effects of considering different in-situ stress ratios in a large open pit 

rock-slope undergoing biplanar failure. 

 Quantify damage caused by inclusion of groundwater pore pressures during a 

biplanar slope failure using discrete fracture network engineering principles.  

 To investigate the application of UDEC-Voronoi/Trigon for simulating brittle failure 

associated with groundwater pore pressures. 
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1.2. Thesis Structure 

This thesis is divided into seven chapters 

•  Chapter 1 provides an introduction to the research, defines the objectives 
and presents the thesis structure. 

•  Chapter 2 includes the review of the relevant literature and the main 
concepts considered in characterizing groundwater in slope stability. 

•  Chapter 3 introduces the different remote sensing techniques and applied 
numerical modelling methodologies  

•  Chapter 4 presents and interprets the results of remote sensing techniques 
and their use in the characterization of seepage in fractured rock slopes.  

•  Chapter 5 discusses the results of simulations of the interaction between 
groundwater and brittle failure in open pit slopes using Slope Model and 
UDEC-Voronoi. 

•  Chapter 6 presents the results of modelling bi-planar failure using continuum 
(Phase2), discontinuum (UDEC-Voronoi/Trigon) and lattice-spring schemes 
(Slope Model). Brittle fracturing induced by pore water pressure is discussed. 

•  Chapter 7 provides concluding remarks and recommendations for future 
work. 
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Chapter 2. Literature Review 

The presence of groundwater in mining operations often creates significant 

geotechnical problems; most importantly a reduction in stability of the pit slopes. 

Reduction of pit slope stability can be due to elevated pore water pressures and 

hydrodynamic shock due to blasting, which  causes the reduction the shear strength and 

can also reduce seepage pressures (Islam and Faruque, 2013). In open pit mining, 

groundwater flow usually takes place along the discontinuities within the rock mass. This 

chapter is intended to familiarize the reader with the basic concepts considered when 

characterizing groundwater in a slope-stability analysis. 

2.1. Pore water pressure and slope-stability  

The presence of water has a detrimental effect on slope-stability. Water pressure 

acting in pore spaces, fractures or other discontinuities in the rock mass that make up a 

pit slope will reduce the rock mass and discontinuity strength, and may therefore have a 

large influence on the performance, safety and economics of a mining operation (Beale 

and Read, 2014). The most important effects of groundwater on open pit mine stability 

are: 

(a) Reduction in shear strength 

The relationship between the shear strength of a rock or soil mass and pore 

pressure can be expressed in the Mohr Coulomb failure criterion in terms of effective 

stresses as:  

  (     )           (2.1) 

where: 

   is the shear strength on a potential failure surface 
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   is the fluid pressure (pore pressure) 

    is the total normal stress acting perpendicular to the potential failure  

  surface. 

    is the effective angle of internal friction 

 c' is the effective cohesion available along the potential failure surface. 

Terzaghi's effective stress principle can be modified by applying a correction 

factor to the pore-pressure term which accounts for the coupled diffusion/deformation 

processes ). This pore pressure term implies that the cementation/bonding(Lyons and 

Plisga, 2011). This pore pressure term implies that the cementation existing between the 

grains prevents the full magnitude of the pore pressure from counteracting the applied 

load. This poroelastic constant (α) is known as Biot's coefficient. The effective stress   , 

is then the difference between the total stress   and a fraction of the pore pressure when 

multiplied by the Biot’s coefficient (Alam et al., 2010).  

                      (2.2) 

where   is the total applied stress,    is the effective stress governing the failure of the 

material;   is the pore pressure, and   is Biot's coefficient.  

Biot’s coefficient describes to what extent this pressure counteracts elastic 

deformation of porous rock. Biot's coefficient for soils and high porosity sedimentary 

rocks are approximately equal to one (   ), whereas for low-porosity (<1%), intact 

granitic rocks it is significantly lower (1 >   >0). Zangerl (2003), through analyzing the 

effect of Biot's coefficient in crystalline rocks using laboratory testing procedures, 

determined that the estimates of Biot's coefficient generally decline with increasing 

hydrostatic stress level, consistent with expectations based on the closure of micro-

cracks. The Biot's coefficients estimated by Zangerl (2003) imply that the coupling 

between pore pressure and stress is strong even for intact, low-porosity rocks.  
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(b) Development of seepage forces  

The influence of groundwater seepage on the stability of rock masses has been 

studied at a number of large open pit rock slopes. When water flows through fractures, 

seepage forces develop as a result of the frictional resistance offered to the flow of the 

water. The force acts in the direction of flow of the water, i.e. into the open pit. Seepage 

forces can become very high if the rock is discontinuous as a result of the presence of 

fissures or other discontinuities (Cedergren, 1997).  

The local-scale movement of groundwater is influenced by the conditions within 

individual fractures and by the interconnectivity of the fractures. In addition to the main 

faults and high-order fracture zones, most hard rock types usually contain abundant low-

order, small-aperture fracture and joint sets throughout the rock mass. Usually, the 

permeability of intact rock is negligible in comparison with that of the fractures 

(Hormazabal, 2005). 

Preferential flow is an inherent characteristic of virtually all fractured rock masses 

because of the preferential development of fracture patterns, fractures alignments and 

aperture widths. Due to the presence of larger structures and to variations in the 

lithology, alteration and mineralisation of the rock mass, water flow can take place along 

particular interconnected fracture channels (Beale and Read, 2014; Zhang and Jeffrey, 

2013). Seepage considerations are, therefore, a key element in analyzing the 

geotechnical stability performance of rock slopes in open pit mines. 

Operational considerations in open pit slopes require the control of pore water 

pressures and mine dewatering. Seepage forces from the pit or pit walls may reduce, in 

many cases, the need for dewatering programs, whereas at some mines, major pumping 

operations are necessary (Read and Stacey, 2009). 

2.2. Pore pressure reduction from groundwater flow 

A reduction in pore pressure within a pit slope may occur as a result of different 

factors, namely (Read and Stacey, 2009): 

a) Groundwater flows away from a particular zone due to a seepage force. 
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b) Increase in the total porosity as a result of lithostatic unloading and 

 relaxation. 

c) Increase in total porosity as a result of drainage or removal of water from the   

 overlying rock. 

In open pit mining environments, changes in pore pressure usually occur as a 

result of groundwater flow. Consequently, pore pressure is distributed through the whole 

mass, and is not only restricted to the major geological structures.  

Deformation as a result of unloading (excavation), leads to changes in the 

stresses, resulting in changes in the pore fluid pressure. Rock mass unloading occurs as 

a result of the stress field created by mining operations and often causes an opening or 

widening of fractures in the zone of relaxation around the mine excavation (Taseko, 

2012). Additionally, pit excavation reduces the lateral and vertical stress resulting in 

strains that generally increase porosity, aperture and connectivity between fractures 

(Sullivan, 2007). At greater depths within the slope (>300m), the pre-existing 

deformation is smaller and the newly formed fracture porosity is comparatively low. 

Further mining processes induce deformation and cause an increase in the porosity. 

Hence, the magnitude of pore pressure dissipation, in response to material unloading, is 

more pronounced with depth (Beale and Read, 2014; Read and Stacey, 2009).  

The development of the blast-damaged zone (over-break) is also important for 

pore pressure control. The blast-damage zone represents the area where properties and 

conditions are altered because of the excavation process. This zone is characterized by 

an area of reduced fluid pressure extending in all directions away from the zone. 

However, the shape and extent of the zone depends on many factors, including blasting 

procedures and rock properties, which vary considerably (Hoek, 2002; Read and Stacey, 

2009). The blast-induced damaged zone is comprised of macro to micro-cracks of 

various sizes, lengths and shapes, with numerous rock bridges in between. Robertson 

(1970) concluded that the rock bridges must fail in tension before global rock mass 

failure can occur. This complex crack pattern can affect the strength characteristics and 

thus influence the overall mechanical response. Diederichs and Kaiser (1999) 

demonstrated the significance of the tensile strength of rock bridges under low 

confinement or distressed conditions. According to Saiang and Nordlund (2008), the 
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tensile strength will be very sensitive and important for the mechanical response of the 

blast-induced damaged rock mass around underground excavations.  

2.3. Groundwater flow in fractured rock 

A rock mass is considered as mainly composed of intact rock and in-situ 

discontinuities. A general rock mass characterization often starts with a division into two 

major classes, intact rock or continuous, and fractured rock or discontinuous (Doina 

Priscu, 1997). 

Geological structure is a major contributor to the distribution and alignment of 

fractures in most mine settings. In most hard rock lithologies, the first-order fracture sets 

are related to the main (primary) zones, and the rock’s overall permeability is mostly 

controlled by the degree of interconnection of the first-order fractures with second, third 

and consecutive fractures (Read and Beale, 2014). Figure 2-1 shows a typical fracture 

network comprising a few highly transmissive and pervasive “first order fractures” (A),  a 

moderately transmissive second-order fracture (B), a lesser transmissive third-order 

fracture (C), and a low transmissive fourth-order fracture (D). This concept is known as 

the “A-B-C-D” concept of fracture flow (Beale and Read, 2014). The more permeable “A” 

fractures respond first to depressurisation by drainage, for which the; long 

interconnectivity of these fractures allows rapid propagation of pressure change 

throughout the system. As pressures within the first-order fractures begin to decrease, 

flow along the less permeable second-order fracture sets begins to occur towards the 

first-order fractures. This dual porosity response, also occurs from third-order into 

second-order fractures, and so on through the entire interconnected network of 

fractures. Thus, when studying flow in fractured rocks, characterization of the medium is 

important because it has a strong influence on the flow phenomena. 
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Figure 2-1. Fracture controlled dual porosity. a) drainage response due to groundwater 
flow; b) unloading response in a fractured rock mass (after Beale and Read, 2014). 

This is dependent on the flow model chosen and the discontinuity 

characterization, taking into account that the groundwater flow concentrates along pre-

existing discontinuities or along discontinuities induced by progressive failure occurring 

in the rock mass (Cappa et al., 2004). 

2.4. Geotechnical mapping 

Characteristics to be considered when describing the geological media include: 

orientation, fracture trace persistence, an estimate of fracture aperture, fracture 

termination, shape, surface roughness, intensity, and fracture mineralization (if present). 

From these parameters the measurement of fracture length and apertures are integral in 

defining flow along fractures. Additionally, intensity of fractures has been found to play 

an important role in fracture fluid flow. Fracture intensity gives a measure of the degree 

of fracturing in a rock mass and, therefore, an estimate of relative permeability (Surrette, 

2006). 
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As mapping techniques evolve, the use of coupled methods is increasingly 

considered to characterize the structural conditions for a certain geological site. 

Nevertheless, methods must be considered with respect to their individual strengths and 

limitations, and based on field experience. 

To assist in characterization of the structural conditions many techniques can be 

used, namely: 

(1) Conventional field mapping; line or window mapping.  

•  Line mapping is a widely-used technique in civil and geotechnical 
engineering. This technique involves taking measurements of all fractures 
intersecting a given sampling line. Villaescusa (1991) suggested that at least 
60 measurements are required. Read and Stacey (2009) proposed that the 
minimum number of measurements per set should be decided on a site-by-
site basis.  

•  Window mapping involves collecting all the structural data from a given cut-
off sized window, from within a specified area of a rock slope, spaced at 
specific intervals in the exposure of the rock face. The spacing between 
windows should be decided on a site-by-site basis, depending on the 
geological complexity of the slope. 

Figure 2-2 presents a list of basic parameters to be considered when undertaking 

geotechnical field-mapping. However, the relative importance of each parameter 

depends on the project. Likewise the level of importance placed on each parameter 

could also vary dependent on the project.  
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Figure 2-2.  Sketch showing the main parameters considered for geotechnical 
mapping. 

 (2) Digital mapping involves the use of 3D digital photogrammetric and laser 

imaging technology for structural mapping of rock slopes. Photogrammetric methods of 

data collection typically employ software programs that use stereo photogrammetry to 

produce a virtual model of a rock mass surface. The programs create 3D spatial data 

sets, which allow the user to determine the orientation of discontinuities away from the 

slope walls (Poon et al., 2009). The use of 3D digital photogrammetric and laser image 

technology provides a powerful tool to better characterize the structural characteristics in 

open pit mining (Tannant et al., 2006) 

(3) Geotechnical drilling is the traditional method used to collect structural data at 

depth and in-situ rock mass conditions. Orientation of the core, along with a more 

detailed geotechnical description can be obtained including; weathering, strength and 

rock quality. 

In the case of pit wall mapping, it is advised to perform all geotechnical mapping 

consistently in the same direction when facing the pit wall, proceeding from left to right. 

In the case of rounded pits, it is required to map the pit wall in a clockwise motion (Read 

and Stacey, 2009). Depending on the purpose of the study, different methods are often 

used to characterize a fracture. For studies related to fluid flow it is important to describe 

the geometry of the fracture, which is mainly characterized by the location, orientation, 
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persistence, density and aperture (Zhang and Sanderson, 2002). Each of these 

characteristics is described below. 

 Orientation 

The orientation of a planar discontinuity is a unique measurement, defined by 

means of a vector. The dip direction of the plane from a reference direction and the dip 

angle from a reference plane describe its orientation in the space. Dip and dip direction 

are usually the first parameters recorded in the field for geotechnical engineering 

applications. In kinematic assessment, the dip, dip direction and spatial distribution of 

pre-existing discontinuities are evaluated with respect to the slope geometry, in order to 

assess the potential for simple toppling/translation failure mechanisms involving discrete 

fractures (Lee, 2011; Tuckey, 2012) The orientation of joints with respect to the bedding, 

foliation and/or fold axis can provide information on the shear as opposed to tensile 

origin of fractures (Singhal and Gupta, 2010). 

 Persistence 

Persistence constitutes a measurement of the extent of development of a 

discontinuity in a rock mass. As some discontinuities are more persistent than others, it 

is a very important parameter controlling groundwater flow in fractured rocks (Singhal 

and Gupta, 2010; Zhang and Sanderson, 2002). Persistence is difficult to quantify, as it 

differs in the dip and dip direction. Therefore, the regular measurement recorded in the 

field is the apparent value of the true trace length. Persistence is usually measured as a 

one-dimensional length of a fractured trace exposed on a rock surface (ISRM, 1978). 

Figure 2-3 (after Palmstrom, 1996) shows a rock mass containing two vertical joint sets 

and one horizontal set in which the persistence of the vertical joints is much greater than 

the spacing, but the persistence of the horizontal set is less than the spacing (Wyllie and 

Mah, 2004). For these conditions, the hydraulic conductivity would be significantly 

greater in the vertical direction than in the horizontal direction. In practice, persistence 

may be expressed directly as the trace length of discontinuities, as measured in 

scanlines or window mapping techniques.  
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Figure 2-3. Persistence of natural fracture networks. Two vertical sets and one 
horizontal set are shown, where the main set controlling the hydraulic conductivity is the 
more persistent vertical joint set (from Palmstrom, 1996). 

According to Singhal and Gupta (2010) persistence is only an observed trace 

length and it is affected by the following sources of bias: (a) Inability to recognize 

fracture traces shorter than a certain threshold length will lead to a truncation of the 

associated persistence histogram. (b) inability to measure the full length of the traces 

owing to incomplete exposures. The observed length, therefore, depends on the trace 

length over the exposure face. (c) stronger fractures are more likely to be measured than 

weaker ones. Persistence carries a notion of size and controls the degree of fracturing 

(Figure 2-4) (after Singhal and Gupta, 2010). 

 

Figure 2-4. Degree of fracturing and interconnectivity according to persistence 
measurements (after Singhal and Gupta, 2010). 
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In 3-D mapping of Digital Terrain Models (DTM) persistence is measured as the 

diameter of best-fit circular discs superimposed on discontinuity planes (Sturzenegger, 

2010). However, the combination of field mapping and remote sensing techniques can 

help to better understand true discontinuity persistence. Nevertheless, there exist some 

sources of bias and uncertainties in the determination of persistence using remote 

sensing techniques that should be considered (Figure 2-5): 

•  Truncation occurs because small traces are difficult to measure. Therefore, 
trace lengths below a given cut-off length are not recorded (Sturzenegger 
2010). If this mentioned cut-off is significantly smaller than the average size 
of fractures, then the truncation bias is negligible.  

•  Censoring is due to long discontinuity traces extending beyond the visible 
sample exposure. So, one, or both ends, of the traces cannot be seen 
(Sturzenegger 2010; Tuckey 2012), leading to an underestimation of the 
discontinuity’s persistence. In remote sensing surveys, censoring will occur 
both on the edge of the sampling windows and along discontinuity surfaces, 
where only one part of the surface is included in the sample (M Sturzenegger 
and Stead, 2009; Sturzenegger, 2010; Tuckey, 2012). 

•  Length bias affects scanline mapping given that more persistent fractures 
are more likely to be intersected by the scanline. This implies that smaller 
fractures cannot always be accurately taken into account. Window mapping is 
less influenced by length bias because the added dimension increases the 
sampling area, such that many more short discontinuities will be contained 
within the window (Sturzenegger et al., 2011; Zhang and Sanderson, 2002). 
Moreover, it has been suggested that the use of rectangular window mapping 
areas provides a better estimation of the true length of a discontinuity (Wu et 
al., 2011). 

•  Scale bias is related to the image resolution derived from remote sensing 
models. Higher-resolution imagery allows for smaller discontinuities to be 
distinguished.  

•  An F bias is due to random intersections of circular discontinuity planes 
within a sampling window, and therefore does not represent the true 
persistence of the fractures (Priest, 2004). 
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Figure 2-5. Sources of bias in measuring discontinuity traces on DTM’s models 
(Tuckey, 2012). 

 Fracture Connectivity 

Discontinuities may exhibit differing termination and connectivity characteristics. 

Intersection of discontinuities is important as groundwater flow takes place through 

multiple fractures. Greater continuity and interconnection among the individual fractures 

in the fracture network is provided by a higher degree of fracturing. Fracture connectivity 

increases with increased fracture length and fracture density, simultaneously increasing 

the chance of fracture intersection. The connectivity depends largely on the fracture 

network as shown by Xu et al. (2013), and is an important parameter for the assessment 

of fluid flow characteristics in rock slopes. In their work, Xu et al. (2013) showed that 

connectivity and persistence are important considerations to evaluate the hydraulic 

conductivity of geothermal systems.  

Alghalandiset al. (2013), suggested using a connectivity index and connectivity 

field coefficients to assess preferential fluid flow directions and flow pathways through 

the fracture network, and proposed methods to measure of these properties of the 

fracture network.. 

For evaluating connectivity (Figure 2-6), it is necessary to study how the fractures 

terminate. Barton et al. (1987) classified fractures into 3 categories: abutting, crossing 

and blind fractures (which do not intersect other fractures and remain unconnected). 
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Laubach (1992) suggested that in many cases fracture connectivity may be gradual and 

he classified fracture termination into; blind, diffuse and connected (including abutting). 

 

Figure 2-6. Connectivity of fractures. Letter B defines blind terminations, C defines 
connected terminations and D defines diffusely connected fractures.  

 Aperture 

The thickness, or aperture, of a fracture constitutes the perpendicular distance 

separating the adjacent rock wall of a discontinuity (ISRM, 1978). This parameter can 

vary from very tight (≈0.05mm) to very wide (≈5mm) (Ortega et al., 2006). The 

separation can be filled with air, water or a given rock material. The nature of the rock 

material reflects the amount of mineralization and differences in stress regimes for a 

given rock mass. Apertures can result from shear displacement of discontinuities having 

appreciable roughness, due to tensile opening, from outwash and solution (ISRM, 1978) 

Surette (2006) emphasized the importance of the values assigned to apertures in 

discrete fracture network (DFN) models. Porosity and bulk permeability are entirely 

dependent on the aperture and transmissivity distributions assigned to each fracture in a 

DFN model. Therefore, the assignment of a constant aperture to all fractures in the 
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model may not be fully representative of fracture network porosity, as fracture apertures 

tend to vary along their length associated with changes in roughness. 

 Measurements of apertures among fractures allow for the determination and 

quantification of fracture size (Ortega et al., 2006). Nevertheless, constraints at the 

moment of undertaking the outcrop characterization always prevent the collection of 

sufficient fracture-aperture measurements for reliable determination of fracture intensity. 

Ortega (2006) proposed the measurement of apertures by means of a logarithmically 

graduated comparator (Figure 2-7) that allows the documentation of fracture-apertures 

as small as 0.05mm 

.  

 Figure 2-7. Fracture-aperture comparator (Ortega et al., 2006). 
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 Seepage observations  

Identifying seepage faces is important for characterizing groundwater flow. In 

many instances, water may appear to leak from a particular discontinuity. Therefore, the 

nature, location and rate of seepage should be recorded when performing any type of 

geotechnical mapping.  

When open pits are excavated in massive rock, it may be satisfactory to allow 

“uncontrolled” water to seep through the rock walls into the pit. However, when seepage 

is high in volume, the water often represents compromises the pit stability. Operating 

sumps below the seepage faces, in conjunction with dewatering wells, may be 

necessary (Beale and Read, 2014). 

2.5. Discrete Fracture Networks (DFN) and fracture 
intensity 

DFN models are increasingly regarded as the most effective way to model 

fractured reservoirs, where complex geometries result in unusual and often highly 

directional flow regimes (Lefranc et al., 2011).  

DFN generation requires the user to define either linear fracture intensity (P10), 

based on borehole or scanline observations or areal fracture intensity (P21), based on 

window/cell mapping in addition to joint set orientations and estimated persistence. 

Volumetric fracture intensity (P32) can then be derived based on a linear correlation, 

depending on discontinuity orientation, size distribution, and the orientation of the 

sampling plane (Elmo, 2006; Priest, 1993). Table 2-1 (after Tuckey, 2012) shows the 

quantification and intensity parameters used for DFN model generation. 

In recent years, DFN models have been used to evaluate the flow in fractures or 

fracture sets with statistical distributions of orientation, spacing and dimensions. DFN 

models in conjunction with borehole image data, as well as dynamic data, provide one of 

the best ways to estimate fracture permeability (Surrette, 2006). 

Several computer programs have been developed to generate stochastic DFN 

models for rock mechanics applications, including FracMan (Dershowitz and Einstein, 
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1988), JointStats (Julius Kruttschnitt Mineral Research Centre (JKMRC), 2000), 3FLO 

(Billaux et al., 2006) and RESOBLOCK (Merrien-Soukatchoff et al., 2012). DFN models 

can be directly imported into numerical models created in PFC2D/3D (Potyondy and 

Cundall, 2004), the hybrid FEM-DEM code ELFEN (Elmo, 2006), and the lattice-spring 

code Slope Model (Itasca, 2014). 

Table 2-1. Fracture quantification parameters. 

 

 

According to Beale and Read (2014) some important considerations when using 

a DFN to enhance the understanding of groundwater flow are:  



22 

a) Hydraulic diffusivity. This hydraulic property allows the distinction between 

considering a fracture network and an equivalent porous medium (EPM) approach. 

b) Constraining fracture transmissivity. Transmissivity is dependent on depth, 

and the fracture radius. Fracture transmissivity is equivalent to the total length over only 

a portion of a given fracture. 

c) Simulation of the variation of the physical properties of fractures at the slope 

scale. Physical and hydraulic properties of the DFN change according to the scale. 

Therefore, it is necessary to correlate field hydraulic testing with head distribution from 

piezometer data, and the simulated fracture network distribution with the DFN. 

d) Dual porosity. DFN models might underestimate the storage in a fracture 

network if they do not have the ability to account for the primary porosity of the rock 

mass. 

2.6. Hydro-mechanical processes 

The representation of hydro-mechanical coupling processes in an open pit rock 

slope is illustrated in Figure 2-8 (after Rutqvist and Stephansson, 2003). In general, a 

fluid-saturated porous medium or rock fracture can deform either as a result of change in 

the external load or change in the internal pore-fluid pressure (Rutqvist and 

Stephansson, 2003). 
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Figure 2-8. Schematic representation of hydro-mechanical coupling processes in a pit 
wall rock slope.  

 is effective normal stress, ν is normal displacement, Ƭ is shear stress, 

 is shear displacement, ε is strain, E is modulus and G is shear modulus (Rutqvist and 
Stephansson, 2003). 

Wang (2000) recognized two types of hydro-mechanical coupling; direct and 

indirect. Direct coupling occurs through deformation and pore fluid interactions. Indirect 

coupling occurs when changes in the mechanical or hydraulic processes influence each 

other through changes in mechanical and hydraulic properties. 

Direct coupling depends on the phenomena involved in the process, according to 

Sullivan (2007). 

a) A solid to fluid coupling (direct coupling) occurs when a change in applied stress 

produces a change in fluid pressure or fluid volume, and can occur in the 

following manner: 

 Solid to fluid coupling, when a change in stress causes a change in the 

pore fluid pressure (Type 1; Figure 2-9). 

 Fluid to solid coupling, when a change in the pore fluid pressure causes a 

change in the rock mass volume (Type 2; Figure 2-9). 

b) A fluid-to-solid coupling occurs when a change in fluid pressure or fluid volume  

produces a change in the volume of the porous medium: 

 Solid to fluid coupling, where a change in stress causes a change in the 

hydraulic properties of the rock mass (Type 3; Figure 2-9). In situ 
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measurements of slope tilt and fracture deformation at the Coaraze test 

site, southern France, show field evidence for solid-to-fluid coupling 

(Guglielmi et al., 2008) 

 Fluid to solid coupling, where a change in the pore fluid pressure causes 

a change in the mechanical properties of a rock mass (Type 4; Figure 

2-9).  

 

 

Figure 2-9. A representation of direct and indirect hydro-mechanical coupling. Δσ is a 
change in stress, Δμ is a change in pore pressure, ΔV is a change in volume, K is 
hydraulic conductivity, S is storage, E is modulus of elasticity, ks is shear stiffness and 
kn is normal stiffness, c is cohesion, and ø' is angle of friction (modified after Sullivan, 
2007). 

2.7. Numerical approaches to model groundwater in slope 
stability analysis 

Numerical techniques incorporate different means to account for the importance 

of groundwater in a slope stability analysis. In rock slopes high-risk situations may 

require the characterization of discontinuity-controlled groundwater flow. A decision must 

then be made between using continuum (equivalent rock mass approaches and varying 

permeability) or discontinuum (with varying discontinuity properties such as joint 
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permeability, spacing, persistence and aperture) modeling of rock mass behavior. This 

decision may be based on the analysis of the following likely mechanisms; sliding along 

joints, opening of joints, block rotation and movement (Barla, 20002000; Evans et al., 

2011). 

Surrette (2006) makes reference to the difficulties in modelling fluid flow through 

fractured systems using a continuum approach, based on an equivalent porous medium 

(EPM) model, and the advantages of using discontinuum codes, such as Discrete 

Fracture Networks (DFN) in order to obtain a better representation of a fractured rock 

aquifer.  

Several models have been developed to show the utility of continuum and 

discontinuum modelling. Guglielmi et al. (2007., (2008) applied two numerical modeling 

approaches (continuum and discontinuum) to simulate hydro-mechanical processes in a 

fractured carbonate rock slope. After considering the results provided by both 

approaches, the authors concluded that the discontinuum approach was able to 

reproduce both tangential and normal displacements along discontinuities in a more 

realistic way in comparison with the continuum approach. 

Regional tectonic in-situ stresses and other geological variables control the 

occurrence of joints, fractures and shear zones, which are the main conduits for fluid 

flow in a fractured rock mass. If joints and fractures are open and connected as they 

often are in open pit mines, they control the quantity and direction of the flow 

(Hormazabal, 2005) .  

Figure 2-10 represents the scale-effect associated with the numerical model 

approach undertaken. It can be seen that assumptions regarding homogeneity and 

isotropy are seldom suitable for the quantification and description of fluid flow in 

fractured rock. 
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Figure 2-10.  Rock mass model showing the scale-effect and the suggested modelling 
techniques (modified after Hormazabal, 2005). 

Nonetheless, recent guidelines provided for groundwater modeling in large open 

pit mines (Hazzard et al., 2011;Beale and Read, , 2014;) suggest that for simplification in 

models used for a "typical" open pit, an equivalent continuum can be assumed. Hazzard 

et al. (2011) noted that models with discrete fracture networks are still being examined to 

determine when it is appropriate to use an equivalent continuum and what the 

corresponding properties should be. Further analysis on whether to use coupled 

modelling or an equivalent porous medium approach are discussed in detail by Beale 

and Read (2014). 
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Chapter 3. Research Methodology 

The research presented in this thesis consists of two main parts: one 

corresponding to the use of remote sensing techniques to characterize seepage zones 

in major open pit and natural slopes, and the second corresponding to numerical 

modelling of groundwater using continuum, discontinuum and lattice-spring scheme 

approaches, to explore the influence of groundwater on the stability and performance of 

a given pit slope. 

3.1. Terrestrial remote sensing techniques 

Remote sensing techniques are being increasingly applied in the characterization 

of rock slope faces, and have been utilized here for this thesis research. Collecting 

information using high-resolution digital cameras, 3-D laser scanners, and recently, 

infrared thermography devices, has shown to provide new means for enhanced data 

collection related to rock slope stability investigations. Techniques such as: 3D digital 

photogrammetry and Laser Scanning are nowadays in routine use in many open pit 

mine sites. Remote sensing allows for accurate surveys of inaccessible areas on high 

slopes and also yields a permanent electronic record of bench conditions, which can be 

continuously updated without disrupting mine operations (Lee, 2011). 

Direct field mapping and borehole data collection are key components in 

characterization, slope design and subsequent pit slope management. Nevertheless, 

due to access problems, safety, time and cost concerns, direct conventional field 

mapping may often be limited or not possible (Lysman et al., 2008). Ground based 3D 

remote sensing technology can be used to complement field surveys for rock mass 

characterization. Remote data capture techniques allow 3D representation of the rock 

mass after post-processing procedures, providing a method that increases the speed 

and quality of the data collected (Lee, 2011). Previous usage of photogrammetry in open 
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pit slope stability has shown the following advantages and applications (Birch, 2006; 

Lee, 2011; Tannant et al., 2006; Tuckey, 2012): 

•  Safe, reliable and easy stability assessment for large pit walls simply by 
photographing them. Data obtained from photogrammetry can be used for 
detailed discontinuity mapping (Lee, 2011) (measuring location, orientation, 
trace length and spacing of discontinuities) and providing large amounts of 
data. 

•  Acquisition of remote data from distances up to 3km away (Birch, 2006) then 
accessibility is restricted by providing a broad area of coverage. 

•  Identification of global features that are not possible to observe when 
mapping too close to rock faces (Lee, 2011; Sturzenegger, 2010; Tuckey, 
2012) 

•  Little interference with mining and climatic conditions. Acquisition of data can 
be performed with little or no dependency on mining and climatic conditions. 

•  Keeping permanent records for future analysis and allow for permanent 
documentation of the rock face condition and excavation stages. 

•  Terrestrial digital photogrammetry (TDP) provides structural data for high 
inaccessible rock slopes and the possibility to zoom in and out of a face leads 
to a better understanding of large features.  

•  TDP can also be used to measure the roughness of discontinuities. 

•  Orientations of discontinuities can be measured using digital terrain models 
created from TDP without errors due to magnetic ore bodies, which affect 
conventional compass measurements. 

3.1.1. Ground-based photogrammetry 

Photogrammetry is the science of determining 3D data from two or more 2D 

images or scenes, by applying the principle of stereoscopy. The same point is identified 

in two different images, and by projecting a ray into the main scene from each point 

through the perspective centre of each camera position, the location where they 

intersect is found, creating a stereoscopic image (Figure 3-1).  
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Figure 3-1. Principle of stereoscopy. Adding another image taken from a different 
location allows the rays intersection and determination of 3D location of the camera 
(ADAM Technology, 2005). 

For creating a 3D photogrammetric model, it is necessary to know the exact location and 
orientation of the camera when each image was captured (the exterior orientation data).  

In brief, the process of photogrammetry can be summarized in the following steps (Birch, 

2006): 

•  Image matching, this is done directly by the software, which scans the 
matching pictures to find common points, and then overlaps images from 
different camera stations. 

•  Exterior orientation is the way the image data is arranged with respect to 
the location of the camera stations. To perform this step, the software must 
be given orientation data for the perspective centres of the offset camera 
stations and the respective rotation of cameras at each station. The exterior 
orientation can be undertaken as an absolute or relative orientation; absolute 
orientation corresponds to images that are registered with respect to a real 
world coordinate system, whereas relative orientation is related to model 
oriented according to an arbitrary system of coordinates (Tuckey, 2012). 

 Once the 3-D location has been decided, the software constructs a point cloud 

relating to the location of each pixel, or a 3-D meshed surface known as Digital Terrain 
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Model (DTM) that can be analyzed and interpreted through use of different software 

packages. 

 Considering that Terrestrial Digital Photogrammetry is a relatively new 
technique, some of the main limitations should also be noted (Lato et al., 2010; 
Sturzenegger and Stead, 2009): 

• Occlusion affects joint sets dipping sub-horizontally that cannot be captured 
by the images, especially when camera stations are nearly located on 
horizontal planes.  

• Image Resolution. For geological and geotechnical characterization, 
analyses image resolution is a key parameter. Depending on the desired 
level of detail, the structural information on the rock mass has to be visible 
(Gaich, 2006). The ground point resolution of a photogrammetry survey is a 
function of the focal length of the camera lens, the shooting distance to the 
rock face, and the dimensions of the camera’s image sensor (Figure 3–2). 

 

Figure 3-2. Factors influencing photogrammetry survey resolution (Tuckey, 2012). 

Digital photogrammetry in this research was carried out with a Canon EOS 5D 

MkII camera, using an adjustable telephoto lens, with fixed focal lengths settings from 

ƒ=100mm to ƒ=400mm (Figure 3–3). The orientation of the images was related to an 

absolute mine coordinate system, based on a pre-existing geodetic prism arrays. 

Camera calibration and 3D terrain model construction was carried out using ADAM 

Technology’s Mine Mapping Suite (Birch, 2006). For this specific study, long-range 

surveys used an image fan technique (Figure 3–4) as proposed by M. Sturzenegger and 

Stead 2009, Sturzenegger (2010) and Lee (2011). 
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Figure 3-3. Canon EOS 5D Mark and adjustable f=100 mm–400 mm telephoto lens, 
used to conduct photogrammetry. 

 

Figure 3-4. The image fan model used for photogrammetry projects. 

3.1.2.   LiDAR  

Light Detection and Ranging (LiDAR) has been proven to provide comprehensive 

information on rock slopes and data for inaccessible outcrops. Terrestrial Laser 

Scanning surveys are used in many different geological environments, for varied 

purposes such as the detection, measurement and monitoring of ground deformations 
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and displacements (Abellán et al., 2009; Jones, 2006; Oppikofer et al., 2009) as well as 

lithology identification. Terrestrial Laser Scanning (TLS) include triangulation scanners, 

time-of-flight scanners and phased-based scanners (Rosser et al., 2005). The most 

suitable for morphological and geological studies are time-of-flight scanners for 

reflectorless and contactless acquisition of up to 6 Km topographic point clouds and their 

ability to operate from great distances (Sturzenegger and Stead, 2009). 

The most commonly used LiDAR scanners are either of the following (Kemeny 

and Turner, 2008;Optech, 2014; Riegl USA Inc., 2014): 

•  Phase Method scanners which emits a continuous laser beam comprised of 

two or more superimposed signals; a carrier signal and one or more 

modulation signals. As the reflected beam returns to the scanner, the phase 

shift (expressed as a distance or partial wavelength) between the outgoing 

and returned modulation signal (s) is compared. Time-of-flight is calculated 

based on the phase-shift and the modulation signal frequency: 

               
           

                        
    (3.1) 

•  Adding multiple modulation frequencies can increase the accuracy of the 

time-of-flight calculations; however, practical limitations on the power output 

of continuous beam lasers range to around 100m. 

•  Pulse method scanners send out discrete laser pulses, and use time-of-flight 

measurements to calculate distance to the target. The distance is then 

calculated based on a simple relationship between time t and beam velocity, 

c.  

                  
      

 
    (3.2) 

The laser scanner used in this study is an Optech ILRIS-3D scanner (Optech, 

2008) (Figure 3–5). Specifications for this scanner are given in Table 3-1. From the 

travel time of back-scattered pulses and orientation of the emitted laser beam, the 3-D 

coordinates of each point can be computed in a local reference system. Each scan 

consists of several millions data points, forming a point cloud. Every point cloud provides 

with spatial information (X,Y,Z coordinates) and the intensity of the returned pulse is 
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determined (ranging from 0 to 255); which may provide valuable information to identify 

differences in rock water seepage by reduction of reflectivity. In general, light colored 

objects and closer objects give a higher reflection compared with darker objects and 

objects farther away (Kemeny and Turner, 2008).  

 

Figure 3-5. Optech 3D Laser scanner mounted on a tripod 
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Table 3-1. Specifications of ILRIS-3D scanner (Optech, 2008). 

Parameter 
Optech ILRIS 3D 
(time of flight) 

Wavelength 1550nm  

Minimum range 3m  

Maximum range 1500 m at 80% reflectivity  

Average data acquisition rate  2500 points per second 

Beam diameter 29mm @ 100m 

Distance accuracy  7mm @ 100m  

Position accuracy 8mm @ 100m   

Angular accuracy 0.00115 degrees 

Scanner weight 13 Kg not including batteries 

Distance and position accuracy are ± 1 sigma (68% confidence level) 

 

Some of the main advantages and limitations of using LiDAR for rock mass 

characterization are summarized in Table 3-2. 

Table 3-2. Selected advantages and limitations of LiDAR for rock mass 
characterization. 

Advantages Limitations 

Extremely long measurement range (up to 6 Km) for 
static (i.e. topographic) applications (Riegl USA Inc., 
2013a). 

High cost of LiDAR equipment relative to cameras 
and lenses for photogrammetry. 

3-D data can be derived from a single scan at a 
single location, with minimum human dependence 
since processes are automatic unlike 
photogrammetry, GPS or land surveying. 

Point density is a critical consideration for any 
LiDAR mapping project. Factors that determine 
optimum point spacing include desired vertical 
accuracy, terrain, land cover, and the ultimate data 
applications (Fugro Earthdata, Inc., 2009). 

Mobile options are available: 

-Mobile Laser scanning System (MLS) by means of 
one or several laser scanners mounted on a mobile 
platform (Riegl USA Inc., 2013b).  

-Unmanned Aerial Vehicle (UAV) options are 
becoming increasingly available (Eisenbeiss, 2011) 
(Samad et al., 2013). 

LiDAR apparatus due to heavy weight and tripod are 
less portable than camera equipment for 
photogrammetry. 
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Fast acquisition and processing compared to 
conventional survey techniques. 

Minimise disruption to mine operations (Tuckey, 
2012). 

Increased safety for field crews (GeoDigital 
International Inc., 2013). 

Subject to orientation bias, occlusion, scale bias, 
truncation, and censoring. Orientation bias and 
occlusion can be minimized by undertaking several 
scans (Lato et al., 2010) or correcting on a gradient 
based method (Oliveira and Galo, 2013). 

Water seepage reduces reflectivity and can cause 
contrast in intensity values in the point cloud. 
Therefore, darker patches representing water 
seepage can reflect lower intensity in comparison 
with those places where water seepage is not 
observed. 

Unreliable for water depth (<2m). (Holliday et al., 
2012).LiDAR might not penetrate to the ground 
surface in densely vegetated areas, producing 
anomalous results at those points (Pavlis and 
Bruhn, 2010). 

Allow enhancement of geological and geotechnical 
mapping. Dynamic and LiDAR range limits the 
hazardous open-pit bench faces (Lato et al., 2009). 

Field conventional mapping and surveying 
procedures are required to verify the capability of a 
certain project and establish limitations. 

Creates a permanent electronic record of 3-D rock 
face, and can be used to characterize discontinuity 
roughness (Lee, 2011; Sturzenegger and Stead, 
2009; Tuckey, 2012). 

Discontinuities easier to map in blocky rock mass 
with high relief. Nevertheless, limited for low-GSI 
rock masses, disintegrated rock mass with little relief 
(Monte, 2004;Tuckey, 2012). 

 

3.1.3. Digital window mapping 

As noted above, the use of three-dimensional digital LiDAR and/or 

photogrammetry point clouds for geotechnical analysis and mapping/surveying of rock 

slopes has increased considerably, and is now routinely undertaken in both open pits 

and on natural slopes. Using a digital camera, a pit wall can be photographed and a 

detailed Digital Terrain Model (DTM) generated in a short period of time. Nevertheless, 

few workers to date have considered the variation in fracture intensity obtained, due to 

variations in the sizes of remotely mapped windows and how fracture intensity values in 

these windows change along a pit wall, an important factor when attempting to establish 

different structural, geotechnical and hydrogeological domains.  

Previous work has generally emphasized the use of remote sensing techniques 

to provide detailed structural discontinuity analysis and the development of discontinuity 

sets (Gaich, 2006; Lee, 2011). Remote sensing techniques have the potential to capture 

considerably more data than simple structural measurements, including failure surface 

morphology (Wolter et al., 2014); persistence, rock bridges and blast damage (Tuckey et 

al., 2012, Tuckey et al., 2013). In this thesis I use remote sensing to measure the 
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seepage intensity (S21) around a given pit slope using a modified window mapping 

approach. 

The window mapping approach adopted in this research complements and uses 

previous geotechnical mapping in conjunction with borehole data to help characterize 

and map water-bearing fractures, improving the data on persistence and distribution of 

seepage and fracture intensity parameters. A window mapping approach based on the 

use of regular sampling windows of varying horizontal (H) and vertical (V) dimensions is 

proposed. Windows of HxV dimensions of 30x30m, 60x30m, 90x30m, 60x60m and 

60x90m are tested; the horizontal measurement is taken along the bench length and the 

vertical direction corresponds to the average bench height (30m). These windows were 

selected at oblique angles to the bench face, in order to limit the effects of occlusion and 

orientation bias that occur in conventional bench face surveys. Mapping orthogonal to 

the bench face helps to record potentially important orientations, persistence, and 

spacing for joint sets that dip out of the slope face. Orthogonal mapping also helps to 

compare measurements of persistence for potentially adverse daylighting discontinuities 

in the down-dip direction. 

Furthermore, the window mapping approach used here allows for the 

determination and comparison of stereoplots to distinguish between seeping and 

apparently dry structures. Stereoplots showing the water-bearing joints are presented 

and related to previously identified joint sets from borehole data or through data 

gathered in previous fieldwork and photogrammetry mapping campaigns (Golder 

Associates, 2008a, 2008b, 2010a, 2010b; Moffitt et al., 2007; Tuckey, 2012)  

3.1.4. Infrared thermography 

Infrared Thermography (IRT) or thermal imaging is a non-destructive testing 

technique that utilizes an electronic detection system (camera) to display variations in 

infrared radiation. This technology detects changes in thermal energy. Infrared 

thermography is used by the geotechnical engineering community to detect subsurface 

voids, pipeline leaks, and buried utility line leaks (Havlena and Knowlton, 2003). It has 

also been used for detecting cracks in walls (Barreira and de Freitas, 2007), for 

evaluating the energy-dissipating ability of soil (Luong, 2007), for identifying the 

existence of eroded caves behind shotcrete protected slopes (Wu et al., 2011), and for 
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determining the water content of soils (Gotoh et al., 1995). Likewise, Infrared 

thermography has also been used to monitor effluents from storm drains and sewage 

treatment plant discharge, to monitor groundwater seepage into rivers (Stockton, 2004), 

and to identify moisture problems in roofing materials (Stockton, 2013). 

Infrared thermography is based on the principle that all materials having 

temperature above zero emits infrared energy, and the temperature of the materials 

increase according to their absorption capacity radiation. In general, infrared cameras 

detect the emitted, transmitted and reflected radiation by an object providing a thermal 

image with different colours. Thermal imagers do not measure the temperature, but the 

radiation emitted by a body (Clark, 2003; Silvia Ocaña, 2003). 

 

 Fundamental principles 

According to Planck's Law all objects above absolute zero emit infrared radiation. 

This radiation only becomes visible to the human eye when the temperature is above 

500°C (Strasse, 2002; Teza et al., 2012).  

The infrared energy emitted from a test object is detected by the infrared camera, 

converted to temperature, and then displayed on an image of temperature distribution, 

known as a thermogram. The infrared radiation (IR) detectable by means of an infrared 

camera is subjected to the object type under test; therefore, the physical properties of 

the object will define the measured surface temperature. These physical properties 

correspond to: heat capacity, heat conductivity, density and emissivity (FLIR Systems 

Inc., 2009). The emissivity ε, is considered to be the key parameter in IRT and depends 

on surface orientation, temperature, other physical properties and the temperature 

wavelength (Teza et al., 2012). The emissivity is defined as the ability of the material to 

radiate energy compared with a perfect blackbody radiator. A blackbody being a 

hypothetical radiation source, which irradiates the maximum energy theoretically 

possible at a given temperature (Strasse, 2002). 

The main components of an IR camera are a lens that focuses IR onto a 

detector, possibly a cooler for the detector and the electronics, and software for 

processing and displaying images (Figure 3–6). Instead of a charge coupled device, 

such as still used in cameras, the IR camera detector is a focal plane array (FPA) of 
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micrometer size pixels made of various materials sensitive to IR wavelengths. The FPA 

resolution can range from about 160 x 120 pixels up to 1024 x 1024 pixels. Certain IR 

cameras have built-in software that allow the user to focus on specific areas of the FPA 

and calculate the temperature. Other systems utilize a computer or data system with 

specialized software that provide temperature analysis (FLIR Systems Inc., 2009). Both 

methods can supply temperature analysis with better than ±1°C precision. 

 

Figure 3-6. Components of an IR camera (FLIR Systems Inc., 2009). 

In this research, IRT was trialed as a technique to identify and define the extent 

of areas where water seepage along specific joints or structures may be present and 

control the rock slope fracture flow. To perform the observations, a Fluke hand-held 

TiR32 camera (Figure 3-7) was used; technical specifications for this device are shown 

in Table 3-3. 
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   Figure 3-7. Fluke Ti32 Thermal Imager.  

Table 3-3. FLUKE TiR32 CAM main technical specifications.  

Parameter Unit Value 

Field of view Deg 23° H x17° V 

Minimum focus distance Cm 15 

Spatial resolution (IFOV) mrad 1.25 

Thermal sensitivity mK ≤0.045°c at 30°c 

Image frequency Hz 60/9 

Detector size pixel 320 x 240 

Spectral band Μm 7.5 to 14 

Temperature range °c -20 to 600 

 

Some of the main advantages and disadvantages of using Infrared 

Thermography techniques are depicted in Table 3-4. 
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Table 3-4. Advantages and disadvantages of using Infrared Thermography (IRT) 
techniques (after Breysse, 2012; FLIR Systems Inc., 2009; FLUKE 
Corporation, 2000). 

Advantages Disadvantages 

An infrared thermographer (IRT) does not require 
any contact with the investigated surface and 
therefore allow safe observations. 

Information about no more than a shallow layer of 
wall (some tens of centimeters in the case of a rock 
cliff) can be obtained as proved by current research 
(Teza et al., 2012). 

Relatively fast measurement and data processing 
times. The observational sessions can be frequently 
repeated, allowing the recognition of possible 
changes of the hazard level (Teza et al., 2012). 

Being an ongoing research technique, cannot be 
applied on itself. Advisable to apply it along other 
known and in-use techniques to generate more 
information. 

Input variables can be set to correct for ambient 
conditions. These include factors for ambient 
temperatures and atmospheric attenuation around 
the target object area.  

Solar radiation testing should be performed during 
times of the day or night when the solar radiation or 
lack of solar radiation would produce the most rapid 
heating or cooling temperature. Cloud cover clouds 
will reflect IR radiation, thereby slowing the heat 
transfer process to the sky.  

The temperature measurement range is selected by 
the user. This allows narrowing the camera's full-
scale range, which means better resolution and 
higher accuracy in the measured temperatures. 

Thermal radiation from nearby systems could have 
an influence on the measurement taken since they 
might radiate electromagnetic energy in the far 
infrared (FIR) band. 

Emissivity and transmission can be measured, 
calibrated and adjusted for atmospheric effects. 

Wind speed; has a cooling effect and reduce the 
surface temperature 

Surface moisture can be detected on flat and low-
sloped surfaces (Stockton, 2013). 

Cost of instrumentation is relatively high in 
comparison to other surveying methods. 

 

3.2. Numerical modelling  

Current numerical techniques used in modelling a particular rock slope problem 

involve the simulation of a continuum, discontinuum or brittle rock mass behavior. The 

decision on modelling approach may be based on the identification of the likely instability 

mechanism (sliding along joints, opening of joints, block rotation, etc.) or brittle 

behaviour, which in turn may influence strength degradation and step path failure 

depending on the joint spacing and persistence relative to the size of the slope (Barla, 

2000). 

Most conventional analyses related to groundwater in the surface mining industry 

have used continuum modelling. In recent years, there has been increasing focus on 
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discontinuum modelling, which is able to both model material and discontinuity behavior, 

coupled with hydro-mechanical and dynamic analysis. More recent advances allow for 

the modelling of brittle fracturing as a coupled or semi-coupled process, accounting for 

the presence of groundwater.  

3.2.1. Continuum methods for modelling groundwater interaction 
in slope stability: Phase2 finite element analysis.  

Phase 2 (Version 8.015, Rocscience Inc., 2013) has the capability of modeling 

groundwater mainly for the determination of pore pressures, which can be incorporated 

into the stress analysis to compute values of effective stress. In modeling groundwater in 

Phase2, three different methods of analysis can be undertaken as described below 

(Rocscience Inc., 2013): 

a) Finite element seepage analysis 

If the groundwater method is selected as Finite Element Method (FEM) analysis, 

then a steady-state, saturated or unsaturated finite element groundwater seepage 

analysis can be performed, through the use of piezometric lines or a water pressure grid. 

After a groundwater seepage analysis is computed, the results (pore pressures), are 

automatically utilized in the Phase 2 stress analysis to calculate effective stress. The 

pore pressure distribution, as well as the flow rate, hydraulic gradient and discharge 

velocity are calculated. Hydraulic boundary conditions can be assigned in terms of total 

water head, water infiltration or unknown boundaries (Rocscience Inc., 2013). The 

hydraulic analysis can be computed and analysed separately from the mechanical 

analysis, which is useful in the case of seepage studies.  

b) Piezometric lines 

Groundwater pore pressure can also be modeled using piezometric lines. After 

piezometric lines are created, they are assigned to the desired materials and can be 

applied at different stages of the model. Pore pressures are calculated based on the 

piezometric line assigned, and according to the following equation: 

         (3.3) 
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where   is the pore pressure 

    is the pore fluid unit weight 

   is the vertical distance from a point to a piezometric line 

    is a value between 0 and 1 

 

   is a reduction factor to account for seepage and can be either defined by the user or 

automatically calculated based on the slope of the water surface. The    values can be 

customised directly in the software. A value of 0 (zero) usually means a dry material; and 

therefore, by setting a 0 value, the pore pressure for a material is not considered. 

However, setting a value of 1 would indicate hydrostatic conditions, mainly used when 

the water surface corresponds to a horizontal surface. Intermediate values are set as an 

auto option (Auto   ). Phase 2 will automatically calculate a value of    based on the 

inclination angle of the piezometric line, above a given point. This is based on the 

assumption that the equipotential line which passes through the point, is a straight line 

between the point and the Piezo Line. 

c) Water pressure grid 

Groundwater pore pressure can also be modeled by a grid of values at x-y 

coordinates and a third column defining water head, pressure head or pore pressure 

according to the settings input of the groundwater method. This allows the user to import 

field measurements or the output from a seepage analysis program. Multiple water 

pressure grids can be defined and assigned to different materials or different stages; 

although by default, only one grid is set for the whole model. Using the data at the grid 

points, Phase2 will calculate the pore pressure at each node of the finite element mesh, 

using one of several different interpolation methods. The interpolation method is based 

on the calculation of the water pressure at any point in the material, from the values at 

the grid points. 
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For this research, the coupled modeling analyses that were carried out in Phase 

2 used a piezometric line approach for modelling a biplanar slope failure mode under 

mining excavation conditions. 

3.2.2. Use of the Universal Distinct Element Code (UDEC) to model 
groundwater flow  

The Universal Distinct Element Code (UDEC) (Itasca, 2010) uses the distinct 

element method (Cundall, 1980) to model the two dimensional effects of stress on fluid 

flow and to investigate anisotropy of permeability (Pine and Cundall, 1985; Zhang and 

Sanderson, 2002). UDEC simulates the response of a discontinuous medium (such as a 

jointed rock mass), represented as an assemblage of discrete blocks, subjected to either 

static or dynamic loading. The discontinuities are treated as boundary conditions 

between blocks, and large displacements along discontinuities and rotations of blocks 

are allowed. Individual blocks behave as either rigid or deformable material. Deformable 

blocks are subdivided into a mesh of finite-difference elements, and each element 

responds according to prescribed linear or non-linear force displacement relations for 

movement in both the normal and shear directions. The relative motion of the 

discontinuities is also governed by linear or non-linear force-displacement relations for 

movement in both the normal and shear directions. One of the advantages of UDEC 

arises from its explicit solution of equations of motion based on small time steps. UDEC 

is primarily intended for analysis in rock-engineering projects ranging from studies of the 

progressive failure of rock slopes to the evaluation of the influence of rock joints, faults, 

bedding planes etc., on underground excavations and rock foundations.  

A fully coupled mechanical-hydraulic analysis can be performed, in which the 

fracture conductivity is dependent on the mechanical displacement of joint walls and on 

matrix deformation; at the same time the fluid pressure affects the mechanical 

behaviour. The effects modeled in UDEC are summarized in Figure 3-8.  
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Figure 3-8. Effect of hydro-mechanical coupling modeled through the Distinct Element 
Method. ∑Q represents the flow into a node, ∆V is the mechanical volume change, V is 
the average of the old and new volume, a represents the aperture, q represents the flow 
rate given by the use of the cubic law for flow in a planar fracture, L is the length 
assigned to the contacts between the domain, and p is the new domain pressure 
(modified after Itasca, 2010). 

UDEC has the ability to perform analysis of fluid flow through the fractures of a 

system of impermeable blocks. A fully coupled mechanical-hydraulic analysis can be 

performed, in which the fracture conductivity is dependent on mechanical deformation 

and, conversely, joint water pressures affect the mechanical computations (Itasca, 

2010). 

 Basic algorithm for fluid flow simulation used in the Universal Distinct 
Element Code (UDEC)  

For a closely packed system, there exists a network of domains, each of which is 

assumed to be filled with a fluid at uniform pressure and communicates with its 

neighbours through contacts. Domains are separated by the contact points, which are 

the points at which the forces of mechanical interaction between blocks are applied. 
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Because deformable blocks are discretized into a mesh of triangular elements, grid 

points may exist not only at the vertices of the block, but also along the edges (Itasca, 

2010). 

As a general approach, whenever a project does not consider the presence of 

gravity, a uniform fluid pressure is assumed to exist within each domain. When gravity is 

considered, the pressure is assumed to vary linearly according to the hydrostatic 

gradient, and the domain pressure is defined as the pressure located at the centre of the 

domain.  

UDEC is employed to simulate water flow through joints based on a fully coupled 

hydro-mechanical analysis. For coupled hydro-mechanical flow analysis, UDEC code is 

suitable when flow is mainly governed through a network of fractures. Fluid flow analysis 

is performed, in which the joint conductivity is directly related to the mechanical 

deformation associated with the joint (domain) water pressure. Each domain shown in 

Figure 3-9 is filled with water and separated by contact points at which the mechanical 

interaction between blocks is established. 

The numerical implementation for fluid flow makes use of the domain structure 

introduced in Figure 3-9, in which a network of domains lie in a closely packed system, 

where each domain is assumed to have a uniform pressure and communicates with its 

neighbor through contacts. Each domain is separated by the contact points (A to F), 

which are the points at which the forces of mechanical interaction between blocks are 

applied. 

  

Figure 3-9. Flow in joints modeled as flow between domains. Letters A to F represent 
contact points. Numbers 1 to 5 represent domains (after Itasca, 2010). 
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Depending on the type of contact, UDEC employs two types of flow equations. 

For a point contact (i.e., corner-edge) the flow rate from a domain with pressure p1 to a 

domain with pressure p2 is given by: 

           (3.5) 

where    is a point contact permeability factor, and  

              (      )    (3.6) 

where   = pressure in joint domain 1 

   = pressure in joint domain 2 

    is the fluid density 

  is the acceleration of gravity  

                  are the y-coordinates of the domain centres 

Equation 3.6 indicates that flow may take place at a contact, even when both 

domain pressures are zero. In this case, gravity may cause fluid to migrate from a 

domain that is not fully saturated, considering that the apparent permeability should 

decrease as the saturation decreases, and that the fluid cannot be extracted from a 

domain of zero saturation.  

In the case of an edge-edge contact, a contact length can be defined. In this 

case, the cubic law for flow in a planar fracture is used. The following expression may be 

used for contact points (Figure 3-9), provided a minimum length is assigned to these 

contacts. 

      
   

 
    (3.7) 

where     is a joint permeability factor 

    is the contact hydraulic aperture; and 

    is the length assigned to the contact between the domains 
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A simple relationship between the mechanical and hydraulic apertures of the 

joints used in this analysis is as follows: 

           (3.8) 

where;      is the joint aperture at zero normal stress; and 

      is the joint normal displacement (positive denoting opening) 

 At each time-step in the mechanical calculation, UDEC employs the updated 

geometry of the system. It is considered that single fractures that do not form any 

connectivity with the main fracture network may not contribute to any flow. 

Consequently, UDEC ignores isolated fractures for fluid flow calculations. 

For simplicity in the calculations, fracture aperture is assigned a constant value 

between two nodes of the mesh of the blocks, and so fractures are approximated to two 

parallel planes. A minimum residual aperture is given; below it, mechanical closure does 

not affect the contact permeability. The more numerous the contacts are, the more 

accurate the calculations will be. It is worth mentioning that conventional UDEC 

modelling does not incorporate fracture growth.  

3.2.3. UDEC Voronoi and Trigon modelling method 

Voronoi polygon generation in UDEC has the ability to create an assembly of 

random polygons. Voronoi joints can be useful in simulating fracture propagation, if the 

joint elements are given rock-mass properties (Ghazvinian, 2010). The Voronoi 

tessellation generator is a means of allowing blocks to detach completely from one 

another. UDEC is equipped with a search function that allows it to identify the location of 

each block, and the neighboring blocks, based on which cells contain each block’s 

envelope space. The size and number of blocks can be assigned, as well as the degree 

of uniformity, which is specified by means of a variable called the iteration number 

(Burke, 2003). This Voronoi technique has been available for some time, but in recent 

years, it has been increasingly used to model rock-slope fracture (Stead and Coggan, 

2012). However, it is suggested that the calibration of joint parameters is very important 

when using this method, in order to find an optimum polygon size and realistic contact 

joint properties (Christianson et al., 2006; Stead and Coggan, 2012; Gao, 2013). 
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Trigon polygons are created by cutting every single polygonal block created in a 

Voronoi logic into several triangular blocks, where the blocks can be either rigid or 

deformable (Gao, 2013). The interfaces between adjacent blocks are viewed as 

contacts. A force-displacement law is applied at the contacts to find the contact force 

from the known displacement. Newton’s second law is then applied at the contact point 

of blocks to calculate the motion resulting from the known forces acting on them. 

The mechanical behaviour of material modelled by an assembly of triangular 

blocks is controlled by the Coulomb friction law. In the normal direction of a contact, the 

stress-displacement relation is assumed to be linear and governed by the stiffness such 

that (Itasca, 2010): 

n n nk u   
    (3.9) 

where n  is the effective normal stress increment and nu is normal displacement 

increment. There is a limiting tensile strength, T , for the contacts. If the tensile strength 

is exceeded, then 0n  . 

In the shear direction, the response is governed by a constant shear stiffness. 

The shear stress, s , is determined by a combination of contact micro properties, 

cohesion (C ) and friction ( ). Thus, if 

maxtans nC          (3.10) 

then  

e

s s sk u        (3.11) 

or else, if 

maxs      (3.12) 

then 
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max( )e

s ssign u       (3.13) 

where e

su  is the elastic component of the incremental shear displacement and su is 

the total incremental shear displacement. 

Normal stiffness, shear stiffness, cohesion, friction, and tensile strength can be 

assigned to the contacts. These properties are referred to as micro-properties. As for the 

assembly of the triangular blocks, the material will represent a certain mechanical 

behaviour (Gao, 2013).  

Cracks will be initiated at a contact when the stresses applied on the contact 

exceed either its tensile or shear strength. This represents the fracturing of the rock 

masses through intact material. In this study, the Mohr-Coulomb criterion with a tensile 

cut-off is employed for the contacts, so that they may fail either in shear or in tension 

based on the stresses causing failure. Pre-existing fractures can also be incorporated by 

creating cracks and assigning them specific properties. 

In this research, fully coupled hydro-mechanical analyses were performed for  

conventional UDEC modelling. Additionally, the interior sliding mass of a biplanar failure 

mechanism was discretized by considering both a confined assembly of Voronoi and 

Trigon polygons. The internal fracturing process as a result of the incorporation of pore 

water pressures was tracked and quantified in terms of two proposed intensity damage 

parameters. A linear damage (D11(%)) parameter, defined as the length of failed 

Voronoi/Trigon contacts over the total length of all block contact, and an areal intensity 

(D21) parameter, defined as the total length of failed Voronoi/Trigon contacts over the 

total area of defined slope region.  

The use of a Trigon mesh is expected to reduce the overlapping generated by 

using a Voronoi tessellation. At the same time a more continuous failure path is 

expected to take place since there is a more regular mesh and allowing for more 

freedom for the blocks to rotate and slide against each other. The imposition of 

groundwater in these models is used to study the difference in brittle fracturing response 

in comparison with the Voronoi polygons. Additionally, the shear strength reduction 

method for determining a factor of safety, has been implemented to assess the 

preliminary stability of the analysed pit slopes.  
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3.2.4. Brittle fracture: Lattice spring model – Slope Model 

Work undertaken, to-date, clearly shows that intact rock fracture is important at a 

wide variety of scales, ranging from shearing of asperities and roughness on joints, to 

the development of failure surfaces, internal rock slope dilation, fracture, and rock 

comminution during failure and transport. Stead et al. (2007) and Yan et al. (2007) 

emphasise that the incorporation of intact brittle fracture into the analysis of rock slopes 

is essential if the failure of large open pit slopes is to be realistically modelled. 

Recently, a numerical approach, the Synthetic Rock Mass (SRM) (Pierce et al., 

2007), has been developed based on the distinct element method. A SRM is a bonded-

particle assembly representing brittle rock containing multiple joints, each consisting of a 

planar array of bonds that obey a smooth joint model (SJM). The smooth joint model 

initially proposed by Pierce et al., (2007), was created to avoid “bumpiness” in the 

standard contact model and allows slip and separation at particle contacts, while 

respecting the given joint orientation, rather than local contact orientations (Mas Ivars et 

al., 2011). Overall failure of a synthetic rock mass depends on both fracture of intact 

material (bond breaks) as well as the yield of joint segments.  

Previous SRM models have used the general-purpose codes PFC2D and 

PFC3D (Itasca Consulting Group, Inc., 2012), which employ assemblies of 

circular/spherical particles bonded together. However, much greater efficiency can be 

achieved for brittle rock if a “lattice,” consisting of point masses (nodes), connected by 

springs, replaces the balls and contacts (respectively) of PFC3D (Lorig et al., 2013). 

Slope Model (3D) is a code based on a lattice representation of brittle fracture (Cundall, 

2011). The program allows fracture through the breakage of springs along with joint slip, 

using a modified version of the SJM.  

 The lattice-spring formulation used by Slope Model 

The lattice used in Slope Model is a quasi-random assembly of nodes connected 

by non-linear springs (Cundall, 2011). Figure 3-10 shows the lattice representation used 

by Slope Model code, consisting of point-masses (nodes) joined by springs cut by a 

discontinuity plane.  
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Figure 3-10. The lattice model consisting of nodes and springs (after Cundall, 2011). 

The lattice scheme addresses the need to model brittle fracture by considering 

the fact that a rock mass fails as a combination of the sliding (or opening) of 

discontinuities as well as the fracture of intact rock bridges (Havaej et al., 2012; Havaej 

et al., 2013). It represents a realistic way of simulating the stability of highly fractured 

rock slopes in brittle rock masses (Cundall, 2011). 

The lattice code also embodies a fluid-flow formulation in both the solid matrix 

and the fractures, including free-surface effects. There is full coupling between fluid and 

mechanical elements. In particular, when new cracks form, the fluid network is 

automatically extended to include new flow paths (Slope Model Manual, Itasca 2014). 

Figure 3-11 represents an assembly of nodes connected by non-linear springs. The blue 

circles represent lattice nodes. The red dots, called “Master Pressures”, are located at 

the lattice-spring centres. Conceptually, fluid flow occurs along the springs, with two 

distinct flow rates (“left” and “right”) identified within each spring (the difference being the 

unbalanced flow that causes a pressure-change at the red centre point) (Itasca 

Consulting Group, Inc. 2014). 
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Figure 3-11.  Location of variables in the matrix flow scheme. Blue large circles 
represent lattice nodes. “Master pressures” (small red dots) are located at the lattice-
spring centres. Fluid flow occurs along the springs, with two distinct flow rates (left and 
right) (after Itasca, 2014). 

Figure 3-11 also shows how the fluid calculation cycle works. The lattice nodes 

are scanned to initialize a virtual pressure at each node (blue circles). The flow rates 

between the springs and the lattice nodes are given by the following equations (Itasca 

Consulting Group, Inc. 2014). 

 ( )     ( 
( )   ̅)    (3.14) 

∑  ( )
            (3.15) 

 ̅  
∑    

( )
     

∑        
    (3.16) 

where   ̅ is the “virtual” pressure at each node,    is the spring conductivity, and    is the 

position of components. 
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 This spring conductivity is calibrated such that the model matches a specified 

macroscopic conductivity, whilst the node pressure is computed by enforcing the 

condition that the net flow sum at the lattice node is zero (Equation 3.15). In the next 

step, the springs are scanned to calculate the flow and conductivity contribution to the 

corresponding lattice nodes of two segments (left and right) of each spring, setting the 

numerator and denominator in Equation 3.16. Finally, the springs are scanned again to 

compute the change in pressure from the unbalanced flow in the left and right spring 

segments. 

 Implementation of coupling in the Slope Model code  

A new coupled fluid-mechanical scheme, Mechanical Incompressible Fluid (MIF) 

to model the mechanisms associated with pressure changes in joints in response to 

mechanical deformation has been proposed by Cundall (2011) and is implemented in 

Slope Model (Itasca, 2014). The fluid formulation takes advantage of the fact that in an 

element of rock containing a joint or fracture, the fluid appears to be consistent with the 

rock stiffness (Figure 3-12). Thus, the fluid pressure increments depend only on lattice 

spring stiffness.  

 

Figure 3-12. Schematic of lattice element with embedded fluid-filled joint, normal 
direction (after Itasca, 2014). 
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Slope Model has been used in this research to demonstrate its ability to create 

new fractures with consideration of groundwater conditions. Coupled and semi-coupled 

models are adopted in this research to model a biplanar slope failure mode and the 

influence of water on intact rock bridge failure. 
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Chapter 4. Use of Remote Sensing Techniques in 
the Characterization of Seepage in Fractured Rock 
Slopes 

Understanding the impact of mining on hydrogeological processes and the 

hydrogeology of fractured rock masses is important for improved slope design and 

characterization of pit slope deformation. The remote sensing methodology introduced in 

this chapter involves the use of terrestrial digital photogrammetry, LiDAR scanning and 

Infrared Thermography (IRT) to characterize seepage areas in natural and engineered 

rock slopes. In this study, ground based photogrammetry surveys were used to 

characterize seepage areas in high open pit rock slopes, as a way to provide more data 

to improve the slope characterization in a more efficient, yet accessible and global, way. 

Terrestrial LiDAR and Infrared Thermography were used as means of characterizing 

seepage areas on high natural rock slopes. Uncertainties and sources of error are 

discussed. Data on two large open pits and one natural rock slope are presented.   

4.1. Ground-based photogrammetry 

Characterization of seepage from rock mass discontinuities such as bedding 

planes, joints and faults is a routine component of engineering discontinuity field surveys 

on rock slopes. These field techniques, however, require direct access to the rock slope 

for a detailed and exhaustive investigation and can be severely restricted due to limited 

access and coverage of traditional survey methods, with respect to both the height and 

length of the sampled rock slope. In an attempt to overcome some of these limitations, 

ground based photogrammetry has been used in this research to allow the collection of 

structural data, and the orientation and spatial distribution of seeping structures over a 

wide spatial area. Information regarding the size, orientation, location and persistence of 

fractures contributing to the seepage of water in the pit walls is assessed. Remote 

sensing techniques are shown to have the potential to provide additional insight into the 

orientation and general connectivity of fractures that may play a major role in the general 
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stability of selected rock slopes. Different hydrogeological domains are analyzed and 

discretized according to the orientation of fractures and the intensity measurements 

taken.  

4.1.1. Site study 

The Diavik property has been in development since exploration began in 1992. 

Diavik Diamond Mines is located at Lac de Gras, 300 km northeast of Yellowknife, 

Northwest Territories, Canada. The Diavik mine project has entailed the mining of three 

diamond kimberlite pipes, namely the A154S, A154N, and the A418 (Figure 4-1). 

Although water retention dikes have been built to isolate the pit areas from the lake, 

groundwater pressure in the pit slopes remain high. Thus the need for groundwater 

control measures and continued pit slope mapping are performed to assess the 

exposure of adverse geological structures (faults, dikes, persistent joints, etc.) and 

improved the understanding of slope stability.  

 

Figure 4-1. Site plan showing the location of the A154 and the A418 Pits at Diavik 
Diamond Mines Inc. (Moffitt et al., 2007). 
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4.1.2. Geological setting and permafrost conditions 

The Diavik project area is underlain by granitic, pegmatitic country rock in which 

the kimberlite pipes are hosted (Golder Associates, 2008b). The granitic host rock is 

generally massive, and moderately to coarsely crystalline, with feldspar crystals up to 5 

cm in length. The granitic rocks also contain pendants and xenoliths of older sediments 

that have been metamorphosed to strong, competent metasediments of biotite schist to 

gneiss grade, depending on the original source rock type. The kimberlite pipes are 

relatively young, having been emplaced approximately 50-60 million years ago.  

The dykes at Diavik are comprised of Proterozoic diabases, trending generally 

north to northeast and northwest. These dykes are generally aphanitic, strong to very 

strong, intrusions of limited width, and are highly fractured. They tend to be more blocky 

and jointed than the host granite and metasediments. Consequently, the network of 

diabase dykes can act as conduit for groundwater flow (Golder Associates, 2010a).  

The permafrost found at Diavik has developed in areas under dry land masses, 

where the ground surface is exposed to prolonged cold-air temperatures. Permafrost 

has developed to depths of about 380m below the east island where ground 

temperatures are roughly -5°C. The average depth of the permafrost measured under 

the various small islands in the lake ranges from 100m to non-existent, depending on the 

size of the island. Permafrost in terms of hydrogeological models is considered to be 

impermeable (Kuchling et al., 2000). 

The A418 Pit is cut by the steeply-dipping A418 fault, which intersects the 

Southwest and Northeast walls of the pit. In the Southeast wall, the A418 fault is 

associated with a 10 to 20m thick zone of oxidized and highly weathered rock, which 

might represent an increase in fracture intensity. Several extremely persistent (i.e. 

100m+) multi-bench joints occur sub-parallel to the fault. In the Northeast wall, the A418 

fault zone is thinner (<10m), and is sub-vertically oriented (Golder Associates, 2010a, 

2008a, 2008b; Tuckey et al., 2012).  

The A154 Pit slope is affected by the presence of Dewey’s Fault Zone, a zone of 

minor faulting with enhanced permeability. This regional feature trends in a NE-SW 

direction through the kimberlite pipes and extends beneath the A154 Pit dike. 
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4.1.3. Engineering geology of the site 

The granite is a good quality, strong, and moderately fractured granite rock mass 

with average intact unconfined compressive strength greater than 100MPa (Moffitt et al., 

2007). The stability of the slopes is governed by the discontinuity orientation, continuity, 

groundwater conditions, and the geotechnical operations during mining (Golder 

Associates, 2010a, 2010b, 2008a).  

Preliminary geotechnical and hydrogeological field investigations were first 

incorporated into the exploration drilling program at the Diavik Project in 1995. Borehole 

data collection has taken place at the main site since the project started. The field 

investigations involved the drilling, geotechnical logging, and hydraulic conductivity 

testing of geotechnical boreholes in the areas of the A154N, A154S and A418 Kimberlite 

pipes.  

Pit wall mapping of bench faces has taken place in the summer and fall of every 

year since the mine was opened (Figure 4-2). Information collected at each mapping site 

generally includes the following characteristics: Orientation of discontinuities (dip and dip 

direction), classification of discontinuities (joint, bedding, fault, foliation and contact), 

persistence of the discontinuities, spacing of discontinuities within a set, infill type and 

thickness of the discontinuity, discontinuity surface shape, and roughness, weathering 

state and strength, and finally RMR condition (Golder Associates, 2008a). All joints 

identified in the geotechnical mapping campaigns, and through core logging, have been 

used to define joint sets and the typical geomechanical properties of the sets. Joint 

orientation data, together with results of open pit face mapping have also been used to 

define stochastic fracture network models. This helps in choosing the joint strength and 

persistence parameters for the purpose of slope stability analysis (Moffitt et al., 2007). 
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Figure 4-2. Plan view of A418 Pit with field mapping areas (yellow areas) and 
investigation dates highlighted (after Golder Associates, 2010c). 

4.1.4. Hydrogeological characterization of rock mass 

Diavik Diamond Mines Inc. (DDMI) has performed an extensive 

hydrogeological/geotechnical characterization to assess the groundwater conditions in 

the pit walls (Moffitt et al. 2007). Diavik has one of the most closely-spaced piezometer 

installations of any existing open pit, with monitoring records of up to 5 years (Golder 

Associates 2010b). The borehole locations for both the A418 and the A154 Pits are 

depicted in Figure 4-3 and Figure 4-4, respectively. These investigations encompass the 

use of core logging, hydrogeologic testing using pneumatic packers and downhole 

surveys, installation of nested grouted-in transducers, pumping tests, and the installation 

of dewatering boreholes/drainholes. This comprehensive testing has proven the 

existence of a complex fractured rock system strongly controlled by the presence of the 

nearby Lac de Gras (lake)(Figure 4-1). 
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The hydrogeologic testing suggests a heterogeneous fractured rock mass with 

low hydraulic conductivity and connectivity (K <1x10-8 m/s), with preferential flow along 

widely spaced permeable structures (K <1x10-6 m/s). 

 

Figure 4-3.  Borehole location within the A418 Pit at Diavik Diamond Mines. Southeast 
wall (after Golder Associates, 2010c). 

 

Figure 4-4. Borehole location within the A154 Pit at Diavik Diamond Mines. Northwest 
wall (after Golder Associates, 2010b) 
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4.1.5. Engineering geology of the A418 Pit  

The A418 Pit is divided into four geological domains (Figure 4-5,a) with varying 

metasediment content, where Domain 1 is in the Northeast and contains less than 10% 

metasediments, Domain 2 occurs in the Southeast and the Northwest and contains 

approximately between 10 - 50% metasediments, and Domain 3 is in the Southwest and 

contains less than 10% metasediments. The pit has also been divided into three different 

Design Sectors (Figure 3-5,b) based on the geology and pit geometry.  

Figure 4-5. a) Geological domains around the A418 Pit b) Design sectors in the A418 
Pit (Golder Associates, 2011c). 

Geotechnical investigations, which include drilling of geotechnical boreholes, 

bench mapping, underground mapping, and hydraulic testing have been undertaken 

over the SE wall of the A418 Pit, specifically over the Design Sector 2 where a high 

permeability zone is observed enclosed between the East and South dikes intersecting 

the pit (Figure 4-6). There is consistency between mapped and borehole data obtained 

on this side of the pit. (Figure 4-7 and 4-8). 
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Figure 4-6.  High permeability zone behind the SE wall (Golder Associates, 2010a). 

 

Figure 4-7.  Geotechnical field mapping data on the SE wall. Design sector 2 (Golder 
Associates, 2008c). 
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Figure 4-8.  Planes determined from borehole geotechnical analysis of the SE wall. 
Design sector 2 (Golder Associates, 2010a). 

Undulating horizontal structures and metasedimentary rafts were identified in the 

upper benches of the east and southeast walls of the A418 Pit (Figure 4-9) and were 

characterized by thin zones of heavily jointed rock, ranging from 5 to 10 cm in thickness. 

Metasedimentary rocks exposed in the pit walls are typically wet or damp.  

 

Figure 4-9. Undulating structures in the Southeast wall of the A418 Pit. 
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Observations were made in the A418 Pit on the orientation of water bearing 

structures. These features were mapped and the presence of water and strong iron 

oxide staining noted. The water bearing structures recognized from field mapping are 

shown in Figure 4-10. Structures identified as carrying water are mainly associated with 

four joint sets. Three joint sets dip steeply to the northwest, southeast and southwest 

respectively and one sub-horizontal joint set is associated with the metasedimentary 

rocks.  

 

Figure 4-10.  General orientation of water bearing structures (Golder Associates, 
2010a). 

Additional mapping of the pit walls using photogrammetry and a methodology to 

map rock bridges was completed by Tuckey (2012). This mapping emphasized the 

collection of data concerning the existence of non-systematic, brittle blast-induced 

fractures, intact rock bridges and evidence of extension and dilation of major joints. 

Three major discontinuity sets are proposed, denoted J1, J2, and J3. J1 and J2 are 

steeply-dipping, northwest and southeast dipping structures, and J3 is a sub-vertical set 

dipping to both the southwest and northeast.  
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Figure 4-11.  Stereo plots obtained from photogrammetric models (Tuckey, 2012). 

4.1.6. Engineering geology of the A154 Pit area  

The regional structure of the A154 Pit is dominated by two faults that intersect 

the pits, striking approximately Northeast and Southwest. The four kimberlite pipes in the 

pit are also aligned in a Northeast-Southwest direction, indicating that a regional-scale 

deformation may have influenced the emplacement of the kimberlite intrusions (Chorley 

et al., 2009; Golder Associates, 2010b). The A154 Pit is cut by the Dewey’s Fault, a 

steeply-dipping structure that intersects both the A154N and A154S kimberlite pipes. 

This structure is a zone of minor faulting with enhanced permeability, dipping NW 

direction through the kimberlite pipes (Moffitt et al.,2007;;  Golder Associates, 2010b).  

Geotechnical mapping in the operating A154 Pit has relied on the conventional 

field mapping of structures on the bench faces as the pit deepens. Orientation of 

fractures has been obtained from borehole imaging data, orientated core or trace 
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mapping, and fractures organized into distinctive fracture sets plotted stereographically. 

Three general discontinuity sets are recognized according to Figure 4-12: 

• One sub horizontal set 

• Two sub-vertical sets (ENE-WSW and WNW-ESE striking) 

 

Figure 4-12.  Orientation data from pit wall mapping of the A154 Pit as a) pole plot and 
b) contoured plot (Golder Associates, 2010b). 

The NW wall of the A154 Pit represents the steepest wall on the lake side of the 

open pit. Groundwater conditions were required to be investigated on this wall, and it 

became one of the most instrumented and studied pit walls in open pit practice. The 

fracture trace-length distribution, obtained through DFN models, has shown that data 

can be reproduced using a log-normal distribution, with a mean value of 1.8m and a 

standard deviation of 2.2m (Figure 4-13). However, the trace-length distribution does not 

show the longer structures. Mapped lengths of approximately 60m were recorded, but  

some structures greater than 100m are known to exist (Golder Associates, 2010b). 
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Figure 4-13.  Trace length cumulative distribution function actual and simulated (Golder 
Associates, 2010b). 

4.1.7.  Digital trace mapping of discontinuities showing seepage 

Digital remote sensing images contain a great deal of information and their 

application in rock engineering depends heavily on careful examination of visual data 

and maximising interpretation. Kemeny et al. (2006) show a good correlation between 

Rock Mass Rating (RMR) obtained from digital imaging methods and the field estimated 

Geologic Strength Index, and with RMR measurements.  

Digital images can be processed and scaled to suit one’s needs using different 

image processing techniques, providing information on trace lengths, orientation, 

spacing, and roughness. The most important three dimensional fracture properties are 

associated with fracture orientation. This includes the mean orientation of each joint set 

and a measure of the scatter about the mean orientation. Colour, an important 

characteristic of digital images, can also be used to extract additional rock mass 

information such as fracture fill, changes in rock type and potential groundwater seepage 

areas.  
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The procedure used to remotely map discontinuity trace lengths in this thesis 

included: 

•  Delineation of fracture traces in the digital images. In the case of fractures 
bearing water, these were mapped following the complete trace of the 
discontinuity comprised within the window mapping area.  

•  Once the discontinuity traces were mapped, specific discontinuity and trace 
sets were extracted and analysed. The cumulative sum of all discontinuity 
trace lengths was used to calculate the areal intensity values for all fracture 
traces (Equation 3.1).  

•  Measurement of fracture intensity parameter (P21) 

          
∑                                   ( )

                    (  )
    (4.1) 

•  Additionally, measurements of areal intensity considering the cumulative sum 

of all discontinuity traces bearing water from the pit walls were obtained 

according to Equation 3.2. 

•  Measurement of seepage intensity parameter (S21) 

    
∑                                     ( )

                    (  )
    (4.2) 

•  Using DIPS (Rocscience Inc., 2012), structural data was contoured and 
discontinuity sets determined.  

•  Histograms showing the length of fractures according to the window size 
were prepared. 

•  Additionally, colour which is an important characteristic of digital images can 
be used to extract additional rock information regarding changes in rock types 
and the weathering and groundwater state of the rock mass. 

•  Pictures were analysed with the freeware raster image processing software 
ImageJ (Rasband, 2008). Changes in the intensity of pixels were evaluated to 
track changes and mapped fractures in areas where seepage was observed 
on the pit wall surface (Figure 4-14) 
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Figure 4-14. Post-processing in ImageJ (Rasband, 2008) delimitating areas enclosing 
seeping structures on the pit walls A418 Pit, DDM.  

4.2. Ground-based photogrammetry at Diavik Diamond 
Mine 

Results from mapping of ground-based photogrammetry at the A418 Pit, Diavik 

Diamond Mines are now presented. The camera surveys were undertaken using long-

range fan survey techniques from a series of stations along the crest and ramps 

according to safety and access constraints. The camera positions for the 

photogrammetric survey are presented in Figure 4-15, where the base ratio distance 

used is also depicted. The average distance to the face was approximately 500m. The 

geo-referencing process for the photogrammetry models at the Diavik Mines was 

accomplished using pre-existing geodetic prism arrays.  
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Figure 4-15. Plan view showing camera stations; ratios indicate approximate distance 
base line values for each pairing (Tuckey, 2012). 

4.2.1. Photomodel of the A418 Pit at Diavik Diamond Mine using 
lens ƒ=100mm survey 

Photomodels using varied focal lengths ranging from ƒ=100mm to ƒ=400mm 

were constructed. The model used for testing the window mapping approach to map 

seeping structures was obtained using a lens of focal length ƒ=100mm and a fan 

technique model (Sturzenegger et al., 2011). The cut-off length for measured 

discontinuities was 1.5m, therefore smaller joints are considered as censored. The 

purpose of this initial survey is to investigate a new technique of mapping areas where 

water seepage may play a major role in destabilizing a slope by identifying structural and 

hydrogeological domains, along with persistence and orientation data.  
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In all cases, digital mapping was carried out by draping several DTM files 

simultaneously and subsequently, drawing windows of regular sizes in which all 

discontinuities were mapped. The use of different window sizes allows the investigation 

of the variability of fracture intensity in relation to the sample scale considered. The 

variations of window sizes also provide a useful tool to measure the number of joints and 

specific joint sets controlling groundwater flow within a fractured rock slope. By 

determining the fracture seepage intensity (S21), fracture traces bearing groundwater can 

be identified. The population of seeping fractures over a given sampling-window area 

can then be compared to existing measurements of total fracture intensity (P21).  

 Southeast and Northeast wall of the A418 Pit at Diavik Diamond Mine 

Several previous studies have been undertaken on the A418 Pit where high 

water pressures, observed by Vibrating Wire (VW) pressure transducers installed on the 

Southeast wall of the pit, have been an important concern (Golder Associates, 2011a). 

Figure 4-16 shows the area of the A418 Pit (Design Sector 2) where seeping structures 

were mapped in the present work. 

 

Figure 4-16. Plan view of the Southeast wall on Design Sector 2, A418 Pit, Diavik 
Diamond Mine. 
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The Digital Terrain Photo model obtained after processing the photographs of the 

A418 Pit for the Southeast wall is presented in Figure 4-18, along with bench levels. 

Window mapping was undertaken by using different window sizes, including: 30x30m, 

60x30m and 90x30m, where the horizontal measurements were taken along the bench 

face and the vertical height corresponds to the average overall bench height for the pit 

(~30m). Furthermore, the Northeast wall of the same pit (Figure 4-19) was mapped in 

order to compare the results obtained for both pits and establish a more complete 

inventory of any structural discontinuities encompassing the pit. The effect of considering 

varied window sizes when performing field mapping using photogrammetry models is 

also highlighted for this pit wall. 

The use of digital photogrammetry mapping allows the tracing of high persistence 

structures in the pit wall. For the A418 Pit, these features include multi-bench segments 

of the A418 fault, the diabase dykes, and also sub-horizontal traces with persistence of 

approximately 150m (Figure 4-17). 

 

Figure 4-17. Diabase dyke and main structures visible in the photogrammetric model 
(ƒ=100mm) of the SE wall, A418 Pit, DDM. 
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Figure 4-18.  ƒ=100mm photogrammetry model of the middle and upper benches of the Southeast wall (SE), Diavik-A418 Pit. 
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Figure 4-19.  ƒ=100mm photogrammetry model of the middle and upper benches of the Northeast wall, Diavik A418 Pit. 
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A contour plot showing the distribution and orientation of the main structures 

mapped using photogrammetry on the pit is presented in Figure 4-20. This stereo plot 

shows the presence of a steeply dipping joint set (with a mean orientation of 68°/335°) 

previously identified in recent field surveys, as recorded using remote sensing 

techniques (Golder Associates, 2010a, 2009; Tuckey, 2012). This set has always been 

considered a major concern in the overall slope stability analysis of the pit, and seems to 

be sub-parallel to the A418 fault (approximately oriented 67°/315°). A general 

examination suggests that these steeply dipping vertical structures comprise a 

significant percentage of the fractures transporting water to the pit (Figure 4-10). A 

significant number of undulating horizontal and sub-horizontal structures occurring 

throughout the pit were digitally mapped and observed on the photomodel DTM (Figure 

4-22). These horizontal to sub-horizontal structures occur in meta-sediments all around 

the pit and in all cases are related to areas of water seepage. 

 

Figure 4-20. Contour plot showing a general assessment of the main features 
comprising the A418 Pit. Data gathered from photogrammetry through digital mapping of 
the SE wall, A418 Pit. 

 

Zones of high permeability have been recognized in previous fieldwork and have 

been related mainly to structures dipping sub-horizontally into the pit, as shown in Figure 
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4-21, from borehole core logging undertaken at the locations identified as A418-GT-05 

and A418-GT-06 (Golder Associates, 2008a). These sub-horizontal oriented structures 

also agree with the data measured using photogrammetry models in this thesis. 

 

Figure 4-21.  Joint water conditions on the Southeast wall of the A418 Pit after the 
2011 field-mapping program. Most structures mapped as highly permeable are related to 
sub-horizontal and steeply dipping Northwest (NW) structure sets (Golder Associates, 
2011b). 

 Window mapping of the Southeast wall at the A418 Pit, Diavik Diamond 
Mine  

A photomodel of the Southeast wall of the A418 Pit is used in this investigation 

with different window sizes selected as described previously, i.e., 30x30m, 60x30m and 

90x30m. A total inventory of 4731 discontinuities was recorded for this wall of the pit. 

The window mapping approach introduced for this research is depicted in Figure 4-22. 
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Figure 4-22. DTM photomodels of the A418 Pit showing mapping approach: a) window 
size 30x30m, b) window size 60x30m, c) window size 90x30m. Blue circles represent 
wet joints, red circles dry joints, and orange lines follow undulating structures (mainly 
occurring within metasediments). 

For this study most of the structures mapped and identified in seepage areas 

show either evidence of water or are linked with structures with strong iron oxide 

staining.  
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Plotting the orientation of the joints for the 30x30m windows allows the 

determination of four main joint sets (Figure 4-23).  

•  J1 is a steep northwest dipping joint set, which seems to be oriented sub-
parallel to the A418 fault. 

•  J2 is a steep southeast dipping set. 

•  J3 is a sub-vertical west-dipping set, and 

•  J4 is a shallow sub-horizontal dipping set of predominantly high persistence 
discontinuities, where the undulating metasediments structures are observed. 

 

Figure 4-23. Pole plot showing distribution and joint sets mapped on the SE wall of the 
A418 Pit using 30x30m window photogrammetric mapping. Persistence ranges are also 
shown according to ISRM (1978). 

Additionally, we can observe in Figure 4-24 that most discontinuities linked with 

water seepage or iron-stained areas are related to the shallow, sub-horizontal structures 

mapped in windows of sizes 30x30m dipping northwest. A strong presence of 

metasediments was found in the pit, with structures reaching persistence of up to 20m. 

Joint sets J1 and J2 comprise secondary structures, through which water seeps into the 

pit, with joint persistence of up to 35m. 
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Figure 4-24. Pole plots showing distribution of dry and wet joints obtained from 
photogrammetry on the SE wall of the A418 Pit, window size 30x30m. 

Table 4-1 shows the orientation data for the four joint sets found in a window size 

of 30x30m. The Fisher coefficient (K) for Joint Set 3 (J3) indicates that these joints are 

tightly-clustered around the mean, while the other three joint sets are dispersed. 

Additionally, the maximum, minimum and average joint persistence recorded is shown. 

The most persistent structures are included in the steeply dipping Joint Sets 1 and 2 for 

windows sized at 30x30m and are linked with structures containing meta-sediments, 

observed in the photogrammetric models. 

Table 4-1. Summary of discontinuity set orientation data identified for ƒ=100mm 
photogrammetry survey (window size 30x30m). 

Set Dip 
(°) 

Dip 
Direction 
(°) 

Persistence of Fractures (m) Sample 
Size, n 

Fisher 
K 

Min Average Max 

J1 76 338 3.5 17 34 320 34.77 

J2 79 135 2.8 19 35 228 28.15 

J3 89 275 2.6 15 32 96 93.81 

J4 3 275 4.8 14 23 886 20.28 

 



80 

Additionally, using digital photogrammetry techniques and taking into 

consideration the different structures bearing water, data was gathered with the aim of 

determining different hydrogeological domains and investigating how they relate to areas 

of seepage. All windows in different areas were studied and the total fracture and 

seepage intensity values recorded and analyzed according to their location around the 

pit.  

Histogram plots relating the number of joints carrying water to their lengths for 

the different window sizes show that the population of fractures mapped in wet areas 

appear to be more persistent than the fractures mapped in dry areas, regardless of the 

window size used. Results from the Southeast wall of the A418 Pit are shown in Figure 

4-25, where it can be observed that the population of fractures bearing water appear to 

be greater in the 30x30m and 90x30m sized windows; whilst for windows of 60x30m, the 

population of fractures mapped in dry areas is greater than the fractures mapped in wet 

areas, although greater lengths are found for windows of 60x30m, implying the possible 

existence of bias due to window sampling size. Histograms for the 60x30m window size 

fit a normal distribution, whilst the histograms representing 30x30m and 90x30m window 

sizes appear to fit a log-normal distribution. The suitability of normal  and log-normal 

distributions to characterize discontinuity distributions has been demonstrated in the past 

by Sen and Kazi (1984), Narr and Suppe (1991), Rives et al. (1992), Becker and Gross 

(1996), Pascal et al. (1997) and Ji and Saruwatari (1998). Measured joint length 

increases with the window size increments, as expected. There exist a few undulating 

structures reaching lengths of up to 30m for all windows.  
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Figure 4-25. Histograms showing the number of dry and wet joints and the related joint 
length for the fractures mapped on the Southeast wall of the A418 Pit. a) 30x30m 
window size. b) 60x30m window size and c) 90x30m window size. 
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The majority of fractures transmitting water into the pit are related to the location 

of horizontal and sub-horizontal structures within the meta-sediments rafts. These 

structures are undulating and show the greatest persistence as can be seen in the 

rosette plot in Figure 4-26. 

 

Figure 4-26. Rosette plot for water bearing fractures. Window size 30x30m (n=1282 
fractures). 

 Information regarding the measured seepage intensity (S21) parameter shows an 

increase in value for windows that encompass areas closer to major structures, such as 

the shear or fault zones (Figure 4-17). These may either be principal sources of 

groundwater or intercept groundwater flow, causing the seepage observed on the rock 

slope face. Distribution of the studied S21 parameter shows that its greatest intensity is 

found around the 300-360m bench level in the A418 Pit, where a high density of mapped 

disks is observed on terrestrial photogrammetric models. These bench levels correspond 

to a faulting/shear zone surrounding the diabase dyke, where many blue discs 

representing water seeping joints were mapped (Figure 4-22) on the Southeast wall of 

the A418 Pit. 
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Figure 4-27. Average S21 (m
-1) values for the A418 Pit, DDMI. 

 Window mapping of the Northeast wall of the A418 Pit, ƒ=100mm.  

The varying window size approach explained above was undertaken on the 

Northeast wall of the A418 Pit. An example is presented in Figure 4-28 corresponding to 

a window size of 60x30m. Contour plots show the presence of four major discontinuity 

sets on the Northeast-wall of the A418 Pit (Figure 4-29 to 4-32). Regardless of the 

window size used three main joint sets were identified, which correlate with J1, J4 and 

J5 mapped on the Southeast wall of the A418 Pit. Once the window size mapping is 

increased to 60x30 and 90x30m, the previously identified joint set (J3) seems to be more 

evident. 
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Figure 4-28. Window mapping of the NE wall at the A418 Pit. Blue circles represent fractures where water seepage is present, red 
circles represent dry joints and orange lines follow undulations on the pit wall. Window size 60x30m. 
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Contour plots for a window of 30x30m shows the following joint sets (Figure 4-29), with a 
strong presence of water bearing structures in the sub-horizontal and WNW-ESE and 
NE-SW striking joint sets (J1 and J5). 

 

Figure 4-29. Contour plot showing the fracture length of joints in the Northeast wall of 
the A418 Pit. Window size of 30x30m. 

The stereoplots for the windows with dimensions of approximately 1800m2 

(60x30m), on the Northeast wall, show similar joint sets as identified for the general 

assessment of the Southeast wall in the same pit (Figure 3-23). A joint set previously 

defined as a sub-vertical steeply dipping set J3 (87°/277°), and sub-horizontal structures 

J4 (8°/303°) of high persistence ranging from 10-20m long (ISRM, 1978) are the main 

structures observed in areas where groundwater seepage was identified. A new joint set 

identified as J5 dipping north-west was identified for this side of the pit (Figure 4-30).  
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Figure 4-30. Great circles to major discontinuity sets for ƒ=100mm survey on the 
Northeast wall. Window size 60x30m.  

A contour plot for windows of 90x30m (Figure 4-31) shows the presence of four 

major discontinuity sets. Comparing the orientation of fractures mapped over the 

Northeast wall for the different window sizes, observations regarding length of fractures 

all show that seepage occurs on the most persistent structures. These structures are 

consistently related to steeply-dipping vertical joints and joints forming rafts of meta-

sediments dipping horizontally or sub-horizontally.  

As observed in the previous stereoplots, the majority of seeping fractures 

mapped in the Northeast wall of the A418 Pit predominantly dip sub-vertically with dip 

angles between 60 to 90 degrees with a strong concentration of the sub-horizontal 

structures dipping between 3 and 30 degrees. In accordance with the ranges provided 

by the International Society of Rock Mechanics (ISRM, 1978), most fractures bearing 

water are high persistence structures in the range of 10-20m in length. 
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Figure 4-31. Contour plot showing the fracture length of joints in the Northeast wall of 
the A418 Pit. Window size of 90x30m. 

Table 4-2 shows the orientation data for discontinuity sets identified in the 

Northeast wall of the A418 Pit. On average, medium persistence is recorded for joint 

sets J3, J4 and J5 (Figure 4-30). The most persistent structures mapped reach lengths 

of up to 38m, corresponding to J4, a tightly clustered set, as indicated by the Fisher 

coefficient value. 

Table 4-2. Summary of discontinuity set orientation for the NE wall ƒ=100mm 
photogrammetry survey for a window size of 90x30m 

Set Dip (°) Dip 
Direction (°) 

Persistence of Fractures (m) Sample 
Size, n 

Fisher K 

Min Average Max 

J1 87 346 3 10.81 20 33 59.0622 

J3 4 327 6.4 17.06 27 20 43 

J4 89 114 5.4 16.3 38 29 72 

J5 74 23 4.4 15.3 28 32 32.5 

Borehole data recorded for the Northeast Sector-Domain 1 in the A418 Pit is 

shown in Figure 4-32 (Golder Associates, 2011a). Five main joint sets have been 

identified. Data identified through borehole logging correlates with the four main joint 
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sets gathered through digital photogrammetry techniques. Joint set J6, although 

observed through the mapping in this thesis, was not defined as a main joint set, due to 

the limited number of observed fractures.  

 

Figure 4-32. Northeast sector of the A418 Pit with borehole data and joint sets 
determined. 

Histograms obtained for the varying window sizes used for mapping the NE wall 

of the A418 Pit are shown in Figure 4-33. The frequency of water bearing fractures 

suggests that the majority of fractures contributing to water seepage are 5-20m in 

persistence, regardless of the window size used. Persistence of fractures up to 50m is 

observed when using window sizes greater than 60x30m and 90x30m. The most 

persistent structures are sub-horizontal features, described as undulations, which are 

also more persistent with an increase in window size in the horizontal direction. As 

expected, more persistent structures (of up to 50m length) are recorded with window 

sizes of 90x30m (Figure 4-33). Additionally, all histograms of joint persistence for the NE 

wall of the pit were found to fit a right-skewed distribution, where more fractures fit 

persistence of 25m, with a few fractures with persistence values of 50m length. 
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Figure 4-33.  Histograms showing fracture persistence mapped on the NE wall of the 
A418 Pit for a) 30x30m b) 60x30m and c) 90x30m window sizes.  
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According to the length of total fractures and fractures seeping water to the pit, 

the intensity parameters P21 and S21 were calculated. Table 4-3 lists the values gathered 

throughout the Northeast wall of the A418 Pit for the fracture intensity and seepage 

intensity parameters windows comprising areas of approximately 1800m2 (window size: 

60x30m, Figure 4-28).  

Table 4-3. Fracture Intensity (P21) and Seepage Intensity (S21) values for a window 
size of 60x30m. 

Window P21 (m-1) S21 (m-1)  Total Length 
(m) 

Window P21 (m-1) S21 (m-1) Total Length 
(m) 

1 0.24 0.23  372 14 0.17 0.13 194 

2 0.25 0.22  436 15 0.31 0.26 550 

3 0.20 0.19  467 16 0.18 0.15 296 

4 0.16 0.16  272 17 0.27 0.26 454 

5 0.17 0.02  301 18 0.19 0.19 368 

6 0.14 0.06  235 19 0.08 0.07 160 

7 0.06 0.05  130 20 0.13 0.08 237 

8 0.20 0.15  440 21 0.20 0.01 186 

9 0.22 0.15  426 22 0.26 0.10 289 

10 0.18 0.11  319 23 0.14 0.12 320 

11 0.18 0.14  275 24 0.17 0.13 317 

12 0.17 0.11  228 25 0.10 0.08 197 

13 0.24 0.10  408     

When comparing the different values obtained from digital photogrammetry for 

P21  and S21 (Figure 4-34), it appears that higher values of S21 occur towards areas of 

exposure of the diabase dyke on the pit wall (windows 2,3,16,17, Figure 4-28). As 

mentioned previously, the diabase dyke comprises a more blocky and jointed structure. 

Consequently, the fracture network of this diabase dyke acts as a conduit for 

groundwater flow, as observed in visual inspection undertaken using the photomodel to 

characterize the main features on the pit walls (Figure 4-17). 
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Figure 4-34. Comparison of P21 and S21 values measured throughout the Northeast wall 
of the A418 Pit at Diavik Diamond Mine. Windows of 60x30m bench areas located from 
the top to the bottom of the pit. 

The distribution of the studied S21 parameter considering the bench level and the 

horizontal location for windows of 30x30m dimension is shown in Figure 4-35. The 

seepage intensity (S21) values are higher for the upper benches as well as the windows 

enclosing the diabase dyke, and occur in association with persistent metasediments 

rafts when present in the pit (Figure 4-34,Figure 4-35, and 4-37). Some peaks in these 

graphs are also shown when seepage of water is prominent on the slope face.  
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Figure 4-35. Distribution of the S21 parameter around the pit wall. Northeast wall of the 
A418 Pit (window size 30x30m). 

The fracture intensity (P21) determined for 30x30m windows show larger values 

for the fracture intensity parameter measured towards the bottom and in the dyke zone 

of the pit (Figure 4-36). This correlates with the trend shown by the seepage intensity 

parameter for the same locations. 

 

Figure 4-36. Fracture intensity (P21) variation with bench height and horizontal distance 
along the benches level (horizontal distance) for a window size 30x30m. 
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Fracture intensity values for all fractures (P21) and for fractures seeping water to 

the pit were also determined (S21) for 90x30m windows (Figure 4-37). It can be seen that 

both parameters increase in value for the windows comprising the dyke. Undulating 

structures are prominent and their importance clearer when a larger mapping size is 

used. 

 

Figure 4-37. Variation of fracture intensity (P21) and Seepage Intensity (S21) parameters 
using different windows (window size 90x30m). Note that higher values of P21 and S21 
are related to the trace following the diabase dyke on the right hand side of the DTM 
(RL+270 to RL+300).  

 Varying window size along bench heights on the SE wall of the A418 Pit 
approach 

In order to investigate the vertical scale effect on the persistence and direction of 

structures around the pit, a preliminary study on the variation of window sizes with bench 

height was performed on the NE wall of the A418 Pit (Figure 4-31). A window size of 

60x60m was drawn comprising two benches corresponding to the levels within 

RL+270m and RL+330m, which, for previous models, correspond to an approximate 

location of windows 17, 18, 23 and 24 (Figure 4-28). The horizontal measurement was, 

as previously, taken along the slope bench and the vertical distance was measured 

along the bench height. These windows had an area of 3600m2 for a photomodel using a 

focal length of 100mm (ƒ=100mm). Figure 4-38 shows the digitally mapped 

discontinuities for dry and wet areas for a window size comprising two benches in the 

A418 Pit. A histogram depicting the trace persistence for the fractures mapped for these 

windows emphasizes that the most persistent structures are water bearing structures, 

reaching lengths of up to 80m in continuity (Figure 4-39). Nevertheless, the greatest 
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number of fractures mapped have lengths less than 10m, where water seepage is not 

evident. These fractures are predominantly related to structures dipping sub-horizontally 

(Figure 4-40). However, structures seeping water seem to have a close correlation with 

the sub-vertical steeply dipping joint set identified as J2 for the previous window sizes on 

the SE and NE walls (Figure 4-30), and shown in Figure 4-40. 

A summary of the discontinuities mapped using this approach is listed in Table 

4-4, where the sub-horizontal set (JS1) shows a smaller mapped average trace length, 

suggesting a horizontal bias when using windows increasing in length in the horizontal 

direction. 

.  

Figure 4-38.  A window area of 3600 m2, with dimensions of 60m (measured along the 
bench and 60m vertically comprising two benches). Blue circles indicate fractures 
carrying water and red circles are digitized as dry fractures.  
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Figure 4-39. Histogram showing persistence of fractures mapped for dry and wet joints. 
Persistence greater than 70m corresponds to fractures mapped in areas where seepage 
was observed. 60x60m window size. 

 

Figure 4-40.  Pole plots showing contours for dry and wet joints mapped for a window 
size of 60x60m measured on a ƒ=100mm photomodel. Number of fractures sampled, n 
= 159. 
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Table 4-4. Summary of discontinuity set orientations for the NE wall ƒ=100mm 
photogrammetry survey for a window size of 60x60m. 

Set Dip (°) Dip 
Direction (°) 

Persistence of Fractures (m) Sample 
Size, n 

Fisher K 

Min Average Max 

JS1 1 85 4 13.5 34 99 11.66 

JS2 82 163 6 30.5 71 34 23.9 

JS3 79 73 8 31 73 10 38.6 

 

Considering a window size increasing in the vertical direction and including three 

benches (60x90m, Figure 4-41) for the same location considered for the window size of 

60x30m (windows 15,16,25,26,34 and 35, Figure 4-28), we observe that significantly 

greater joint lengths of up to 105m are observed (Figure 4-42). Although the number of 

fractures mapped was less in comparison to those mapped on windows of 60x60m, it 

was clearly evident that increasing the dimensions of window allowed greater and more 

realistic fracture persistence to be measured. User bias both in the subjective mapping 

of the true population of joints in large windows and due to the obscuring of joints by the 

overlapping of opaque discs fitted to the mapped discontinuities are shown to be 

important and should always be taken into consideration. 
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Figure 4-41. A window area of 5400 m2, with dimensions of 60m measured along the 
bench and 90m vertically (comprising three benches). Blue circles indicate fractures 
carrying water and red circles are digitized as dry fractures. 

As the vertical size of the window increases, the persistence of interconnected 

fractures seeping water into the pit increases considerably (Figure 4-42).  
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Figure 4-42. Histogram of fractures mapped in window size of 60x90m. 

Orientation of fractures, for the joint sets found by drawing windows of 90x30m, 

are shown on a stereoplot in Figure 4-43 and information regarding every joint set 

identified is listed in Table 4-5. Orientation of joint sets JS1, JS2, and JS3 for windows of 

sizes 60x60m and 60x90m seem to agree (Figure 4-40 and 4-43). The mapping of 

structures in windows of 60x90m, however, show the inclusion of a new set defined as 

JS4 (50°/143°) which shows a limited number of high persistence fractures in the range 

of 10-20m according to the ISRM (1978). 
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Figure 4-43.  Pole plots showing contours for dry and wet joints mapped for a window 
size of 60x90m, ƒ=100mm photomodel. 56 Fractures sampled (n = 56). 

Table 4-5. Summary of discontinuity set orientations for the NE wall ƒ=100mm 
photogrammetry survey for a window size of 60x90m. 

Set Dip (°) Dip 
Direction (°) 

Persistence of Fractures (m) Sample 
Size, n 

Fisher K 

Min Average Max 

JS1 5 52 6 15.9 34 18 16.5 

JS2 88 186 8 65 108 14 16.6 

JS3 69 49 7 26 58 3 425 

JS4 50 143 12 15.6 20 3 124.5 

 

The values measured for S21, decrease with an increase in window mapping 

area, as the vertical length increases from 60 to 90m. This is related to the dry area 

found towards the third bench where the window is located around the diabase dyke 

(RL+330). This area does not contribute further to seepage experienced from the pit 

walls. P21, on the other hand, shows a smaller increase for a window size of 60x90m as 

listed in Table 4-6, indicating that greater joint lengths are observed as windows 

increase in vertical dimension. 
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Table 4-6. Fracture intensity (P21), Seepage intensity values (S21) and fracture trace 
lengths obtained using windows of 60x60m and 90x60m size. 

Window  

P21 

(m-1) 

Number of 
Joints 

Considered 
in P21 

Calculation 

 

S21 

(m-1) 

Number of 
Joints 

Considered 
in S21 

Calculation 

Mean 
Fracture 
Length 

m) 

Minimum 
Length 

(m) 

Maximum 
Length 

(m) 

60x60m 0.28 159 0.64 

 

69 20.93 3.99 73.13 

60x90m 0.31 33 0.26 23 32 3.06 108.5 

4.2.2. Window mapping of the southeast-west wall of the A154 Pit 
at Diavik Diamond Mine, photogrammetry model, ƒ=100mm  

Window mapping carried out on the A418 Pit was also undertaken on the 

southeast/west wall of the A154 Pit (Figure 4-44). 

 

Figure 4-44.  A154 Pit at Diavik Diamond Mines, showing sector of the pit (SE wall) 
where a varied window size mapping approach was used. 
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A detailed inventory of dry and wet fractures is presented with the orientation and 

persistence of fractures. Windows of horizontal to vertical dimensions (H:V) of 30x30m 

(900m2), 60x30m (1800m2) and 90x30m (2700m2) were used. A total inventory of 2617 

discs were fitted to discontinuities along the benches of the pit wall. 

A photogrammetry model of the southeast-west wall of the A154 Pit showing 

upper benches is presented in Figure 4-45. The bench levels are identified from top to 

the bottom of the pit as RL+310m to the RL+220m. The window mapping approach used 

on the Southeast-west wall of the pit is illustrated in Figure 4-46. 
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Figure 4-45. Photogrammetry model of the Southeast wall at the A154 Pit at Diavik Diamond Mine. ƒ=50mm. 
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Figure 4-46.  DTMs of the A154 Pit showing mapping approach: a) window size 
30x30m, b) window size 60x30m, c) window size 90x30m. Blue circles represent wet 
joints, red circles dry joints and orange lines follow undulating structures. 
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Figure 4-47 shows data collected on the A154 Pit, which is in agreement with 

information obtained for window mapping carried out on the southeast and northeast 

wall of the A418 Pit. The most persistent fractures correspond to areas where visible 

seeping of water is present on the slope face. As the window size increases in size 

along the benches of the pit, the length of the observed fractures also increases. The 

maximum persistence values mapped for fractures in windows of dimensions of 30x30m 

are 40m in length, while for windows of 60x30m the maximum persistence reaches 55m, 

and finally the windows of 90x30m are 60m in length. It is worth mentioning that 

undulating structures comprising areas where seepage occurs seems to be the most 

persistent structures along the bench faces, comprising many windows, and often 

reaching lengths of up to 250m. 

Histograms for the different windows mapped illustrate the same pattern as the 

mapping undertaken on the NE wall of the A418 Pit. The frequency of fractures, 

regardless of the window size used, show a greater amount of high persistent fractures 

(10-20m length; ISRM, 1978). For this wall, where seepage on the face of the slope is 

evident, as expected, there are very few mapped dry joint fractures. All equivalent trace 

length histograms for this wall of the pit fit a log-normal distribution (Figure 4-47). 
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Figure 4-47. Histogram showing the length of fractures involved in seepage and dry 
areas on the SE wall of the A154 Pit at DDM a) 30x30m windows b) 60x30m windows c) 
90x30m windows. 
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The orientations of fractures identified in the various window sizes mapped are 

shown in Figure 4-48, 4-49 and 4-50. Data mapped from photomodels are in agreement 

with previous fieldwork undertaken on the A154 Pit (Moffit et al., 2007). It is clear that the 

majority of the fractures mapped, in areas where water seepage is found, are related to 

steeply dipping structures dipping Northwest and Southeast. 

 

Figure 4-48. Contoured stereoplot of fractures measured on SE wall of the A154 Pit, 
ƒ=50mm photogrammetry model, using windows sizes of 30x30m. Persistence range 
according to the ISRM (1978). 
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Figure 4-49. Contoured stereoplot of fractures measured on the SE wall of the A154 Pit, 
ƒ=50mm photogrammetry model, using windows sizes of 60x30m.  

 

Figure 4-50. Contoured stereoplot of fractures measured on the SE wall of the A154 Pit, 
ƒ=50mm photogrammetry model, windows size of 90x30m. Persistence range according 
to the ISRM (1978).  
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Comparing P21 joint intensity values obtained throughout the same structural 

domain for the different window sizes shows that although this value does not vary 

markedly it can be better determined for greater window size areas. An example is 

presented in Table 4-7, where the average values obtained within the same structural 

domain change once the size of the window increases. 

Table 4-7. Variation of P21 with bench level in the A154 Pit at DDMI for different 
window sizes. 

Window Size (m) Surface Area (m2) Average Seepage Trace 
Intensity, P21(m-1) 

30x30  900 0.36 

60x30 1800 0.38 

90x30 2700 0.51 

 

The highest seepage intensity (S21) values determined seem to be located 

towards the bottom sectors of the pit benches at a level of approximately 220-190m for 

the A154 Pit. At these locations, the more prominent seepage faces in the pit are visible 

and low persistence, more closely spaced fractures are present (Figure 4-45). Figure 

4-51 shows this trend in the A154 pit. Nevertheless, some peak values are observed 

towards the upper bench levels at 280 to 310m, at the location along the benches where 

seepage faces are visible.  
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Figure 4-51.  Changes in the S21 parameter with bench level and relative horizontal 
distance along benches, A154 Pit. 

Comparison of seepage intensity (S21) values within the same geological domain 

also shows that once the window size increases, the intensity parameter S21 increases 

(Table 4-8). 

Table 4-8. Variation of P21 with bench level in the A154 Pit at DDMI for different 
window sizes. 

Window Size (m) Surface Area (m2) Average Seepage Trace 
Intensity, S21(m-1) 

30x30  900 0.36 

60x30 1800 0.37 

90x30 2700 0.48 
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4.3. Use of LiDAR, photogrammetry and infrared 
thermography to track seepage faces in high rock 
slopes - The Stawamus Squamish Chief 

4.3.1. Geological setting 

The Stawamus Chief is a granite dome located beside Highway 99, South of 

Squamish, British Columbia, Canada (Figure 4-52). According to Natural Resources, 

Canada (Government of Canada, 2011), this monolith is referred to as the second 

largest granite monolith in the world. The Chief is part of a medium-sized pluton of a 

granitic rock (granodiorite) that was initially formed in the early Cretaceous 

(approximately 100 million years ago). Classical hallmarks of glacial erosion are 

numerous, especially polished, striated surfaces. Polished rock and striations are 

observed at the very summit of the formation. Tuckey (2012) presented a study on rock 

bridges at the Chief using LiDAR and photogrammetry. 

 

Figure 4-52.  Location of the Squamish Chief. 
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The Squamish Chief comprises three main summit areas (Heintzman, 2004): 

 First Peak or the South Summit (610m) 

 Second Peak or the centre Summit (655m) 

 Third Peak or the North Summit (702m) 

 The Apron, a vast sweep of lower-angle rock which rises like a wedge 

from the highway to about halfway up the Grand Wall near the Chief’s 

approximate centre 

The Chief’s summits are surrounded by sheer rock wall cliffs. They are typically 

high, exposed, and varied in character. 

The present study is based on LiDAR scans performed on the Grand Wall of the 

Squamish Chief, which comprises part of the black dyke. This black dyke is a feature 

that divides the Grand Wall from the Dihedral Wall to the south and is considerably 

younger than the granodiorite surrounding it (Heintzman, 2004). 

A section of the Chief (Figure 4-53) was scanned using ground-based LiDAR in 

order to characterize seepage areas on the wall. Thermal Imagery and long-range 

photogrammetry were also undertaken. 

 

Figure 4-53. Stawamus Chief. Dashed line shows region where the LiDAR scan was 
performed. 
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4.3.2. LiDAR Stawamus Chief seepage observations 

The Stawamus Chief was scanned once during a dry period and once after a wet 

period to examine the effect of precipitation on seepage. A comparison of the two scans 

based on the pixel intensity changes over a small area was used to determine if LiDAR 

Digital Elevation Models (DEMs) are able to return information pertaining to changes in 

water seepage. It is worth mentioning that more scans were originally planned as part of 

the field campaign to allow a time-lapse LiDAR approach to track changes in seepage; 

however, an exceptionally dry summer limited this study. 

An area of 300m horizontally by 150 m vertically was used to perform the study 

where a smaller sub-sample region was chosen in order to register variations regarding 

water seepage changes in the slope with reference to the slope height (Figure 4-54 and 

Figure 4-55). Areas of seepage are recognizable by simple inspection and can be 

distinguished through the use of LiDAR images, where either registered changes in pixel 

intensity allow comparisons of where water is flowing from the slope face or data points 

are absent in the point cloud. Figure 4-54 shows the area of focus used for the 

application of this approach, where the white spots found in the ground based LiDAR 

scan are suspected to be areas where water is seeping from the slope (moisture 

content) or where vegetation exists. The photograph in Figure 4-60 shows trees growing 

along a persistent joint in the upper part of the Region of Interest (ROI), and vertical 

white streaks where groundwater seepage is present. The intensity of pixels for these 

areas where white spots are found seem to portray pixel intensity values lower than 

measured for darker areas receiving LiDAR return signals. Creating a “bare ground” 

surface from point clouds is typically extremely difficult when working in areas of 

significant vegetation. Nevertheless, steep cliffs generally have little to no vegetation to 

remove from the point cloud data. Additionally, high-resolution photographs can be used 

to assist in determining the precise extents of vegetation, and therefore areas where 

seepage is able to be found. 

A preliminary rock slope assessment was undertaken previously by Tuckey 

(2012) through LiDAR scanning. A geotechnical assessment was performed for the rock 

mass. The rock mass was found to be of excellent quality, with a conservative GSI 

estimated as ranging from 80 to 90. A black dyke located towards the centre of the 

survey area was also found intruding the host rock; this structure is dipping at 
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approximately 80° and it’s width ranges from 2m to 4m. The GSI determined for this 

structure corresponds to a value of 70 to 80 with blocky to massive block size.  

  Survey set-up 

The LiDAR scans were carried out from a distance of approximately 400m, 

based on an automatically calculated, average line-of-site distance from the scanner 

position to the rock cut. These scans were merged and mapped using InnovMetric 

Polyworks software suite (InnovMetric, 2006). The point cloud taken for this ROI covers, 

as stated before, an area 300m wide and 150 m high, with an approximate ground point 

resolution of 20cm. Orientation of this survey was achieved through manual rotation of 

the point cloud according to the trend and plunge of the scanner line-of-sight. 

When comparing the data obtained using pixel intensity, focusing on a particular 

area, it can be seen that the intensity of the pixels is related to the changes in the 

surface of the slope. Visible areas seeping water are indicated as white spots in the 

LiDAR point clouds. The intensity of pixels in these areas is expected to be less than 

those measured for more homogeneous areas where darker areas receiving LiDAR 

returns signals are visible. Scans were carried out for a rainy month (November, 2012) 

(Figure 4-54) with a total precipitation of 162mm, and Figure 4-55 shows the scan for a 

dry month (June, 2012) where the total precipitation observed at the location did not 

exceed 76.8mm, according to Environment Canada (Government of Canada and 

Meteorological Service of Canada, n.d.). 
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Figure 4-54. LiDAR image of the Squamish Chief showing the area investigated during 
rainfall period (November, 2012). 

 

Figure 4-55. LiDAR image of the Squamish Chief showing the area investigated during 
dry period (June, 2012). 
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By comparing the graphs showing the variation of pixel intensities with the 

surface elevation and their respective LiDAR scans, observable differences in the pixel 

intensity data due to seepage of water and or changes in moisture content are apparent. 

The pixel intensity for the scan undertaken during the rainfall period (Figure 4-56) does 

not exceed a maximum value of 58, with the lowest intensities values located at an 

elevation of around 80m, where the rock slope overhangs and where visible dripping 

water is observed on the scans (brighter spots). In contrast, the graph showing pixel 

variations with less rainfall contribution (Figure 4-57) show greater values exceeding 66 

pixels. 

The potential for time lapse LiDAR to indicate moisture/seepage variations 

requires further study with more scans at discrete time intervals. 

 

Figure 4-56. Graph showing the interpreted pixel intensity measurements during the 
rainfall period (November, 2012). 
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Figure 4-57. Graph showing interpreted pixel intensity measurements during the dry 
period (June, 2012). 

4.3.3. Use of photomapping and Image J to investigate seepage on 
rock faces  

High-resolution photographs aid in the quantitative assessment of moist areas 

where seepage is apparent through visual inspection. Once seepage areas are identified 

through the use of photographs (Figure 4-58), areas where dripping of water is present 

can be evaluated by using the public domain, Java-based image processing program 

Image J (Figure 4-58b) (Table 4-9). Total areas, where water seepage is observed, can 

be relatively easy assessed through manipulation of photographs. 

Table 4-9. Measurements registered through ImageJ for the Squamish Chief, 
enclosing area used for laser scanning 

Total Area Areas where Seepage Exists 
(m2) 

Dry Areas (m2) 

21708m2 15340.136 6367.864 



117 

 

Figure 4-58.  a) Rock cliff showing patches of water and vegetation as taken directly 
from the outcrop. b) Picture showing the results of post-processing with Image J (cyan 
areas represent dry areas, green areas represent places where either vegetation or 
water is present). 

4.3.4. Preliminary photogrammetric study on the Stawamus Chief 
for seepage observations 

Additionally, a DTM model was built using digital photogrammetry undertaken on 

the Chief using a focal length of ƒ=100mm (Figure 4-60). Digital mapping of the fractures 

where vegetation or seepage was visible was carried out with the purpose of 

determining the persistence of the fractures involved (Figure 4-59). The most persistent 

discontinuities mapped for this outcrop reached values of up to 260m, where the 

average size was 85m (Figure 4-61, Table 4-11); these were obtained for discontinuities 
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dipping in the same direction as the dyke undercutting the whole wall. Some 

discontinuities were located near the overhangs identified previously as partial arches 

(Tuckey, 2012). 

 

Figure 4-59. Digital mapping of fractures from DTM obtained from ƒ=100mm focal length 
photogrammetry. Purple discs represent fractures mapped in seepage areas and the 
blue disc follows the persistent dyke found on The Stawamus Chief, Squamish, BC. 
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Figure 4-60. Stawamus Chief photogrammetry model performed with ƒ=100mm lens. 
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Figure 4-61.  Histogram of fitted discontinuity diameters for water bearing fractures 
identified in the ƒ=100mm model. 

Table 4-10. Statistical values for fracture persistence identified in the ƒ=100mm. 

Mean Value Standard 
Deviation 

Min Length Max Length Number of Fractures 

84.0797 49.894 20.51 260.86 34 

4.3.5. Infrared Thermography (IRT) undertaken on The Stawamus-
Chief, Squamish, B.C. 

Infrared camera techniques have been used in a preliminary attempt to evaluate 

the evolution of the temperature signature on a rock slope surface. Given that the 

thermal transfer efficiency of the rock can be detected, infrared thermography may 

provide information on the water seepage present in a rock slope mass. The rate of heat 

transfer through a solid body determines the amount of energy radiated by its surface. If 

a shallow inhomogeneity is present on the rock slope, the head capacity is expected to 

differ from the surrounding areas and this corresponding surface temperature variation is 

expected to be observed with IRT techniques (Teza et al., 2012). 
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Infrared Thermography was carried out on the Grand Wall of the Chief, in the 

same area where LiDAR scanning was performed. The application of this technique has 

been shown to offer potential of proving further information concerning the presence of 

prevalent structures such as the granodiorite dyke, major slope features, groundwater 

vegetation and lithological contacts (Figure 4-62). 

 Survey set-up 

An infrared thermal imager Ti32 (FLUKE), described in Chapter 3, was used to 

capture images from the Grand Wall at the Stawamus Chief over the same region as 

used for LiDAR scan (Figure 4-62). In order to perform Infrared Thermography (IRT), the 

user should select the emissivity value (FLUKE Corporation, 2000). All IR cameras 

calculate a temperature based on the radiance measurements and the object’s 

emissivity. An emissivity of 1.00 means that all of the energy seen by the camera is 

coming from the temperature of the target object and the background temperature field 

is literally ignored. An emissivity of 0.50 means that half of the energy seen by the 

thermal imager is coming from the temperature of the target object and half is being 

reflected by the background. An emissivity of 0 means that all of the energy seen by the 

thermal imager is coming from the background and none of it is coming from the target 

object. In the case of the study undertaken for this research work, the value selected for 

the emissivity was the default value suggested by the manufacturer (      ) and the 

background temperature was set to room temperature. These setups were later 

corroborated through comparisons with human body temperature, which is in the range 

of 37-38°C, assuring a better accuracy on the measurements taken by the infrared 

imager.  

 Result of infrared imagery undertaken on the Stawamus Chief, Squamish, 
B.C. 

The results obtained by using an Infrared imager over the Stawamus Squamish 

Chief allow for the determination of a different spectrum of colors, which have been 

linked with different lithological expressions.  
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Figure 4-62. Thermal imagery of the Stawamus Chief (enclosing the same area used to 
perform long range photogrammetry and ground based LiDAR) used to track changes in 
water seepage through ground based LiDAR. 

The infrared response obtained for the Grand Wall at the Stawamus Chief is 

shown in Figure 4-63, and a regular photograph of the ROI in Figure 4-64. Based on the 

Infrared results and by comparison with the photographic image, as well as direct-field 

inspection, lower values of temperature are linked with the presence of vegetation or 

water seepage on the rock face. Greater temperature values are registered on the 

overhangs forming the previously mentioned arches, where no significant thermal 

variations are present.  
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Figure 4-63. Infrared response of the Grand Wall of the Stawamus Chief, Squamish, 
B.C. 

 

Figure 4-64. Visible light Image of the area chosen to undertake a pilot IRT study on the 
Grand Wall of the Stawamus Chief.  
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Infrared thermography results aided by visual interpretation allow the 

characterization of areas where seepage of water is likely to be present; i.e., areas 

where the average temperature is relatively lower than the surroundings (Figure 4-63). 

The following general observations from this study were made based on the user-

defined IRT response scale for the studied area, according to the response gathered for 

the same area over different times: 

a) Red colors on the thermal images seem to represent areas where thermal 
variation is not present. 

b) Green and yellow colors may represent areas where there are open and 
persistent structures, and 

c) Blue and violet colors are related to areas where either water seepage or 

major overhangs with thermal shadows and/or vegetation are present. 

4.4. Summary and discussion of results 

Different remote sensing techniques used in this research for the characterization 

of seepage areas proved to be useful for providing additional means to traditional 

methods to characterize water seepage in rock slopes, particularly for inaccessible 

slopes. The proposed window size mapping methodology undertaken for 

photogrammetric data has the potential to aid in the characterization of seepage zones 

in pit slopes and to correlate seepage zones with discontinuity intensity and geometry. 

These observations, although intuitive, emphasize the limitations of conventional line 

survey and window cell mapping techniques considering bench-scale windows. It also 

emphasizes the need when using remote sensing imagery to carefully take into account 

the importance of sampling window size. In large open pits and high rock slopes there is 

a trade-off between considering: a) smaller windows at higher resolution, which allow 

low persistence, closely spaced joints to be mapped (i.e., a lower truncation bias); and, 

b) large pit scale/ multi-bench scale windows, which allow more representative mapping 

of high persistence structures (which may be truncated in smaller windows), but which 

also tend to have a lower resolution and therefore may not detect low persistence joints. 

Furthermore, determining the intensity of fractures per meter using remote sensing 



 

125 

techniques allows the potential use of these parameters for better interpretation of, or 

input into groundwater, geomechanical and DFN models. Using the approach suggested 

in this chapter the measurement scale effect is clearly visible. Larger window sizes at the 

slope scale provide a better way to determine the main structures. However, in many 

cases greater scale means that detail may be missed. Thus, the sampling domain 

should be carefully selected based on significant structural features that may control the 

rock mass behavior. Particular attention must be paid when mapping shear zones, joints 

and fractures in highly fractured rocks since they are the main conduits for fluid flow and 

thus control the quantity and direction of flow to the pit walls.  

LiDAR proved to be able to indicate the presence of seepage areas, where 

changes in pixel intensity aided by visual inspection allow comparisons. Infrared 

thermography results aided also by visual inspection allow the characterization of areas 

where seepage of water is likely to be present.   

The techniques proposed in this research are still under development, and it is 

advisable that if used, any type of remote sensing technique should be compared and 

constrained by field and borehole data to ensure the accuracy of the measurements 

undertaken. For this research, data were successfully compared and shown to be in 

reasonable agreement with data collected in fieldwork campaigns and through borehole 

data. 
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Chapter 5. Simulating the Interaction between 
Groundwater and Brittle Failure in Open Pit Slopes 

Diavik Diamond Mines Inc. (Diavik) is approximately 300 km northeast of 

Yellowknife in the Northwest Territories, Canada. Analyses of slope stability related to 

Diavik have been discussed by Moffit et al. (2007) and Karami et al. (2007). The overall 

mechanism for slope stability at Diavik consists of biplanar wedge failure (Valerio et al., 

2013). Finite Element / Discrete Element Analysis has been undertaken on the A154 Pit 

at the Diavik mine to create DFN models validated against field data, providing trace 

maps showing the potential failure through breaking of rock bridges (Elmo et al., 2011). 

This chapter presents the result of a study on the influence of varying percentages of 

rock bridges along a basal surface defining a biplanar failure mode for a semi-hydro-

mechanical coupled analysis and using the state-of-the-art code Slope Model (Itasca, 

2014), capable of modeling brittle fracture. 

 

5.1. Geological setting 

The Diavik mine site is located in the Canadian Shield within the region of 

continuous permafrost; however, mining operations are taking place in unfrozen ground 

(talik) within the confines of a diked portion of what was formerly Lac de Gras (lake) 

bottom. The kimberlite pipes are hosted within a strong (>100MPa) moderately fractured 

rock mass comprised of granite with smaller portions of pegmatite and metasedimentary 

rafts in the granite intrusives. The present study is based on a northwest-southeast 

striking cross section of the Diavik A418 Pit, known as the A130 Section (Figure 5-1). 

This section is located on the southeast wall of the A418, which represents the most 

critical wall of the pit. 
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Figure 5-1. Diavik A418 Pit. Fuchsia coloured box encloses the location of the A130 
Section. Red boundary represents an enhanced permeability zone (EPZ) on the 
Southeast wall at DDM, section 160 azimuth (Golder Associates, 2012a). 

5.2. Background 

Previous limit equilibrium stability analysis on the A130 section has been 

undertaken using SLIDETM(Rocscience, 2014) considering a 10% rock bridge 

percentage, where for the final pit depth, the following conclusions were made (Clayton, 

2012): The factor of safety for the kimberlite floor at 9170m was 1.5, whilst when 

considering the impounding dike, the obtained factor of safety obtained was greater than 

2. Groundwater pressures were considered based on the hydrogeological model and 

correspond to measurements from several piezometers installed in the southeast wall of 

the A418 Pit (Golder Associates, 2010a). 
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Previous three dimensional limit equilibrium analyses using CLARA-W (Hungr, 

2010) on the A418 Pit at DDM, considered the extra strength provided by rock bridges 

and up-scaled the rock mass properties, and distributed the additional strength along the 

entire joint surface (Castro et al., 2013). That 3D study considered the steeper back 

plane to be continuous based on geotechnical mapping; this surface was considered not 

to possess any rock bridges since failure along this surface will be primarily in tension. 

The basal surface, in contrast, is considered to be semi-continuous to discontinuous. 

The first model considered the inclusion of groundwater by assigning a water table to the 

pit profile referred to as the base case model. The model showed the slope stability to be 

controlled by the presence of groundwater. Under the assumed groundwater conditions, 

the factor of safety was calculated as less than 1, where the overall acceptable minimum 

factor of safety for the pit is 1.3. As a precautionary measure, Clayton (2012) 

recommended that depressurization should be considered to ensure the design criteria.  

Rock bridge assessments have been carried out by Golder Associates for the 

A154 Pit on Diavik Diamond Mines (DDM), with the aim of providing a better 

understanding of the role being played by the contribution of rock bridges to sliding 

surface strength parameters (Elmo et al., 2011). Previous Finite Element / Discrete 

Element Analysis using ELFEN has been undertaken on the Northwest wall of the A154 

Pit at DDM (Golder Associates, 2010c) to create DFN models validated against available 

field data. DFN models have provided 2D trace maps showing similarities with the 

biplanar failure assumptions undertaken previously through continuum and limit 

equilibrium analysis. These DFN trace maps were used to evaluate the potential for 

slope failure through breakage of intact rock bridges. Results of these analyses have 

been extrapolated to the A418 Pit. Two main DFN trace maps were selected for 

numerical analysis in ELFEN based on the assumptions of biplanar failure as an overall 

mechanism affecting the pit (Figure 5-2)(Elmo et al., 2011). The red lines indicate the 

natural fractures that might have a significant role in the stability of the slope based on 

the potential for developing a full-height slope failure. The dashed line represents the 

assumed biplanar failure required for a failure to involve the full slope height. 
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Figure 5-2. DFN based trace maps used in the ELFEN analysis of the A130 Section. 
Figures a) and b) show the natural fractures that may have a significant impact on the 
stability of the slope. Figures c) and d) show the amount of rock-bridge that would have 
to be broken for the assumed biplanar failure to develop (Golder Associates, 2011a). 

The generated DFN realisations show a relatively large area of almost 

intact/massive rock mass conditions occurring at the toe of the pit wall along the 341° 

section azimuth of the A154 Pit. 

Geotechnical mapping and site visits have provided some qualitative assessment 

regarding the rock bridge characteristics, continuity and persistence of joints, dikes and 

faults in the A418 Pit as shown in work undertaken by Clayton (2012), Golder Associates 

(2010a), and Tuckey (2012), and previous remote sensing work undertaken on the 

southeast wall for this research (Chapter 4). A qualitative evaluation of the rock bridges 
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present in the pit was used to trace sub-horizontal joint surfaces and the intervening 

intervals of intact rock, providing some degree of validation for the selection of rock 

bridge percentages used for scaling of joint strength parameters. This evaluation 

suggests that the rock bridge percentages representing the 10th percentile (equivalent to 

5% to 10% rock bridge) or 20th percentile (equivalent to 15% to 20% rock bridge) from 

the DFN model are appropriate for strength scaling of the joints (Clayton, 2012). 

5.3. The Lattice-Spring code Slope Model 

Slope Model (3D) is a code based on a lattice representation of brittle fracture, 

and with joint slip; the modified version of the Smooth Joint Model (SJM) is adopted (in 

this research (Damjanac et al. 2013). Slope Model uses the Synthetic Rock Mass (SRM) 

method to allow explicit simulation of intact rock bridge failure due to brittle fracture. 

Intact rock bridges may be modelled using either of two methods (Havaej et al., 2013, 

2012): a) random patches of intact rock that may be simulated along a discontinuity 

surface, according to a persistence factor which describes the areal continuity of the 

plane; and b) non-coplanar intact rock bridges may be included explicitly as “the space 

in-between” pre-existing discontinuities, by importing a discrete fracture network where 

the size, location and orientation of each discontinuity are explicitly defined. For this 

research non-coplanar intact rock bridges were included explicitly. 

5.3.1. Modelling approach 

In this research, I investigated a biplanar rock slope failure mode for the Section 

130 azimuth of the Diavik A418 Pit. The influence of varying percentage of rock bridges 

along the basal surface defining the biplanar failure mode was studied, whereby intact 

rock material, representing rock bridges was changed, in both size and location. Models 

considered the incorporation of explicit discrete fractures whose size, location and 

orientation were pre-determined based on Elmo et al. (2011) and incorporated into the 

Slope Model code using the DFN capability. 
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As discussed previously, DFN realizations modeled by Golder Associates 

(2010c) on the Northwest wall of the A154 Pit, showed a relatively large area of almost 

intact rock mass conditions towards the toe of the pit wall (Figure 5-2), attributed to:  

1. Absence of data coming from boreholes in the lower portion of the 

Northwest wall. 

2. A simulation artefact related to the specific section plane used in the 

analysis and the associated filtering process used to account for 3D to 2D 

applications. 

In order to build on the two previous observations, I incorporated a basal plane of 

variable length and dipping at 15 degrees at the toe of the pit slope. Previous analyses 

have considered a biplanar failure mode consisting of a steep joint set forming the back 

release surface; and a shallow, 15 degrees, joint set forming the base release surface. 

The percentages of rock bridges considered in this research were 5, 10 and 15% of 

intact rock material, similar to previous assumptions used in previous DFN realizations. 

The locations of the fractures introduced into the model are presented in Figure 5-3. 

Groundwater and its interaction with the rock bridges failure is also modelled and 

analysed.  

 

Figure 5-3. Conceptual variation of the location of the modelled rock bridge 
percentages along the basal surface. a) at the daylighting end of the basal surface, b) 
middle of the basal surface, and c) at the inner end of the basal surface adjacent to the 
rear surface. Purple zone shows assumed blast damage extent. 
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The models presented are for a semi-hydro-mechanical coupled analysis, with 

the simulation approach used in the lattice spring code, undertaken in the following 

manner: 

a) The first cycle involves initial flow calculations, allowing the initial pore 

pressure field determination. 

b) Once a hydrostatic state is achieved, the second cycle corresponds to 

simulation of the mechanical model only, the rock bridges in between the 

surfaces are broken through as a result of the induced stress. 

c) Finally a third hydro-mechanical cycle is performed, where the newly 

formed flow pipe network is accounted for, and therefore, a new pore 

water pressure distribution is calculated. 

The methodology and effects analyzed through this chapter are summarised in 

Figure 5-4. 

 

Figure 5-4. Methodology and graphs showing the result of using different steps to 
analyze rock bridge failure in Slope Model and typical results. Black dots represent 
history points. 
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5.3.2. Slope Model input parameters 

The geometry of the model used in this research was provided by Golder 

Associates and modified after personal communication with D’Ambra and Elmo (2013). 

A DXF file was prepared with the geometry of Section 130, and adjusted slightly to 

conform to the format required by the Slope Model code (Itasca, 2014). A non-manifold 

triangular surface representing the outer skin and internal surfaces of the model can be 

imported into the Slope Model code; where, internal boundaries are considered to be 

boundaries between materials, faults, etc. This model corresponds to a two-dimensional 

model extruded 40m out of plane. Outer surfaces correspond to the mechanical 

boundary conditions imposed as initial conditions for the model. The sides of the model 

are fixed such that horizontal displacements are constrained to zero; in the same way 

the bottom of the model is fixed to ensure that no vertical displacements occur. The 

slope surface is free to move. The model geometry is shown in Figure 5-5. 

 

Figure 5-5. Geometry used to simulate the A130 Section of the A418 Pit, Diavik. 
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5.3.3. Rock mass properties 

The rock mass properties used are based on the rock mass strength parameters 

presented previously in limit equilibrium and FEM/DEM analysis (Clayton, 2012; Golder 

Associates, 2010c) and are listed in  

 

Table 5-1. 

 

 

Table 5-1. Rock mass properties used in the Slope Model code. 

Property (Granite) Value 

GSI  75  

Blast damage,D  0  

Density (Kg/m3)  2650  

Young’s modulus (GPa)  46  

Poisson ratio  0.25  

UCS (MPa)  133  

Tensile strength (MPa)  3.8  

Friction angle (°)  57  

Cohesion (MPa)  6  

Porosity (%) 2  

Permeability (m2) 5.7e-9 (Zhang, 2013)  

 

Given the effect of mining activities on the surface of the slopes forming the pit, 

the model presented includes an assumed blast damaged zone. According to the 

guidelines provided by Hoek (2012), a blast damage factor or D factor, should be 

considered when calculating the properties for the blast damaged zone. This parameter 

downgrades the rock mass strength, to allow for damage caused by blasting and slope 

dilation during mining activities. Given that Diavik utilizes controlled blasting, the damage 

to the wall is minimized, and therefore a factor D = 0.7 was used to account for the 

blasting effects caused on the pit walls. Additionally, the thickness of the blast damaged 

zone according to Hoek (2012) should be taken into consideration. For this specific 



 

135 

case, corresponding to a controlled blasting design; the thickness of this zone 

corresponds to half the overall bench height. A blasting damaged zone of 15m was 

therefore assumed parallel to the slope surface, corresponding to a T            ; 

where T is the thickness of damaged zone and H corresponds to the overall bench 

height, which in the case of Diavik is 30m. Properties for models assuming a D = 0.7 for 

the blasting damaged zone, are as stated in Table 5-2. 

Table 5-2. Properties used for the blast damaged zone. 

Property  Value 

GSI  75 

Blast damage,D  0.7 

Density (Kg/m3)  2650  

Young’s modulus (GPa)  23 

Poisson ratio  0.25 

UCS (MPa)  133 

Tensile strength (MPa)  3.4 

Friction angle (°)  54 

Cohesion (MPa)  5 

Porosity (%)  2 

Permeability (m2) 5.7e-4 (Zhang, 2013) 

5.3.4. Discontinuity input parameters 

Discontinuities in the model were inserted by defining a continuous surface for 

the rear plane with a dip angle of 57°, with the mechanical properties shown in Table 

5-3. A basal surface with a dip angle of 15°, along which the rock bridges were 

considered, was also defined using the properties in Table 5-3. The orientations of these 

two discontinuities are based on stereographic analysis of borehole data as shown in 

Figure 5-6. These structures were used as the main planes for an overall biplanar failure 

mode in Section 130 azimuth, and have also been linked to water bearing features in 

photogrammetry studies undertaken on the Southeast wall of the pit (Chapter 4). 

 

Table 5-3. Basal and rear surface properties used in Slope Model. 

Property Basal Surface Rear Surface 

Tensile strength (MPa)  0 0 
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Friction angle  42 25 

Cohesion (kPa)  25 0 

Kn (GPa/m)  8 4 

Ks (GPa/m)  0.8 0.4 

 

 

Figure 5-6. Failure surface used for the stability analysis in the lattice spring scheme. 
Slope Model was based on structural data in the southeast wall. 

5.3.5. Preliminary results of Slope Model A130 Pit slope simulation 

The base case model considered the simulation of fully persistent structures 

defining the rear and basal surfaces of the assumed biplanar failure mode. Since no pre-

existing discontinuities are incorporated within the sliding volume, rock mass dilation 

must occur entirely through brittle failure of lattice springs. The results regarding 

breakage of lattice springs, obtained for this base case model, are shown in Figure 5-7. 

A comparison of the number of fractures developed for the base case, in which a dry 

slope was assumed (Figure 5-7, a), suggests the creation of 120 cracks in the model, 

mostly located towards the toe of the cross-section considered. Once groundwater is 

considered in the model (Figure 5-7, b), a slightly greater concentration of cracks is 

observed in the higher benches of the pit, within the blast damaged zone. 
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Figure 5-7. Biplanar geometry and formation of cracks (represented by blue discs in the 
models), assuming continuous surfaces for the rear and basal surface a) under dry 
conditions. b) cracks developed for a model considering saturated conditions assuming 
a water table matching the slope profile. Coloured circles represent different location of 
history points, 1 and 2 along the basal surface, and 3 and 4 along the rear surfaces. 

The following graph shows the initial pore pressures for the different locations 

along the planes defining the rear and basal surfaces of the biplanar geometry. 

 

Figure 5-8. Initial pore pressures assumed for a model considering continuous basal 
and rear surfaces. Location of history points is shown in Figure 5-7. 
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Once water pressures have been initialized in the model and after the 

mechanical simulation is initiated, the horizontal displacements registered in the model 

are shown in Figure 5-9, indicating changes in displacements until equilibrium is 

reached; i.e., no further displacements are observed. 

 

Figure 5-9. Horizontal displacements for the history points located along the basal and 
rear surfaces (see Figure 5-7). 

Following the mechanical stage of the model, new displacements and cracking 

result in updating of the flow pipe network and hence, new pore water pressures are 

calculated at the points located along the basal and rear surfaces of the model (Figure 

5-10). New fractures are created after 3 mechanical seconds of simulation and the pore 

pressures change for the points located on the rear (2 and 3) and on the basal surface 

(4), with the exception of point 1 which remains zero throughout the simulation time, as it 

is coincident with the location of the water table at the surface.  
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Figure 5-10. Pore fluid pressures generated after new cracks are developed in the 
model. 

Results for inclusion of a rock bridge percentage representing 5% of intact rock 

material along the basal surface plane shows that the models develop a larger number 

of fractures along the rear surface under dry conditions (Figure 5-11). The fracture 

process tends to fracture part of the material representing the rear surface of the bi-

planar failure; possibly due to the low strength parameters representing this surface and 

the lack of pre-existing fractures in the sliding mass formed by the rear and basal 

surfaces, which increases the confinement effect in the sliding mass. Although, fewer 

new cracks are observed when groundwater conditions are considered in the model, the 

development of brittle fracturing is mainly confined to the areas along the basal surface 

where rock bridges were input. When the rock bridge is located at the daylighting end of 

the basal surface in proximity to the blast damaged zone, the model results show that 

many more micro-cracks are developed particularly when considering groundwater 

conditions (Figure 5-11, c). This behaviour may be linked to the blast damaged zone and 

that cracking increases the permeability and brittle behaviour of the rock mass. The 

highest number of cracks occurs when the rock bridge is assumed to be located close to 

the rear surface (928 micro-cracks).  
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Figure 5-11. Simulated intact rock bridge failure for 5% rock bridges at varying locations 
a) and d) at inner end of the basal surface, b) and e) at the middle of the basal surface; 
and c) and f) at the daylighting end of the basal surface for dry conditions (top) and for 
groundwater (below). nc=number of cracks formed. 

Histograms showing the number of cracks created for all locations assuming 5% 

rock bridges under dry and wet conditions are presented in Figure 5-12. A greater 

number of fractures are created under dry conditions, when the rock bridge is located at 

the inner and middle part of the basal surface; whereas, more fractures are created 

under wet conditions when the rock bridge is located at the daylighting end of the basal 

surface. Although, the number of fractures is greater under dry conditions, there are a 

large  number of fractures developed along the basal surface for the dry scenario, which 

are not related to the area where rock bridge failure is expected to occur. For the wet 

case scenario fractures only occur in the areas where the rock bridge percentage has 

been input.  
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Figure 5-12. Number of cracks created assuming dry and wet conditions for a 5% rock 
bridge located at different locations. 

Rock bridge failure along the basal surface generates changes in the distribution 

of pore water pressures. Figure 5-13 shows the distribution of pore pressures before and 

after breakage of intact rock material is achieved. Models considering 5% rock bridges at 

different locations along the basal surface show a constant value of pore pressure once 

the intact rock material is broken through, and induced pore pressures are dissipated. 

Disregarding the position of the rock bridge along the basal surface, whenever a 5% 

rock bridge is considered, the intact rock material is totally broken due to the influence of 

pore water pressures and, therefore, new pore pressures are similar in magnitude and 

distribution to the base case model, which considers a continuous basal surface. 

Horizontal displacements, in contrast, only take place during the first 3 seconds of 

mechanical calculation and, therefore, no further displacements or development of new 

micro-fractures are observed (Figure 5-13, horizontal displacements plot). Magnitudes of 

horizontal displacement for models considering a 5% rock bridge at different locations 

show a maximum displacement value of ~12mm for the locations considered for the 

history points, located at the inner tip of the rear surface. Further development of pore 

pressures after mechanical simulation is presented in Figure 5-13, following the first 3 

sec of mechanical calculation. 



 

142 

 

Figure 5-13. Fracture pattern and pore pressure distribution before and after breakage of 
rock bridges induced by groundwater pressures. Considered a 5% rock bridge located 
along the basal plane close to the rear surface. a) Initial pore pressures b) pore pressure 
distribution after rock bridge failure. Plots of pore pressure and horizontal displacement 
for history points are presented on the right. 

Examining the different pore water pressure plots for the varying rock bridge 

locations, the most marked effect on pore water pressure takes place for the model 

where the rock bridge is located at the middle of the basal surface. Once new fractures 

are registered in the model and a new fluid calculation is performed, there is a sudden 

elevation of pore pressure (∆p= 500KPa), followed by a drop in pressure (∆p= 30KPa), 

until pore pressures return to equilibrium for a permanent pore pressure change of 
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approximately 450KPa (Point 4, Figure 5-14). The results then indicate that behaviour 

becomes equivalent to the base case model  which considers a continuous surface. 

 

Figure 5-14. Fracture pattern and pore pressure distribution before and after breakage of 
rock bridges induced by groundwater pressures. Considered a 5% rock bridge located at 
the middle of the basal plane. a) Initial pore pressures b) Final pore pressure state once 
new fractures have been created. Plots of pore pressure and horizontal displacement for 
history points are presented on the right. 

New fractures formed at the daylighting end of the basal surface are observed in 

Figure 5-15, where the pore water pressures seem to increase and then suddenly start 

to drop, linked to the location of this fracture and possibly related to development of 

seepage forces. 



 

144 

 

 

Figure 5-15. Fracture pattern and pore pressure distribution before and after breakage of 
rock bridges induced by groundwater pressures. Considered a 5% rock bridge located at 
the daylighting end of the basal plane. a) Initial pore pressures b) Final pore pressure 
distributions once new fractures have been created. Plots of pore pressure and 
horizontal displacement for history points are presented on the right. 

When the rock bridge percentage is increased to 10%, results show that the 

number of fractures formed is greater for the models where groundwater conditions are 

considered (Figure 5-16), with the exception of when the location of rock bridges is close 

to the rear surface as shown in the histogram in Figure 5-17. The results of this research 

show that although rock bridges are broken through, in contrast to when considering a 

5% rock bridge, there is no full connection of the basal plane for any of the assumed 

locations.  



 

145 

 

Figure 5-16. Simulated intact rock bridge failure for 10% rock bridges at varying 
locations a) and d) at inner end of the basal surface. b) and e) at the middle of the basal 
surface; and c) and f) at the daylighting end of the basal surface under dry conditions 
(top) and by considering groundwater conditions (below). nc=number of cracks formed. 

 

Figure 5-17. Number of cracks created assuming dry and wet conditions for a 10% rock 
bridge at different locations. 
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Simulated results show the creation of wing cracks at the inner tips of the pre-

defined discontinuities defining the basal surface, followed by the formation of primary 

and secondary cracks occurring within the rock bridges. This is especially true for the 

case where the rock bridge is assumed to be located close to the rear plane ( 

Figure 5-18). Simulated pore water pressures in this model, and the previous one 

considering 5% rock bridges at the same location, indicate that when the rock bridge is 

assumed to be at the inner tip of the basal plane in proximity to the rear surface, pore 

pressures will eventually increase and stabilize at similar values. However, for the new 

fractures created within the intact rock material, the pore pressures do not appear to 

increase at the same rate with new fracture formation.  This indicates a lack of full 

connectivity for the basal surface in the 10% rock bridge case. Displacements for this 

location are smaller than for the 5% rock bridge case, approaching approximately 10mm. 
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Figure 5-18. Fracture pattern and pore pressure distribution before and after breakage of 
rock bridges induced by groundwater pressures. Considered a 10% rock bridge located 
close to the rear plane a) Initial fluid pressure conditions b) Final pressure conditions 
after new fractures have been created. Plots of pore pressure and horizontal 
displacement for history points are presented on the right. 

For the case where 10% rock bridges are located at the middle of the basal 

surface, the results show that although pore water pressures result in intact rock 

breakage, the cracks cannot fully interconnect along the basal surface and as a result 

different pore pressures values are found at the two inner tips of the plane. Pore 

pressures in the model at the history point located within the rock bridge, suggests a 

sudden increase in pore pressures immediately after the creation of new fractures (after 

3 seconds of mechanical calculation). This result is linked to those fractures that are fully 

connected to the discontinuity closer to the rear surface; whereas on the side of the 

plane closest to the slope surface a drop in pressure is observed (Figure 5-19, b).  
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Figure 5-19. Fracture pattern and pore pressure distribution before and after breakage of 
rock bridges induced by groundwater pressures. Considered a 10% rock bridge located 
at the middle of the basal plane a) Initial fluid pressure conditions b) Final pressure 
conditions after new fractures have been created. Note lack of connectivity between 
cracks. Plots of pore pressure and horizontal displacement for history points are 
presented on the right. 

Results for a 10% rock bridge located at the outer tip of the basal surface, within 

the blast damaged zone, indicate that breakage of rock bridges takes place, creating an 

almost continuous surface, and pore water pressures are elevated at the location where 

brittle failure of rock bridges occurs; this is captured by simulated history point number 4 

(Figure 5-20). The simulated pore pressures decrease towards the toe of the slope 

surface, where due to seepage of groundwater, the pore pressures are reduced to zero. 

Horizontal displacements for all history points show that the maximum displacement for 

the 10% rock bridge case is located at the tip of the rear surface near the basal surface, 

with values approaching 12mm (when the rock bridge is located at the outer tip of the 

basal plane). 
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Figure 5-20. Fracture pattern and pore pressure distribution before and after breakage of 
rock bridges induced by groundwater pressures. Considered a 10% rock bridge located 
at the daylighting end of the basal plane a) Initial fluid pressure conditions b) Final 
pressure conditions after new fractures have been created. Note fully connected cracks 
in blast damage zone. Plots of pore pressure and horizontal displacement for history 
points are presented on the right. 

 

For models with 15% rock bridge material located along the basal surface, similar 

results are obtained to the 10% rock bridge case. Models display a greater number of 

fractures when considering groundwater than under dry conditions. The exception is 

when the rock bridge is located closer to the rear surface (Figure 5-21, a and d), where 

the opposite behavior is observed as shown in the histogram in Figure 5-22. Similar to 

when considering 5 and 10% rock bridges, dry models exhibit some random brittle 

behaviour along the rear surface, which is no longer observed once groundwater 

conditions are incorporated in the model. This may reflect the importance of reduction in 

effective shear strength along the rear plane. Similar to models considering 10% rock 

bridges, full breakage of rock bridges and connection of cracks does not occur. 
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Figure 5-21. Simulated failure for 15% rock bridges at varying locations a) and d) at 
inner end of the basal surface. b) and e) at the middle of the basal surface; and c) and f) 
at the daylighting end of the basal surface under dry conditions (top) and by considering 
groundwater (below). nc=number of cracks formed. 
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Figure 5-22. Number of cracks created assuming dry and wet conditions for a 15% rock 
bridge at different locations. 

For a 15% rock bridge located close to the rear plane, takes place primary 

through the formation of wing cracks at the inner tip of the discontinuities forming the 

basal surface and rear surfaces. Marked changes in pore water pressure are observed 

at the two tips of the discontinuities, with higher pore pressures simulated at the lower tip 

of the rear surface, reaching values close to 900 KPa (Figure 5-23), whereas at the inner 

tip of the basal plane values of about 340 KPa are simulated. Secondary cracks are 

seen to develop enclosing the area where the rock bridge was placed.  
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Figure 5-23. Fracture pattern and pore pressure distribution before and after breakage of 
rock bridges induced by groundwater pressures. Considered a 15% rock bridge located 
at the inner end of the basal surface. a) Initial fluid pressure conditions b) Final pressure 
conditions after new fractures have been created. Note lack of cracks connectivity. Plots 
of pore pressure and horizontal displacement for history points are presented on the 
right. 

When a 15% rock bridge is located at the middle point, pore pressures cause 

local tensile stresses at the crack tips. In order for the fracture to grow, these they curve 

and develop into wing cracks, with marked differences in pore pressures at the tips of 

the discontinuities representing the basal surface. Higher pressures are simulated closer 

to the rear surface (~620 KPa), whereas for the daylighting end of the basal surface, 

pressures of ~7 KPa are simulated. History point number 4, located at the tip of the 

basal surface close to the rear plane captures the changes in pore pressures related to 
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the secondary cracks formed by breakage of rock bridges closer to the rear plane 

(Figure 5-24). 

 

Figure 5-24. Fracture pattern and pore pressure distribution before and after breakage of 
rock bridges induced by groundwater pressures. Considered a 15% rock bridge located 
at the middle of the basal surface. a) Initial fluid pressure conditions b) Final pressure 
conditions after new fractures have been created. Note clear lack of connectivity. Plots 
of pore pressure and horizontal displacement for history points are presented on the 
right. 

Results for a 15% rock bridge located at the end of the basal surface near the 

slope toe indicate that although there is intact rock breakage, the pore pressures 

generate by assuming a water table that matches the slope profile are insufficient to 

entirely break through the rock bridge. Therefore, a wing crack develops at the tip of the 

discontinuity defining the basal surface. Pore pressures as shown in Figure 5-25 are 

smaller at this slope location and decrease progressively to zero at the slope surface. 

Horizontal displacements within the rock bridges seem to be greater when the rock 

bridge is located closer to the rear surface, reaching values of almost 12mm. For 
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horizontal displacements, in general, the inclusion of a rock bridge at the tip of the basal 

surface in the blast damage zone seems to increase displacements at the lower point, 

history point number 3 (Figure 5-25) of the rear surface. Displacement of this point for all 

cases seem to vary independently of the location of the rock bridge, showing the 

greatest displacement when the rock bridge is located at the outer tip of the basal 

surface. 

 

Figure 5-25. Fracture pattern and pore pressure distribution before and after breakage of 
rock bridges induced by groundwater pressures. Considered a 15% rock bridge located 
at the daylighting end of the basal surface a) Initial fluid pressure conditions b) Final 
pressure conditions after new fractures have been created. Note connectivity of new 
cracks in blast damage zone. Plots of pore pressure and horizontal displacement for 
history points are presented on the right. 
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5.4. UDEC-Voronoi approach 

A UDEC-Voronoi approach was undertaken for the same section of the Pit (A130 

azimuth). Voronoi polygons were used for the area representing the blast damage zone, 

and also for the rock volume enclosed by the rear and basal surfaces. The internal 

Voronoi block zones are modelled as ideal linear elastic material, representing intact 

rock conditions, with Young’s Modulus of E=46GPa, and Poisson ratio of   = 0.25 and a 

rock unit weight of 26.5 KN/m3. The properties used for the Voronoi contacts in the 

internal rock volume where the biplanar failure mode is recreated and in the blast 

damage zone are listed in Table 5-4. A Voronoi edge length size of 6m and 2m for the 

contacts was used for the biplanar wedge and blast damage zone, respectively. The 

model hydraulic apertures, which correspond to an equivalent permeability of the rock 

mass of 5.7e-9 m/s, were equivalent to a maximum aperture (amax) of 0,2mm, and a 

residual aperture (ares) of 0.3 mm.  

Table 5-4. Properties used for Voronoi contacts representing rock mass and blast 
damage zone. 

Properties Rock Mass Blasting Damage 
Zone 

Contact friction angle φ (°) 34° 30° 

Contact cohesion, c, MPa 6 5 

Contact tensile strength    (MPa) 3.8 1.68 

Contact normal stiffness,     (GPa/m) 6 5 

Contact shear stiffness     (GPa/m) 2.02 1.5 

 

The rear and basal surfaces of the model were simulated according to the 

properties shown in Table 5-5. 

Table 5-5. Properties for the basal and rear surface in the UDEC-Voronoi. 

Parameters  Rear Sliding Surface  Basal Sliding Surface 

Friction angle φ (°)  25  42 

Cohesion, c (kPa)  0  25 

Tensile strength, σT (MPa)  0  0 

Normal stiffness, Kn (GPa/m)  4  8 

Shear stiffness, Ks (GPa/m)  0.4  0.8 
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Groundwater was considered in the model through the inclusion of a water table 

located at 415m above the slope toe. Additionally, the interaction of water over the blast 

damage zone or “overbreak” was also studied. This blast damage zone represents the 

layer where rock properties and hydrogeological conditions are altered as a result of the 

mechanical excavation processes. It is believed that the blast damage zone will 

experience a fluid-to-solid hydro-mechanical coupling process that results from pressure 

pulses being transmitted through the fracture network (Read and Beale, 2014). As a 

result, there is a tendency for groundwater to move preferentially through the more 

permeable near-face fracture network (overbreak zone). 

5.4.1. Preliminary results 

Models run using the UDEC-Voronoi approach were undertaken considering the 

most critical results from previous modeling carried out in the lattice spring code analysis 

with Slope Model Itasca, 2014; i.e.,) i.e. when the rock bridge was located along the 

inner tip of the basal surface in proximity to the rear surface. Variations in rock bridge 

percentage were considered from 5 to 15% intact rock material along the basal surface 

of the assumed biplanar failure mode. 

Results with reference to the modelled fracture state under dry conditions and for 

a water table at 415m suggest a similar behavior for the three different rock bridge 

percentages at the inner tip of the basal surface, Figure 5-26. Significantly more tension 

cracks and increased deformation are developed when models consider groundwater 

conditions, in comparison with models run under dry conditions. 
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Figure 5-26. Simulated fracture models a) for a 5% rock bridge b) 10% rock bridge and 
c) 15% rock bridge at the inner tip of the basal surface. Green fractures represent 
contacts failing in shear and red fractures represent contacts failing in tension. 

In order to compare the results using different percentages of intact rock bridges 

along the basal plane adjacent to the rear surface, a Shear Strength Reduction (SSR) 

calculation was performed. Results of these analyses show an increasing factor of safety 

for the models with an increase in the percentage of intact rock bridge, Figure 5-27. The 

displacements for the different models and factor of safety are in reasonable agreement 
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with previous analyses undertaken using different ELFEN realizations on the 341 

Section Azimuth at the A154 Pit at DDM (Elmo, 2010).  

 

Figure 5-27. Factor of safety calculation using the Shear Strength Reduction (SSR) 
method in UDEC for a) 5% rock bridge b) 10% rock bridge c)15% rock bridge located at 
the tip of the basal surface in proximity to the rear surface. 

The effect of pore water pressure in the overbreak zone is illustrated in 

conjunction with the pore water pressure distribution in the Slope Model (Figure 5-28). It 

can be seen how the water flow takes place within the blasting damage area, allowing 

the water to flow onto the benches and move downwards through the overbreak zone. 

As expected, this zone constitutes a zone of enhanced permeability as a result of the 

interconnection of fractures during blasting, and provides a discharge point for improved 

drainage of the toe area. 
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Figure 5-28. Pore water pressure distribution for a water table located at 450 m above 
the slope toe. 

5.5. Summary and discussion of results  

The results presented in this chapter demonstrate the effect of considering 

different percentages and locations of intact rock bridges along the basal surface 

comprising a biplanar failure mode. The effect of groundwater is shown through the 

count of microcracks derived from the Slope Model code. Different failure paths and 

changes in pore water pressures due to the rock bridge failure are observed and 

analyzed. According to the results of this research, the most critical case corresponds to 

a 5% rock bridge. Regardless of the location of an assumed 5% rock bridge, pore water 

pressures seem to be high enough to allow fractures to develop through the rock bridge 

creating a fully interconnected basal surface. When the percentage of rock bridges is 

increased to 10 or 15%, the failure pattern experienced by the rock involved in the rock 

bridge area changes, and fractures tends to fail in tension to form wing and secondary 

cracks towards the tips of the discontinuities involved. The highest number of micro-

cracks-develop when the rock bridge is located at the inner tip of the basal surface under 
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dry conditions. For this condition, micro-cracks are formed along the rear plane, which 

slides and generates a different failure pattern, compared to models with groundwater. 

Although, more fractures are created under dry conditions for this rock bridge location, 

once groundwater is input in the model, the number of micro-cracks is closely linked and 

due to the breakage of rock bridges. For all other locations, a greater number of 

fractures are formed when the rock bridge breakage occurs as a consequence of the 

input of groundwater pressure. This is especially true for the case when the rock bridge 

is located at the outer tip of the basal surface in the proximity to the blast damage zone. 

The UDEC-Voronoi model used here shows the ability of the code to provide 

results regarding the role of the percentage of rock bridges. As the percentage of rock 

bridge increases, the SSR used by UDEC tends to increase due to the increase in 

strength provided by the rock involved in the rock bridges. The UDEC-Voronoi used in 

the blast damage zone show a tensile dominant failure, as suggested in the literature for 

this overbreak area (Read and Beale, 2014), especially when pore water pressures are 

incorporated in the model. Results suggest that due to the increased permeability 

simulated in the overbreak zone, Voronoi-blocks tend to move and some bench 

instability takes place, mainly in the lower slope benches, where seepage forces are 

expected to be highest.  
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Chapter 6. Modelling Biplanar Failure using 
Continuum, Discontinuum and Lattice-spring 
Approaches 

This chapter has as a principal focus the assessment of biplanar failure and the 

role of pore water pressures in both overall slope failure and local bench scale 

instabilities. Biplanar failure is an important rock slope failure mechanism in large open 

pit mines and has been the focus of considerable research. However, limited research to 

date has been undertaken to show the development of brittle fractures induced by pore 

pressures and resultant biplanar slope failure. The development of brittle fractures and 

the interaction with pore water pressure in a biplanar slope failure is investigated using a 

continuum code (Phase 2), a discontinuum code (UDEC) and a lattice spring code 

(Slope Model). The methodology applied in this chapter is summarized in Figure 6-1. 

 

Figure 6-1. Methodology and main conditions assumed for modelling biplanar failure 
mechanism using Phase 2, UDEC and Slope Model. 
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6.1. Continuum modelling using the 2D finite element code, 
Phase 2 

The finite element code, Phase2 (Rocscience, 2013) was used to model a rock 

mass slope with upper and lower discontinuity surfaces forming a biplanar failure.  

The model used in this research assumed biplanar geometry, formed by a 

continuous rear surface and a basal surface, and is based on a section through a large 

slope at the Diavik open pit mine. The back or rear surface comprising a biplanar failure 

mode consists of a surface parallel to the slope face. The basal surface is assumed 

persistent and daylights in the slope face. The Shear Strength Reduction (SSR) method 

in Phase 2 is used to improve our understanding of the role of groundwater pressures in 

slope failure, as well as to investigate the major shear strength parameters influencing 

failure of the rock mass (i.e. cohesion and friction angle).  

6.1.1. Model setup 

The model comprises an open pit slope, 435 m in height. Excavation is simulated 

using nine major excavation stages, with bench heights of approximately 30 m, and 

following mining techniques implemented in open pit mines (Read and Stacey, 2009). 

The general geometry consists of a conceptual pit slope based on real pit properties and 

geometry. The effect of including pore water pressures is investigated using the 

piezometric head contours shown in Figure 6-2. An assumed biplanar overall slope-

scale failure includes a rear surface dipping parallel to the slope at 75° and a basal 

surface dipping out of the slope at an angle of 15°. In order to track changes in 

displacements and pore water pressures, history points are located within and at the 

surface of the slope rock mass and along the planes forming the main failure surfaces. 

Different regions are delimited within the biplanar rock mass geometry in order to 

investigate spatial slope damage induced by gravitational and pore water pressures in 

addition to the resultant pore water pressure distribution. 

The mechanical boundary conditions applied to the model include fixed 

horizontal displacements on the sides and fixed vertical displacements on the model 
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base. The slope face is considered to be a free surface for which movement is allowed 

to occur.  

6.2. Rock mass properties and discontinuities in Phase 2 

The rock mass properties used in the continuum code (Phase2) are presented in 

Table 6-1, and the properties of the rear and basal surfaces are presented in Table 6-2. 

These properties are based on reports and previous analyses undertaken at Diavik 

Diamond Mines. 

Table 6-1. Rock mass properties used for the continuum modelling in Phase 2. 

Rock Type E (GPa)    c (MPa) φ (°)    (MPa) 

Granite 12 0.25 2.3 60 0.2 

Table 6-2. Assumed biplanar discontinuity properties.  

Joint Set C (MPa) Φ (°) Kn (GPa/m) Ks (GPa/m) 

Rear surface 0.025 35 10 1 

Basal surface 0.480 42 10 1 

 

The planes defining the slope failure mechanism in the continuum code, Phase 2 

are incorporated as joints whose tips can be specified as either open or closed. Closed 

discontinuity tips are represented by a single node, and are unable to accommodate any 

displacements, whereas open tips are represented by two element nodes, which allows 

small-strain displacement to occur (Rocscience Inc., 2014). For this investigation, all 

discontinuities were specified as open-ended to allow displacement to occur.  

6.2.1. Hydrogeological assumptions 

The slope geometry along with the hydraulic conditions considered for this model 

are based on interpreted head contours (Figure 6-2). A piezometric surface was 
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assigned to the model matching the water heads recorded for the section of the pit, 

based on real data collected in September 2009 (Table 6-3) (Golder Associates, 2011c).  

Table 6-3. Piezometric heads used in models (data for September 2009) (Golder 
Associates, 2011c). 

Borehole Elevation (m) Sept. 2009 Head 

1 248.6m 9271 

2 218.6m 9261 

3 188.7m 9236 

4 158.7m 9218 

5 201.4m 9339 

6 104.5m 9267 

 

 

Figure 6-2. 307 Cross-sectionSection at the A154 Pit of Diavik Diamond Mine used to 
model a biplanar failure mode (Golder Associates, 2011c). The blue line represents the 
head contours. The blue lines represent the head contours. 
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6.2.1. State of stress 

The in-situ stress state considered for this model corresponds to a horizontal to 

vertical stress ratio of two (K=2). These conditions correspond to the in-situ stress 

conditions set according to previous numerical modelling undertaken at Diavik  (Golder 

Associates, 2011c), according to the tectonic and overburden conditions on site. 

6.2.2. Preliminary results and discussion 

A base case model was first run using the material properties provided in Tables 

6-11 and 6-22. The displacements in the Phase 2 continuum model under dry conditions 

suggest a uniform behaviour for the rock mass comprising the biplanar failure mode, 

with the smallest displacements located at the crest of the slope (~18 cm) and greatest 

displacements towards the toe of the slope (~ 40 cm).  

 

Figure 6-3. Total displacements for a biplanar dry model using the continuum code, 
Phase 2, no SSR, dry conditions. 

After running a shear strength reduction (SSR) function analysis in Phase2, the 

results indicate that displacements are up to 1.70cm near the toe and of ~80 cm towards 



 

166 

the crest of the slope for the model under dry conditions, showing a SRF value of 3.45; 

which implies that the slope is stable for the assumed conditions (Figure 6-4). 

 

Figure 6-4. Maximum total displacement field in simulated Phase 2. SSR analysis, dry 
conditions. 

To introduce groundwater pressures into the model, a steady state flow analysis 

was carried out by imposing a fixed water level; the pore water pressures obtained were 

used to calculate the effective stresses for the slope analysis in Phase 2. The model with 

the introduction of a piezometric surface shows a value of 2.15 for the SSR, the 

maximum total displacements are located towards the toe of the slope, reaching values 

of up to 2m (Figure 6-5). 
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Figure 6-5. Total displacement field in Phase2, SSR analysis, assuming a water table 
(blue line) as given in Table 6-3.  

The pore pressures distribution obtained after running a hydro-mechanical SSR 

analysis and using a water table approach using the head contours is presented (Figure 

6-6). 
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Figure 6-6. Pore water pressure distribution simulated in Phase 2. 

6.3. Discontinuum modelling using the distinct element 
code UDEC 

UDEC uses an explicit solution scheme and Newton’s second law to analyse 

forces and displacements for discrete blocks separated by discontinuities. The explicit 

solution scheme allows for the simulation of large displacements including full separation 

and rotation of blocks (Itasca, 2010), with automatic detection of new contacts as blocks 

are displaced (Gao, 2013; Tuckey, 2012).  

 Fluid flow through fractures 

UDEC has the capability to perform an analysis of fluid flow throughout the 

fracture network in a rock mass. A fully coupled mechanical-hydraulic analysis is 

performed in which fracture conductivity is dependent on mechanical deformation, and 

whereby the fluid pressure affects the mechanical behaviour of the fractures. The 

numerical implementation for fluid flow in UDEC makes use of the hydraulic domain 
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(Chapter 3). The pressure is assumed to vary linearly according to the hydraulic 

gradient, and the domain pressure is defined as the value at the centre of the domain. In 

the absence of gravity, a uniform fluid pressure is assumed to exist within each hydraulic 

domain. Flow is governed by the pressure differential between adjacent domains (Itasca, 

2010), which is given by: 

              (      )       (6.1) 

where    is the fluid density;   is the gravity acceleration; and       are the y-
coordinates of the domain centres. 

6.3.1. Conventional UDEC-DEM model 

A conventional UDEC DEM model, considering a homogeneous sliding mass 

with lower and upper surfaces defining a biplanar failure mode, was initially considered. 

This model uses the same geometry as the previous finite element, Phase 2 model, as 

shown in Figure 6-7. The Shear Strength Reduction Factor calculation, available in 

UDEC, was also used. Furthermore, the conventional UDEC model approach considers 

the effect of including fluid flow through isolated fractures that may form connected 

networks providing the only path for fluid flow to move through. 
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Figure 6-7. Geometry used in conventional UDEC models. 

A pre-existing, biplanar geometry was assumed by defining two surfaces, one 

rear surface dipping at 75° and a basal surface dipping out of the slope at an angle of 

15°. 

 Rock mass and discontinuity properties 

The internal block zones are assumed to be a linear elastic material with a 

Young’s Modulus of E=12 GPa, Poisson Ratio of 0.25, and a rock unit weight of 26.5 

KN/m3. The model uses a simulation sequence based on mining activity, where the main 

slope is excavated in nine stages. History monitoring points were located at the crest, 

mid slope, and at the slope toe, Figure 6-8. 

The biplanar surfaces are incorporated into the model as interface elements 

(discontinuities), and are assigned Mohr-Coulomb strength parameters. The strength 

parameters used for the rear and basal surfaces are summarised in Table 6-4. 



 

171 

 

Figure 6-8.  UDEC numerical model of a biplanar geometry based on the A154 Pit at 
Diavik Diamonds Mine. History points for monitoring displacements and pore water 
pressures are represented by stars. 

Table 6-4. Bi-planar discontinuity properties assumed in the UDEC model. 

Parameters  Rear Sliding Surface  Basal Sliding Surface 

Friction angle φ (°)  15  20 

Cohesion, c (kPa)  25  480 

Tensile strength, σT (MPa)  0  0 

Normal stiffness, Kn (GPa/m)  5.76  5.76 

Shear stiffness, Ks (GPa/m)  2.02  2.02 

 

A plot of the maximum unbalanced forces for the model under dry conditions is 

presented in Figure 6-9, where all the peak values represent the time steps where the 

model undergoes unloading due to the mining excavation stages. Once all the benches 
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have been excavated, the model is run until the unbalanced forces in the model 

approach zero, when the model is considered to be at mechanical equilibrium.  

 

Figure 6-9.  Unbalanced forces for the UDEC model under dry conditions. 

Boundary conditions for this model were chosen to be the same as the Phase 2 

model. Zero velocities were imposed on the lateral boundaries in the horizontal direction, 

the bottom boundary was fixed in the vertical direction, and the slope surface was set as 

free to move.  

 In-situ stress state 

A horizontal-to-vertical stress ratio of two (K=2) was use to initialize the stresses 

in the model.  

 Groundwater considerations 

The biplanar failure mechanism modeled in this slope section was investigated 

using a steady state flow algorithm in UDEC (Itasca, 2010), which models groundwater 
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flow as a coupled process where an increase in water pressure results in an increase in 

aperture and joint hydraulic conductivity. The joint hydraulic conductivity is controlled by 

the previously defined cubic law relationship (Chapter 3), for an edge to edge type of 

contact. Steady state is achieved once the model equilibrates and the area underneath a 

specified water elevation is fully saturated when the water flows at a steady state within 

the joints. The formulation used in UDEC assumes the blocks to be impermeable and 

therefore flow is restricted to the system of fractures.  

Two methods may be used to specify pore-pressure distribution in slopes. The 

most rigorous method is to perform a complete flow analysis and use the resultant pore 

pressures in the stability analyses. A less rigorous, but more common, method is to 

specify a water table (Wyllie and Mah, 2004b). The resulting pore pressures are then 

assumed to be the product of the vertical depth below the water table, the water density, 

and gravity. The latter, water table approach is equivalent to specifying a phreatic 

surface. According to work by Hustrulid et al. ,(2000) Sjöberg (2000) and Read and 

Stacey, (2009); there is little significant difference in predicted stability using a complete 

flow analysis or by simply specifying a piezometric surface. 

Since UDEC only considers the fluid flow through a system of connected 

fractures, pore pressures are calculated accordingly to the following equation: 

                       (6.2) 

where    is the pressure at a given point,   is the estimated piezometric pressure head 

at that point, and    is the unit weight of water. 

In this research, a water level was used and integrated within the model through 

use of the calculated water pressure acting at the upper point of the plane forming the 

rear surface of the biplanar failure mode (Figure 6-10), which in this case was the pore 

pressure equivalent to a water table located at an elevation of 250m (H = 250m) above 

the slope toe. Moreover, a vertical gradient was used. Although, vertical gradients for 

many pit slopes during excavation are often considered to be equivalent to or greater 
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than lateral or horizontal head gradients (Read and Beale, 2014); it is therefore 

important to note the potential limitation of this approach. 

 

Figure 6-10.  Pore water pressure distribution along basal and rear surfaces. 

 UDEC model results. Homogeneous slope with continuous joints 

Preliminary UDEC models assumed a homogeneous rock slope with continuous 

rear and basal surfaces defining an overall biplanar failure mode with no internal 

structure within the sliding mass. Models simulate excavation of the full slope in nine 

mining stages. The strength reduction method (SSR) for determining the factor of safety 

was used in UDEC under dry and wet conditions. The built-in UDEC factor of safety 

calculator (UDEC-SSR) only allows for solving by use of a ratio limit which is defined as 

the average unbalanced mechanical force magnitude divided by the average applied 

mechanical force magnitude for all gridpoints in the model (Fournier, 2008). The shear 

strength of the model materials is divided by a factor, when the ratio is less than the 

unity (FOS <1), the shear strength of the materials result in an unstable system. When 

the factor is greater than unity (FOS>1), then the slope is deemed as stable (Fisher, 

2009). In general, numerical codes relate shear stresses in the models to the shear 

strength of the materials to arrive at an estimate of the slope stability state. The shear 
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strength reduction used in UDEC was applied to the joints defining the slope failure 

mechanism for an assumed elastic condition in the blocks.  

UDEC models of a biplanar slope under dry conditions and assuming an in-situ 

stress ratio of (K=2) suggest that the shear strength reduction factor (SSRF) show the 

slope as stable (FOS=3.97). Displacements are less than 0.21m for the biplanar slope 

mass. Figure 6-11 shows the value determined for the SSR along with the total 

displacements calculated assuming dry conditions. 

 

 

Figure 6-11.  Factor of safety of 3.97 for conventional UDEC models, dry conditions. 

For an assumed saturated slope, with water pressure distribution as shown in 

Figure 6-15, a new factor of safety calculation is performed, which indicates that for the 

assumed groundwater conditions, if dewatering is not performed, the slope is unstable 

with an SSR of 0.61. Displacements show the detachment of the biplanar block 

comprised by the rear and basal planes, with calculated values greater than 3.5 m, 

Figure 6-12. 
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Figure 6-12.  Simulated UDEC model Factor of safety (FOS) of 0.61 with consideration 
of groundwater pressures. 

Results show that under dry conditions the model converges to an equilibrium 

state with increasing total displacements directed out of the slope, reaching a maximum 

value of 30 cm approximately at the slope toe. The slope is globally stable as suggested 

by the high factor of safety of 3.97.  

In contrast, considering water pressures developed along the planes comprising 

the biplanar failure has a detrimental impact on biplanar failure slope instability. The 

results show that much larger displacements occur, reaching values of up to 3.5 m 

towards the toe of the slope and values of 1.5 m towards the slope crest (Figure 6-13). 

Nevertheless, it is emphasised that the simple assumption of pore water pressures 

acting on a slide mass along two main discontinuities may be highly conservative and 

can greatly overestimate the failure potential and associated displacements. The 

presence of internal structure within the biplanar slope mass would allow pore pressures 

to dissipate significantly during slope excavation. The dissipation of the pore water 
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pressures would be a function of the fracture characteristics and connectivity. The cases 

analyzed represent end members of a dry slope and a saturated impermeable rock 

slope. In practice both pre-existing fractures and intact rock brittle fractures influence 

failure during slope deformation. A complex interaction between induced compressive 

and tensile stresses and pore water pressures could exist in practice. 

 

 

Figure 6-13.  UDEC model showing displacement contours assuming wet conditions. 

6.3.2. Results of UDEC Voronoi and Trigon models  

Modelling fluid flow through fractured rock masses has been extensively used in 

the petroleum industry to characterize oil reservoirs, geothermal energy development, 

and petroleum well design. In general, fluid flow through fractured rock masses depends 

on the following factors: stratigraphy, fracture network pattern, flow behaviour through 

single fractures, flow properties of matrix rock, in-situ stress system and hydraulic 

boundary conditions (Fatehi et al., 2012). Nevertheless, the characterization of fluid flow 

through fractured rocks is one of the most challenging problems faced by geotechnical 
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engineers. This is mainly due to the fact that rock is a heterogeneous material which 

contains various natural fractures at different scales, where the fractures are acting as 

pathways for fluid flow, especially in hard rocks.  

The Voronoi generator in UDEC has the ability to create an assembly of random 

polygons and can be useful for simulating fracture propagation, if the joint elements are 

given rock-mass properties (Ghazvinian, 2010). Voronoi tessellation allows blocks to 

detach completely from one another. UDEC is equipped with a search function that 

allows it to identify the location of each block and the neighboring blocks based on which 

cells contain each block’s envelope space. The size and number of blocks can be 

assigned as well as the degree of uniformity, which is specified by means of a variable 

called the iteration number (Burke, 2003). This technique has been available for some 

time, but it is only in the recent years that it has been increasingly used to model rock-

slope fracture (Stead and Coggan, 2012; Gao, 2013). The numerical simulations 

presented in this research were carried out using UDEC-Voronoi with a fully coupled 

hydro-mechanical analysis in which fluid flow in the fractures is dependent on 

mechanical deformation. The methodology applied to model Voronoi and Trigon 

polygons for this research is shown in Figure 6-14:  

 

Figure 6-14.  Methodology used to model a biplanar failure mode with discretized 
Voronoi/Trigon polygons. 
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The slope model geometry simulated is shown in Figure 6-2, where in order to be 

able to study and numerically analyse the fracturing process, the interior of the biplanar 

failure mode sliding mass was discretized using an assembly of Voronoi of 3 m edge 

length. The use of UDEC-Voronoi is expected to provide a better means to more 

realistically simulate the displacement field and fracture openings at block interfaces as 

a function of increase in water fluid pressure. Depending on the in-situ stress ratio and 

fluid pressure applied through cycling the model for a certain number of numerical steps, 

the opening of artificial Voronoi cracks can be used to demonstrate the general trend of 

fracture initiation and propagation as a function of stress and applied fluid boundary 

conditions. The potential of this technique is that it provides a means to track brittle 

behavior, including crack initiation, location, propagation and direction as a consequence 

of the increase in pore water pressures within rock slopes. 

 

Figure 6-15.  Biplanar failure sliding mass represented using UDEC-Voronoi polygons. 
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 Input data and simulation procedure 

Mohr-Coulomb strength parameters for the upper and lower slide surfaces are 

similar to those used previously for the Phase 2 and UDEC homogeneous slope models, 

Table 6-5.  

Table 6-5. Upper and lower slide surfaces properties. 

Parameters  Rear Sliding Surface  Basal Sliding Surface 

Friction angle φ (°)  15  20 

Cohesion, c (kPa)  25  480 

Tensile strength, σT (MPa)  0  0 

Normal stiffness, Kn (GPa/m)  5.76  5.76 

Shear stiffness, Ks (GPa/m)  2.02  2.02 

 

Internal block zones are modelled as linear elastic with Young’s Modulus of E= 

12 GPa and Poisson ratio of   = 0.25.  

The general biplanar failure mechanism is determined by the pre-existing sliding 

surfaces (rear and basal surfaces). Displacements, however, are expected to also be 

controlled by the volume of rock where an assembly of Voronoi and Trigon polygons 

have been used. Failure of the slide mass in response to biplanar slope movement is 

therefore expected to take place along the Voronoi contacts. The introduction of pore 

water pressures within the material involved in the sliding volume is expected to 

influence the development of progressive brittle failure. In the impermeable UDEC 

blocks, the propagation of isolated fractures may form connected networks providing the 

only path apart from the biplanar failure surfaces for fluid flow to take place (Zhang and 

Jeffrey, 2013). 

The boundary conditions assigned to the model involve fixing of the sides of the 

model in the horizontal and vertical directions. The slope surface is free to move. 

 Properties for the Voronoi and Trigon rock mass contacts 

The Voronoi blocks were considered to be elasto-plastic with a Mohr Coulomb 

failure criterion. This allowed the rock blocks themselves to deform plastically. It is also 

necessary to define the Voronoi and Trigon strength properties at the contacts which are 
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scale-dependent. As the size of the Voronoi contacts increases, the normal stiffness 

must be decreased in order to accurately simulate rock mass deformation. According to 

this approach, normal stiffness was calculated using equation 6.3 suggested by 

(Alzo’ubi, 2009). 

      (
  

 

 
  

     
 )    (6.3) 

where the normal stiffness   , is related to the rock mass bulk modulus K, shear 

modulus G, and the edge length for the Voronoi contacts,      . 

The stiffness    used is for strong Voronoi contacts and is based on a Young’s 

modulus of E=12 GPa, and Poisson’s ratio of   = 0.25 is used to model the intact rock 

mass. 

Therefore,  

 

The following equation proposed by Christianson et al.,(2006) was used to 

estimate the shear stiffness   , for the Voronoi rock mass contacts: 
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Interlocking caused by the angular shape of the Voronoi polygons has been 

proven to highly influence the bulk material friction angle. Gao (2013) showed that a 

friction angle of approximately 11° applied to millimetre-scale Voronoi contacts resulted 

in a bulk material friction angle of over 30°. 

A summary of the properties used for the Voronoi rock mass polygonal contacts 

is provided in Table 6-6. 

Table 6-6. Summary of discontinuity properties for UDEC-Voronoi model. 

Properties Voronoi Rock Mass Contacts 

Friction angle φ (°) 30° 

Cohesion, c, MPa 0.5 

Tensile strength    (MPa) 0.15 

Normal stiffness,     (GPa/m) 1.5 

Shear stiffness     (GPa/m) 0.6 

 In-situ stress ratio, K 

A naturally fractured rock mass is likely to be subjected to differential stresses in 

the horizontal plane depending on the tectonic setting (Rummel et al., 1986). As the 

mechanics of fracture initiation and extension, and the resulting fracture geometry are 

the result of the stress conditions considered, two main in-situ stress conditions were 

assumed to study the effect on the failure mechanism and pore water pressure 

dissipation through the fractured rock mass, according to Table 6-7. The use of different 

in-situ stress conditions for the model is intended to provide a preliminary understanding 

on the role of in-situ stresses in developing and inducing failure in rock slope masses 

with consideration of a coupled mechanical and hydro-mechanical approach. 

Table 6-7 In situ stress ratio, K used in the numerical modelling analysis 

Stress State Horizontal 
Stress  (  ,MPa) 

Vertical Stress 
(  , MPa) 

Stress Ratio 
(      ⁄ ) 

1 22.6 11.4 2 

2 3.7 11.325 0.33  
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 Discussion of UDEC Voronoi results 

The results presented are used to characterize the development of brittle 

fracturing and the inter-relationship with pore water pressures. The UDEC models 

involved nine main mining excavation stages, similar to the conventional UDEC model. 

Initially, the slope was considered dry and run to mechanical equilibrium, as monitored 

by the unbalanced forces and displacements in the system. 

The models presented here simulate a scenario after mine closure has occurred 

and the water table has rebounded, creating a saturated condition. In practice, most 

large open pits will eventually intersect the water table during mining, and consequently 

steps must be taken to dewater the pit during operation. After mining ceases, the 

dewatering pumps are usually shut down, allowing the water table to rebound. In order 

to obtain a better understanding of the biplanar failure mechanism and the influence of 

pore water pressures, the development of shear and tension cracking is evaluated along 

with the distribution of pore water pressures at selected calculation time steps. Pore 

water pressure conditions are then introduced and the models run for several different 

calculation time steps. Fracture initiation and propagation are studied for different in-situ 

stress conditions for a selected numbers of calculation time-steps (1000, 2000, 3000, 

8000 and 13000). 

In the UDEC distinct element method, the blocks are considered impermeable 

with fluid flow restricted to the system of fractures. A fully coupled fluid-mechanical 

analysis is performed in which fluid flow in the fractures is dependent on the mechanical 

deformation. The pore pressure in the fluid affects the mechanical response of the block 

system. The numerical method relies on the solution of the equations of motion, and 

mass balance for the fluid using explicit calculation schemes. In this study, monitoring 

points were located along biplanar and rear surfaces and within the sliding Voronoi mass 

in order to track changes in pore water pressures, horizontal and vertical displacements 

(Figure 6-16).  
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Figure 6-16. History points for monitoring deformation and changes in pore water 
pressures. 

 Monitoring the development of brittle fracturing and the changes in pore 
water pressures 

The failure of internal Voronoi contacts within the sliding mass was recorded 

using a FISH function by Gao (2013). This function records the length and number of 

failed contacts in shear and/or tension within five different user-defined slope regions in 

the sliding mass, Figure 6-17. These slope regions were selected based on 

interpretation of preliminary model results, in order to show the extension and 

interconnectivity of the fractures generated within each region. 
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Figure 6-17.  Model regions selected to monitor length and number of cracks. 

The areas of the different regions within the sliding mass were measured using 

the public domain image processing software Image J (Rasband, 2008). 

 

 Studying fracturing within the biplanar sliding mass using UDEC Voronoi 
tessellation  

 At initial mechanical stages where fractures do not yet hydro-mechanically 

interact, fractures are believed to grow independently according to the stress field in 

conjunction with the unloading generated by the mining excavation stages, which 

controls their growth. Models were first run considering dry conditions for the rock slope 

(Figure 6-18) and these were used as a base model reference to assess the 

development of new fractures as a result of the incorporation of pore water pressures. 
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Figure 6-18.  UDEC Voronoi models for dry conditions showing fracture development for 
in-situ stress values of a) K=0.33 and b) K=2. Green shows contacts failing in shear and 
red contacts failing in tension. 

The water pore pressures were allowed to dissipate according to Equation 6.2 for 

a water level at 250 m, using the same approach adopted for the conventional 

homogeneous UDEC model. Moreover, a vertical gradient (Equation 6.4) was 

considered as recommended by Beale (2011), who noted the importance of considering 

a vertical gradient when performing slope stability analysis.  

          (6.4) 

where    is the difference in water pressure over   length difference. 

Figure 6-19 and 6-20 show fracture initiation and propagation during the hydro-

mechanical simulation at five different increasing time steps (1000, 2000, 3000, Figure 

6-19; and 8000 and 13000, Figure 6-20). In general, the results show that tensile failure 

of Voronoi contacts dominates over shear failure, where the greatest lengths of contacts 

failing correspond to the models with a higher in-situ stress ratio (K=2). With increasing 

calculation time steps the pore water pressures increase and then dissipate, promoting 
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the fracturing and interconnectivity of the intact rock mass and leading to the creating of 

flow paths for groundwater to move through. 

Comparison between the two different stress-conditions, K=0.33 and K=2, 

suggests that the initiation and generation of fractures in the models is related to the 

direction of the principal stresses. Numerical results indicate that for all simulated cases, 

fractures are created and propagated in a direction perpendicular to the minimum 

principal in-situ stress. For instance, initial models considering a calculation time step 

between 1000 to 3000 for an in-situ stress of K = 0.33 show a zone of low fracturing in 

regions 1 and 2, Figure 6-19. For region 3 limited connectivity of fractures is observed 

during the first calculation time step (1000 time steps, K = 0.33). However, the fracturing 

process induced in regions 4 and 5 (at the slope crest) favours the growth and 

coalescence of neighboring cracks in region 3 with increased calculation time steps 

(2000 – 3000 time steps, Figure 6-19). 

For a greater in-situ stress ratio (K = 2), the models show a more continuous 

development of fractures for all regions, where linkage of fractures in the horizontal 

direction is facilitated due to the increase in the magnitude of stresses applied to the 

model. Many of the contacts that for earlier stages failed in shear (1000 time steps, 

Figure 6-19) subsequently indicate tensile failure mode (2000 and 3000 time steps, 

Figure 6-19), suggesting the existence of zones of dilation between pre-existing 

fractures.  

Once further calculation time steps are performed (8000 to 13000 time steps, 

Figure 6-20) larger fractures experience acceleration in growth, while smaller ones 

decelerate or arrest (region 1 and 2, Figure 6-20). Furthermore, fractures with greater 

lengths such as observed in regions 3 and 4 (Figure 6-20) are able to channel increased  

flow faster and induce further instability towards the benches located at the crest of the 

slope, independently of the in-situ stress ratio considered. Clear patches or zones where 

fracturing is not visible were found through the different calculation times steps in region 

3 and 2. These limited fracturing areas seem to be more apparent prior to the formation 

of tensile cracks, especially for the following  calculation time steps considered (8000 to 

13000 time steps), except for the area in region 1. 
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Figure 6-19. Hydro-mechanically coupled UDEC-Voronoi models showing fracture 
development for a) K = 0.33 and b) K = 2. Green contacts failing in shear and red 
contacts failing in tension. Calculation time steps (1000 to 3000). Note zone of low 
fracturing towards toe of the slope (regions 1 and 2). 
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Figure 6-20. Hydro-mechanically coupled UDEC-Voronoi models showing fracture 
development for a) K = 0.33 and b) K = 2. Green contacts failing in shear and red 
contacts failing in tension. Calculation time steps (8000 to 13000). Note zone of low 
fracturing towards toe of the slope (regions 1 and 2) and bench-scale instability at the 
slope crest (region 5). 

The length of contacts failing in tension suggest that an in-situ stress ratio of K = 

2 will in general cause more damage for all regions, with exception of region 3, where 
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greater fracture lengths are achieved for models under K = 0.33 (Figure 6-21). Graphs 

for the increase in length of shear/tensile fractures are shown in Appendix 1. For both in-

situ stress conditions, the cumulative length curves follow different shapes as indicated 

in Table 6-8. In general, contacts failing in shear seem to maintain a constant behaviour 

throughout the entire simulation, whilst tension failing contacts showed a step-wise 

pattern, especially for regions located at the slope toe. For regions at the crest of the 

slope the number of contacts failing in tension seem to behave in a more linear manner 

suggesting a  proportional breakage of Voronoi contacts with simulation time steps, 

probably linked with the stress relief experienced by the rock mass..   

 

Figure 6-21. Total length of contacts failing in shear or tension under different in-situ 
stress conditions for slope region 3. UDEC-Voronoi. 
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Table 6-8. Curve type according to cumulative tensile and shear failure length 
graphs for different in-situ stress ratios. UDEC-Voronoi.  

Region Curve Type (K = 0.33) Curve Type (K = 2) 

Tension Shear Tension Shear 

Region 1 Non-linear Step-wise 
Increases 

Non-linear Step-wise 

Increases 

Region 2 Stepped. Non-linear. 
Convex 

Constant Stepped. Non-
linear. Concave 

Constant 

Region 3 Bi-linear. Constant Approx. Linear Constant 

Region 4 Non-linear. Stepped Constant Bilinear Constant 

Region 5 Non-linear Constant Non-linear Constant 

 

Figure 6-22 shows the total length of contacts failing either in tension or shear for 

the five different regions defined in Figure 6-17, for an in-situ stress ratio of K = 0.33. For 

all regions, tensile failure by far exceeds the total length of contacts failing in shear -  

only a limited fracture area located towards the slope toe in region 1 shows a much 

smaller ratio of tension to shear failing contacts at the final stage ( 

Table 6-9). A smaller ratio of contacts failing in tension compared to shear failing 

suggests that shear is contributing to toe breakout. As expected, greater lengths 

contacts failing in tensile are found in regions 3 and 4, where the areas of each region 

are also greater  in size. The largest length of fractures failing in shear for a K = 0.33 are 

found in regions 1 and 3. Increases in tension fracture length for all regions indicates 

increasing interconnectivity experienced by the different regions of the model that 

accommodate and generate fluid flow paths.  
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Figure 6-22. Total length of fractured contacts developed in the five different regions 
defined in the model for different calculation time steps, in-situ stress ratio of K =0.33. 

Table 6-9. Ratio of tension to shear failure at Voronoi contacts for K=0.33 

Time Steps Region1 Region 2 Region 3 Region 4 Region 5 

K=0.33 Ratio (T:Sh) Ratio (T:Sh) Ratio (T:Sh) Ratio (T:Sh) Ratio (T:Sh) 

1000 4 15 4 58 10 

2000 1 5 6 30 13 

3000 1 8 8 37 17 

8000 1 7 8 23 12 

13000 0.5 5 8 16 10 
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For an in-situ stress ratio of K = 2 (Figure 6-23) tension failure predominates over 

shear failure throughout the different calculation times steps (1000 to 13000 time steps). 

The length of contacts failing in tension shows an increasing trend for all regions, 

whereas the increase in shear cracks is negligible, remaining almost constant over the 

different time steps. The greatest ratios of tensile to shear failing contacts are seen in 

models where a K = 0.33 value was assumed ( 

Table 6-9). An in situ stress ratio of K = 2 seems to induce horizontal fracturing 

and increases the number of tensile and shear cracks (Table 6-10). 

Table 6-10. Ratio of tension to shear failure of Voronoi contacts through the different 
calculation time steps, K = 2. 

Time Steps Region1 Region 2 Region 3 Region 4 Region 5 

K=2 Ratio (T:Sh) Ratio (T:Sh) Ratio (T:Sh) Ratio (T:Sh) Ratio (T:Sh) 

1000 9 1 1 3 5 

2000 9 1 2 7 6 

3000 9 3 3 8 8 

8000 3 5 6 11 9 

13000 2 13 8 10 8 
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Figure 6-23. Total length of fractured contacts developed in the five different regions 
defined in the model for different calculation time steps, in-situ stress ratio of K =2. 

  Pore water pressure distribution within UDEC Voronoi tessellation 

In this study, the influence of pore water pressures on fracturing of Voronoi 

tessellation is studied. The pore water pressures are initially propagated from the rear 

plane forming the biplanar failure mode (Figure 6-10) through a fracture network 

developed by initiation and propagation of fractures within the Voronoi tessellation. The 

models are run as a coupled hydro-mechanical model. Results show that a greater 

number of fractures propagate form perpendicular to the minimum principal in-situ 



 

195 

stress. Furthermore, the increase in pore water pressure resulted in creation of Voronoi 

fractures of increasing length that changes the fracture connectivity within the Voronoi 

tessellation due to mechanical deformation of fractures and blocks. Where connected 

fracture networks form, they begin to dominate the fluid transport in the whole slope 

region. The simulation time and the given time steps determined the changes in fracture 

geometry in the models as previously shown in Figures 6-19 and 6-20. The different in-

situ stress conditions have a significant impact on the hydraulic behaviour of the rock 

slope mass, and hence, in the mechanism in which brittle behaviour takes place within 

the rock sliding mass. 

The initial fracture growth is facilitated by the in-situ stress field combined with 

the effect of the mining excavation stages (Figure 6-18). Fractures are mechanical 

heterogeneities in the medium, which propagate and form intricate geometric networks. 

Flow in fractures follows a hierarchical order, where the largest fractures channel the 

most flow (Bogdanov et al., 2007; Paluszny and Matthai, 2009). Different in-situ stress 

ratios caused different initiation and growth of fractures, which at the same time affected 

the flow patterns and the consequent pore water pressure distribution.  

Once fractures are modeled under hydro-mechanical conditions, longer ones 

start to grow at the expense of smaller ones as shown by the stepped nature in Figure 

6-22 and 6-23. At each simulation time step, local stress fields around each fracture tip 

drive growth, and connectivity of the cracks to form a network that generates an intricate 

fracture network of flow paths. Intensity of fractures and continuity of fractures networks 

dominate flow in both magnitude and direction.  

Furthermore, results from this research show that the distribution of brittle 

fractures created by pore pressure is a coupled process that also depends on the in-situ 

stress conditions. For a lower in-situ stress state (K = 0.33) pore pressures distribute in a 

more uniform continuous way. This behavior seems to be related to the fact that under 

higher in-situ stress ratio, larger fractures grow preferentially in the vertical direction 

favouring the water channeling in this direction. For a higher in-situ stress ratio (K = 2), 

the permeability created is highly isotropic and parallel to the rear surface forming the 

biplanar sliding mass. In this sense, it is the largest fractures that control the permeability 

of the system. Once the preferred path is formed in regions 3, 4 and 5 (Figure 6-22 and 
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6-23), the rest of remaining small fractures contribute to the flow but their growth does 

not significantly influence the brittle fracture network pattern established at earlier 

stages. This behaviour may reflect fractures or poor development of interconnected 

fractures under increased in-situ stress states, especially for regions 3 and 4 for an in-

situ stress ratio of K=2 (Figure 6-24).  

By tracking the increase cumulative fracture length and visual inspection of the 

changes in fracture distributions after each hydro-mechanical calculation time step, the 

results indicate that the brittle fracture network developed in the models for an in-situ 

stress ratio of K=0.33 has a higher fracture connectivity for the first hydro-mechanical 

calculation time steps (1000 to 3000) in regions 3, 4 and 5. This allows the percolation of 

flow through these regions, and therefore, pore pressures increase toward the basal 

surface more rapidly when the in-situ stress ratio is K = 0.33. For a horizontal to vertical 

stress ratio of K = 2, greater fracture connectivity is achieved in the direction parallel to 

the rear plane (Figure 6-19), promoting the development of pore water pressures in the 

same direction (Figure 6-24, K=2). This behaviour is presumably due to a greater stress 

relief in the horizontal direction in response to the higher horizontal stress transitioning  

to an unconfined condition after mine levels are excavated; the rebound of the water 

table is studied throughout the model.  

 



 

197 

 

Figure 6-24.  Pore pressure distribution in hydro-mechanically coupled UDEC Voronoi 
model for different calculation time steps (1000 to 3000). 
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Figure 6-25.  Pore pressure distribution in hydro-mechanically coupled UDEC Voronoi 
model for different calculation time steps (8000 to 13000). 

History points (Figure 6-26) were located within the sliding mass and the 

variation of fluid pressures recorded for the biplanar sliding mass comprised by the 

UDEC Voronoi model. The changes in pore water pressures were registered for different 

in-situ stress conditions (Figure 6-26). The variability in pore water pressures, especially 

for the history points located within the sliding mass (Figure 6-26 b and d) is suggested 

to be related to the episodic displacements experienced by the blocks forming the 
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Voronoi tessellation. Water pressures reduce normal stresses on cracks, which leads to 

shear failure and, combined with displacements, induce crack opening due to tensile 

failure. The opening of these cracks provides further connectivity and therefore the 

development of pore water pressures within the internal slope. Due to the time stepping 

used, fractures open and close episodically, with corresponding decreases and 

increases in permeability. When the fluid pressure decreases, the permeability does not 

totally return to the previous state, thus the erratic behaviour experienced by those 

history points located within the slope mass seems to be related to inelastic 

deformations experienced by the Voronoi blocks and is reflected in the curves 

monitoring changes within the sliding mass (Figure 6-26b and d).  

Points closer to the rear plane (25 and 26, Figure 6-26) show greater values 

under an in-situ stress ratio of K = 2, whilst the history point located lower along the 

basal surface (27) shows a smaller value when compared to the same monitoring point 

for a K = 0.33, indicating that pore water pressure distribution as observed before 

(Figure 6-29 and 6-30) are more continuously distributed for K = 0.33. In contrast, for K = 

2, pore water pressures are concentrated in a direction parallel to the rear surface. 
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Figure 6-26. Pore water pressures for final hydro-mechanical time step, a) and b) 
K=0.33 and c) and d) K=2 for different regions of the model. Note that the most erratic 
behavior corresponds to points located within the Voronoi tessellation and continuous 
curves correspond to history points on the basal and rear surfaces. 

 Damage intensity parameters 

Two different damage parameters are introduced with the objective of 

characterizing the brittle fracturing taking place within the biplanar slope mass with 

incorporation of pore water pressures. These damage intensity parameters correspond 

to a linear damage parameter    , defined by the ratio of the cumulative length of failed 

block contacts (either in shear or tension) to the total length of all block contacts per 

region defined and an aerial damage parameter,     , relating the cumulative length of 

failed block contacts (in shear or tension), to the total unit area enclosed in each defined 

region. These two parameters are calculated using the following equations.  
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The previous defined damage intensity parameters were determined for each region and 

for each model calculation time step. The calculated values for the final time step (13000 

hydro-mechanical steps) fracture state for the Voronoi models under different in-situ stress 

conditions, K=0.33 and K=2, are listed in Table 6-11 and 6-12, respectively.  

Table 6-11. Final fracture state for the different defined regions. Last stage of hydro-
mechanical simulation for a K = 0.33. 

 

Voronoi 
(K=0.33) 

Total length of 
failed Voronoi 
fractures (m) 

Number of failed 
internal fractures  

Total 

Voronoi 
Contact 
Length 

(m) 

Region 

Area 
(m2) 

 

    

 

    

(m-1) 
Shear 
failure 

Tensile 
failure 

Shear 
Failure 

Tensile 
failure 

Region 1 65.4 144 67 167 533 990 39 0.21 

Region 2 26.2 126 28 129 861 1390 18 0.11 

Region 3 72.5 620 70 574 2700 3490 26 0.20 

Region 4 29.6 464 31 450 1030 1567 48 0.32 

Region 5 9.44 98.5 19 107 201 274 54 0.39 
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Table 6-12. Final fracture state for the different defined regions. Last stage of hydro-
mechanical simulation for K = 2. 

 

Voronoi 
(K=2) 

Total length of 
failed Voronoi 
fractures (m) 

Number of failed 
internal fractures 

Total 

Voronoi 
Contact 
Length 

(m) 

Region 

Area 
(m2) 

 

    

 

    

(m-1) 

Shear 
failure 

Shear 
failure 

Tensile 
failure 

Shear 
Failure 

Tensile 
failure 

Region 1 74.3 146 69 151 533 990 42 0.23 

Region 2 11.6 151 12 137 861 1390 19 0.12 

Region 3 70 571 65 503 2700 3490 23 0.18 

Region 4 53 488 45 458 1030 1567 53 0.35 

Region 5 13.1 112 14.5 114 201 274 62 0.46 

 

Although, different areas were considered for each region, the following results 

show the variation in     and     intensity parameters for the different time steps, 

regions considered, and K= 033 and K = 2 stress state conditions.  

The length of traces per unit area     per region defined for a K=0.33 (Figure 

6-27) shows an increase in damage for all regions. The greatest intensity of new 

fractures per simulation time step occurs at the slope crest, reaching values of ~40 m-1, 

which is also confirmed by the damage plots of the measured     , under the same in-

situ conditions. Marked changes are registered for those areas located towards the top 

of the slope, where smaller regions were assigned. For regions located in the transition 

zone of the biplanar geometry, values of damage intensity, although increasing, show a 

more constant pattern. The curve representing region 1 displays a more consistent 

behavior through time steps, probably linked to the fact that few cracks developed in this 

region at the different calculation time steps. 
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Figure 6-27. Increasing damage intensity      with increasing hydro-mechanical time 
steps for the five different regions, K = 0.33. 

Percentage damage plots percentage for     are presented in Figure 6-28. 

Results show increasing damage towards the slope crest. For all regions, the calculated 

damage parameter increases by about 30% for the last hydro-mechanical stage. Bench 

instability increases from the slope crest through the different calculation time steps, and 

for the final stages, bench damage starts to be more evident on the pit wall benches 

located below the upper top bench. For 13000 calculation time steps, instability has 

taken place in the two upper benches comprising the biplanar sliding mass (Figure 

6-28). 
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Figure 6-28. Progressive increase in the normalized damage factor,    , with increased 
hydro-mechanical time steps for the five different regions within the sliding mass 
comprising Voronoi-tessellation, K = 0.33. 

Damage intensity values show that as the in-situ stress increases, so does the areal 

damage intensity, D21, linked to each region, reaching values of 0.46 m-1 at the slope crest 

(Figure 6-29). Marked changes in the curve shapes for the areal, D21, intensity 

parameter are observed when the model reached 3000 and 8000 calculation time steps, 

whereas a more constant behavior is apparent over the last hydro-mechanical cycle 

(13000 calculation time steps). Greater values for D21 for an in-situ stress ratio of K=2 

are represented by concave curves calculated through each time step for regions 4 and 

5, located at the slope crest. Region 1, 2 and 3 are represented by convex damage 

intensity curves, growing in a non-linear manner. 
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Figure 6-29.  Increasing damage intensity      with increasing hydro-mechanical time 
steps for the five different regions, K = 2. 

Changes in the percentage of damage denoted by     for K=2, suggest that 

increasing in-situ horizontal stress generates a greater percentage of damage for all 

slope regions. As can be seen in Figure 6-30, the damage percentage under this 

conditions show a more continuous behavior for the first three calculation time steps 

(1000 – 3000), being more pronounced for the two final stages (8000 and 13000 

calculation time steps), reaching  up to 70% damage at the slope crest for the final 

calculation time steps (13000). Bench scale instability is clearly seen in the last two 

hydro-mechanical time steps (8000 and 13000 calculation time steps), with clear growth 

of large tension cracks from region 1 to region 3, in the transition zone of the biplanar 

geometry. These large tension cracks develop approximately parallel to the rear plane 

and, as mentioned earlier, would constitute the main flow path for water to move 

through.  
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Figure 6-30.  Progressive increase in normalized damage factor,    with increased 
hydro-mechanical time steps for the five different regions within the sliding mass 
comprising Voronoi-tessellation, K = 2. 

 An investigation of fracturing within the biplanar sliding mass using UDEC 
Trigon 

The UDEC Trigon logic proposed by Gao (2013), and explained in more detail in 

Chapter 3, was used to define the material involved in the biplanar sliding mass. This 

logic constitutes a modification of the more commonly used UDEC Voronoi tessellation 

and is suggested to overcome some of the limitations of the conventional Voronoi 

approach. In comparison with the conventional Voronoi model, the proposed distinct 

element-Trigon model is less mesh-sensitive and predicts both a more realistic friction 

angle and failure patterns under varied conditions (Gao, 2013).  

The use of a Trigon mesh is intended to reduce the overlapping generated by 

using a Voronoi tessellation and at the same time provide a more continuous failure path 

due the more regular mesh and more freedom for the blocks to rotate and slide against 

each other.  



 

207 

 UDEC Trigon geometry 

The UDEC Trigon logic utilized in this research corresponds to a reduced block 

edge of 3 m. (Figure 6-31) As for the Voronoi models, a FISH function was used to 

record the number and length of shear and tension cracks resulting from changes in 

pore water pressure. A shear crack forms when the shear stress applied on a contact 

exceeds its shear strength, which is a function of normal stress, cohesion and friction 

angle. A tension crack is formed when the normal stress applied on a contact exceeds 

its tensile strength. As before, models were run for different in-situ stress state 

conditions (Table 6-7). The mechanical properties are given in Table 6-13, and are 

similar to those used for the original Voronoi tessellation, with the friction angle changed 

to 40° according to the results presented by Gao (2013). 

 

Figure 6-31. UDEC Trigon polygons forming the biplanar sliding mass. Monitoring 
history points on the rear and basal surfaces and within the sliding mass. 
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Table 6-13. Properties used for the Trigon model 

Properties Trigon Rock Mass 
Contacts 

Friction angle φ (°) 40° 

Cohesion, c, MPa 0.5 

Tensile strength    (MPa) 0.15 

Normal stiffness,     (GPa/m) 1.5 

Shear stiffness     (GPa/m) 0.6 

Models were initially run for dry conditions, creating an initial fluid network and 

providing a benchmark to assess the development of fractures as a result of the 

incorporation of pore water pressures at different calculation time steps (Figure 6-32). 

 

Figure 6-32.  UDEC Trigon biplanar models showing fracturing under dry conditions for 
a) K= 0.33 and b) K = 2. 
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After applying boundary conditions and in-situ stress conditions, and running the 

models to mechanical equilibrium, a hydro-mechanical coupling was undertaken in 

UDEC considering five different calculation time steps (1000, 2000, 3000, 8000 and 

13000), for which the incorporation of pore water pressures and subsequent distribution, 

initiation and propagation of fractures were recorded in the biplanar geometry.  

Figure 6-33 shows the propagation and creation of new fractures for the first 

three calculation time steps (1000 – 3000 calculation time steps) after pore water 

pressures are introduced in the model according to Figure 6-10. In general, results show 

that a greater number of contacts failing in shear are registered for the model assuming  

an in-situ stress value of K = 2, nevertheless greater interconnectivity of fractures failing 

in shear is achieved in the models assuming K = 0.33. In contrast  to the models using a 

conventional Voronoi tessellation, models using a Trigon logic exhibit a concentrated  

network  of fractures towards region 1 located at the slope toe of the slope, for K = 0.33. 

Region 2 shows areas of limited fracturing, behaving in a similar way as simulated using 

a conventional  Voronoi polygonal mesh.  



 

210 

 

Figure 6-33. Hydro-mechanically coupled UDEC-Trigon models showing fracture 
development for a) K = 0.33 and b) K = 2. Green contacts failing in shear and red 
contacts failing in tension. Calculation time steps (1000 to 3000). 
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Figure 6-34 shows further development of fractures as a consequence of 

percolation of fluid flow and pore water pressure changes. As with the Voronoi 

tessellation, the calculation time steps define the updated geometry of the models and 

the subsequent pore pressure distribution. Increased fracture lengths are formed at 

expenses of smaller fractures. Water pressures reduce the normal stress acting on 

cracks leading to shear failure, which combined with displacements induce crack 

opening due to tensile failure, generating connectivity and further development of pore 

water pressures within the internal slope. 

 

Figure 6-34. Hydro-mechanically coupled UDEC-Trigon models showing fracture 
development for a) K = 0.33 and b) K = 2. Green contacts failing in shear and red 
contacts failing in tension. Calculation time steps (8000 to 13000). 
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Figure 6-35 and Figure 6-36 show the distribution of tensile and shear fractures 

for the different regions defined within the biplanar sliding surface for different in-situ 

stress conditions, K = 0.33 and K = 2, respectively. A plot of the total length of contacts 

versus calculation time steps shows tensile failure as the predominant failure 

mechanism for all regions. Results suggest that regions 1 and 2 at the slope toe for K = 

0.33 show smaller lengths of contacts failing in tension in and a greater number of 

contacts failing in shear in comparison with the Voronoi approach, possibly due to the 

reduction in the interlocking of blocks and the ability of blocks to slide more easily 

against each other. Regions 3, 4 and 5 for the Trigon approach under K =0.33 show a 

greater length of contacts failing either in shear or tension, where a greater 

interconnectivity of fractures can be seen in comparison with the Voronoi model under 

the same in-situ and hydro-mechanical conditions. Ratios of tensile to shear contacts are 

listed in Table 6-14. For all regions, the ratio of contacts failing in tension to shear is 

greater than those found for the failing Voronoi contacts. Comparison of models suggest 

that for the different slope regions and calculation time steps, the Trigon models seem to 

be able to generate different fracture patterns and larger lengths of failed contacts, either 

in shear or tension, as expected due to the greater initial contact length (Appendix 1). 

 

Table 6-14. Total ratio of tension to shear failure of Trigon contacts for the different 
calculation time steps, K = 0.33. 

Time Steps Region1 Region 2 Region 3 Region 4 Region 5 

K=2 Ratio (T:Sh) Ratio (T:Sh) Ratio (T:Sh) Ratio (T:Sh) Ratio (T:Sh) 

1000 2 3 13 16 7 

2000 1 12 15 23 5 

3000 1 6 14 16 5 

8000 1 5 18 13 6 

13000 1 5 17 11 5 
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Figure 6-35.  Total length of fractured contacts developed for the five different regions 
defined in the UDEC-Trigon model through different calculation time steps, in-situ stress 
ratio K =0.33. 

The length of contacts failing in the UDEC Trigon models under K=2 (Figure 

6-36) is in general greater for all regions as compared with the UDEC Voronoi approach, 

with exception of region 2, where the Voronoi seems to better facilitate the opening of 

fractures and creates more tensile failure contacts. Since the length of contacts failing in 

tension is greater for all the regions located within the internal slope (region 2, 3 and 4) 

for a Trigon tessellation, a better connectivity of fractures and therefore further 

dissipation of pore water pressures is expected to occur under this stress condition. 
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According to these results, the use of a Trigon approach will further facilitate fracturing in 

the horizontal direction in comparison to  the use of Voronoi polygons.  

 

Figure 6-36. Total length of fractured contacts developed for the five different regions 
defined in the UDEC-Trigon model through different calculation time steps, in-situ stress 
ratio K = 2. 
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Table 6-15. Ratio of tension (T) to shear (Sh) failure of Trigon contacts for the 
different calculation time steps. (K = 2).  

Time Steps Region1 Region 2 Region 3 Region 4 Region 5 

K=2 Ratio (T:Sh) Ratio (T:Sh) Ratio (T:Sh) Ratio (T:Sh) Ratio (T:Sh) 

1000 9 5 4 6 13 

2000 6 6 5 9 11 

3000 5 5 7 9 12 

8000 3 7 10 7 7 

13000 2 4 10 6 7 

 

 Pore water pressures within the Trigon tessellation model 

Where connected fracture networks form, they will control the fluid paths within 

the model region. The simulation time and the time steps will define the updated 

geometry of the models and the subsequent pore pressure distribution. The variation in 

connectivity induces changes in the fluid pore pressures values as shown in Figure 6-37 

and 6-38. 

Once pore pressures are imported into the Trigon model, a connected network of 

open fractures develops, linking the existing fractures. Pore water pressure reduces 

normal stresses and induces crack opening. Tensile failure of contacts provides further 

connectivity, and therefore development of pore water pressure internally within the 

slope. With increasing time steps, pore water pressure contours appear to migrate from 

the rear and lower failure surfaces towards the inner slope material. For the first hydro-

mechanical calculation time steps (1000-3000, Figure 6-37) pore pressures start to 

dissipate following the development of flow paths due to the network of contacts failing in 

tension. Increasing calculation steps in the models (8000-13000, Figure 6-38), results in 

pore pressure dissipation, linking of failed contacts, and a greater connectivity. In-situ 

stresses, as for the Voronoi tessellation models, favors fracturing growth perpendicular 

to the minimum principal in-situ stress. For K=2, the in-situ stress ratio leads to a 

compressive regime, and pore pressures dissipate in a direction parallel to the rear 

surface, creating a network of tension cracks where pore water pressures can attain a 

more uniform behavior than for K=0.33. 
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Figure 6-37. Pore pressure distribution in hydro-mechanically coupled UDEC Trigon 
model for different calculation time steps (1000 to 3000). 
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When the horizontal stress is significantly larger than the vertical stress (K = 2) 

longer fractures form particularly parallel to the rear plane. Longer fractures control flow 

direction and magnitude (Figure 6-34), and changes in the stress-induced fracture 

network result in a modified fluid pressure distribution, and increased permeability in the 

direction parallel to the rear plane. For K=0.33 increased connectivity (fracture length) 

tends to be found towards the slope face. for a K = 2.  

 

Figure 6-38.  Pore pressure distribution in hydro-mechanically coupled UDEC-Trigon 
model for different calculation time steps (8000 to 13000). 
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History points (Figure 6-39) were located within the sliding mass and the 

variation of fluid pressures recorded for the biplanar sliding mass comprised by the 

UDEC Trigon model. The changes in pore water pressures were investigated for 

different in-situ stress conditions (Figure 6-39). History points located on the rear and 

basal surface show a gradual increase in pore pressure until the end of the simulation. 

History points located within the Trigon mesh, nevertheless, show more variation of fluid 

pressure at different locations than the Voronoi simulations. The variability in pore water 

pressures for the history points located within the sliding mass in Figure 6-39 (b and d) 

may be related to the episodic displacements experienced by the blocks forming the 

Trigon tessellation (as also occurs for the  Voronoi polygons). Water pressures reduce 

normal stresses on cracks, which leads to shear failure and, combined with 

displacements, induces crack opening due to tensile failure. The opening of these cracks 

provides increased connectivity and the development of pore water pressures within the 

internal slope. With numerical cycling the fractures open and close episodically, with 

corresponding decreases and increases in permeability. Opening experienced by the 

fractured rock mass is likely to change the magnitude and pattern of pore water 

pressures, and has also been reported in previous work by Zhang (2002). From 

observed pore water pressures distributions, it is evident that in some areas fractures 

are locally closed and in others the contacts are opened in response to local stress and 

fluid pressure changes. 

Evidence of the predominantly vertical pore water pressure distribution, history 

points 25 and 26, do not show a greater difference in the pore pressure registered and 

therefore the curves overlap. The shape of the pore pressure simulation curves indicates 

a steeper pore pressure gradient for those models where a K = 2 was used. In contrast, 

models assuming K = 0.33 show a more regular behavior as the pore water pressures 

are more anisotropically distributed within the model. 

In general, all the history points (Figure 6-39) for the Trigon models show lower 

pore water pressures values in comparison with the Voronoi polygons. This implies that 

Voronoi polygons allow an increased build-up in stress. Since interconnection and 

therefore fracturing is reduced in comparison with the Trigon models, pore water 

pressures in the Voronoi tessellation show reduced dissipation compared to the Trigon 

polygons, and therefore the pore pressures are greater in all regions. 
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Figure 6-39. Pore water pressures for final hydro-mechanical time-step (13000 steps), 
a) and b) K=2 and c) and d) K=0.33 for different regions in the model. Note that the most 
erratic behavior corresponds to points located within the Trigon tessellation and those 
curves showing continuous increasing of pressure correspond to points located on the 
rear and basal surfaces.  

In order to evaluate brittle behavior experienced by the rock mass using the 

UDEC Trigon tessellation, the previously discussed     and     parameters were 

calculated. Results of the simulated total length of failed fractures, the number of 

fractures and values for the           parameters are presented in Table 6-16 and 6-17 

for the final hydro-mechanical calculation time step (13000). Results are also presented 

according to the same five different regions used for the UDEC Voronoi models. 
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Table 6-16. UDEC Trigon results showing fracturing and damage characteristics for 
the final calculation time step (13000), K = 0.33. 

 

Trigon 

(K=0.33) 

Total Length of 
Failed Trigon 

Fractures (m) 

Number of Failed 
Internal Fractures 

Total 

Trigon 
Contact 
Length 

(m) 

Region 

Area (m2) 

    

(%) 

    

(m-1) 

 

Shear 
Failure 

Tensile 
Failure 

Shear 
Failure 

Tensile 
Failure 

Region 1 TOE 95.4 131 70 91 649 990 34 0.23 

Region 2 16.2 75 13 48 1004 1390 9 0.07 

Region 3 41.6 689 31 467 3241 3490 23 0.21 

Region 4 46.5 500 30 327 1135 1567 48 0.35 

Region 5 CREST 31.7 158 80 114 218 274 87 0.69 

 

Table 6-17. UDEC Trigon results showing fracturing and damage characteristics for 
the final calculation time step (13000), K = 2. 

Trigon 

(K=2) 

Total Length of 
Failed Trigon 

Fractures (m) 

Number of Failed 
Internal fractures 

Total 

Trigon 
Contact 
Length 

(m) 

Region 

Area (m2) 

    

(%) 

    

(m-1) 

 

Shear 
Failure 

Tensile 
Failure 

Shear 
Failure 

Tensile 
Failure 

Region 1 TOE 76.6 173 57 126 649 990 38 0.25 

Region 2 32.1 129 23 89 1004 1390 16 0.12 

Region 3 84.6 870 62 591 3241 3490 29 0.27 

Region 4 113 630 75 416 1135 1567 65 0.47 

Region 5 CREST 24.8 178 67 130 218 274 93 0.74 

 

Graphs showing the estimated values of parameters D11 and D21 for the different 

hydro-mechanical calculation time steps are presented in Figure 6-40 and 6-41, 

respectively, for different in-situ stress ratios. Areal intensity D21 of fractures (Figure 6-

45) for the different regions studied shows that, as with the Voronoi tessellation 

approach, regions 4 and 5 experience more fracturing per area. The intensity of 
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fractures in regions 1, 3, 4 and 5 is similar to that for the equivalent conditions for the 

Voronoi model. Region 2, however, shows no increase in the intensity of fractures for the 

Trigon and Voronoi models. D11 shows an increasing trend (Figure 6-41) with almost 

80% of the damage occurring near the slope crest. In contrast the damage reported in 

the Voronoi tessellation reaches 55% damage under the same in-situ stress conditions. 

 

Figure 6-40.  D21 parameter for the different time steps studied, K = 0.33. 
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Figure 6-41. UDEC Trigon hydro-mechanical simulation results showing increase in the 
damage factor, D11 (%) with increasing time steps, K = 0.33. 

Figure 6-42 and 6-43 show the results of D21 and D11, respectively, for a 

horizontal to vertical stress ratio of K = 2. These parameters indicate that with increasing 

calculation time steps, the damage intensity increases for all regions, particularly for 

those located near the top of the sliding mass (regions 4 and 5), where bench scale 

instability is observed towards the final calculation time steps. Slightly larger values of 

areal damage intensity, D21, are apparent for the models where a K = 2 was assumed, 

reaching 0.8 m-1 for region 1 at the slope crest. The D11 and D21, when compared to the 

Voronoi models, seem in general to be greater for all regions. Region 2, nevertheless, 

shows a more similar behavior in comparison with the Voronoi results under the same 

conditions. 
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Figure 6-42. D21 parameter for the different time steps studied, K = 2. 

 

Figure 6-43.  UDEC Trigon hydro-mechanical simulation results showing increase in 
the damage factor, D11 (%), with increasing time steps, K = 2. 
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6.3.3. Lattice-Spring approach with Slope Model 

The lattice-spring scheme Slope Model code (Itasca, 2014) was used to 

investigate the brittle behavior experienced by a biplanar failure mode with the 

incorporation of pore water pressures into the model. 

 Model setup 

The geometry model used to study biplanar failure mode and the groundwater 

effects on the failure mechanism is shown in Figure 6-44, similar to the one used for the 

Phase 2 and UDEC analyses, with a slight modification in the slope toe region, in order 

to simplify the geometry. The slope was extruded 10 m out of plane in order to model a 

pseudo 3-D section. History points were located to track the displacements and pore 

water pressure changes occurring in the biplanar model. Additionally, history points were 

located along the slope surface towards the crest, toe and middle area of the slope. 

 

Figure 6-44. Geometry used in the Slope Model lattice spring code to simulate a biplanar 
failure mode. History points are shown in blue. Planes defining the biplanar failure are 
shown along with the dip angles. 
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Rock mass and discontinuity strength parameters were selected to approximate 

the parameters applied in the UDEC models (Table 6-18). Discontinuities were imported 

into the model using the DFN import feature included in the program. Surfaces for the 

rear and basal biplanar planes were prepared and imported as an .xml file. The 

mechanical and hydraulic properties assigned to the joints in the lattice spring model are 

given in Tables 6-18 and 6-19. Hydraulic properties correspond to default values in the 

Slope Model code, and mechanical properties were set based on the conventional 

UDEC model previously presented in this chapter. The lattice spring scheme 

incorporated in Slope Model is sensitive to the tensile strength assumed for the rock 

mass. Consequently, this parameter was adjusted to be equal to the original value 

previously used. In the previous continuum and discontinuum models, a tensile strength 

equal to 50% of the Mohr-Coulomb cut-off was assumed. The in-situ stresses ratio 

considered corresponds to an in-situ stress ratio of K = 2. 

In order to study the effect of including groundwater the model was run under dry 

conditions and for a model with a water table matching the slope profile; i.e.,., 

considering a totally saturated condition (Figure 6-44). The fluid flow initially takes place 

through the pre-defined fractures in the model. Models were initially run for mechanical 

equilibrium and once mechanical equilibrium was reached, a hydro-mechanical coupled 

analysis was undertaken. 

Table 6-18. Properties assigned to rock mass in the lattice spring model. 

Parameter Rock Mass Value 

Unit weight (kN/m3) 26.5 

Poisson’s ratio,ν 0.25 

Young’s modulus, ERM (GPa) 12 

Tensile strength,σT (MPa) 3.80 

UCS (MPa) 130 

Cohesion, c (MPa) 2.3 

Friction (°) 60 
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Table 6-19. Mechanical and hydraulic properties assigned to basal and rear surfaces 
comprising biplanar failure geometry. 

Parameter Basal Surface Rear Surface 

Hydraulic aperture (mm) 0.5 0.5 

Tensile strength σT MPa) 0 0 

Cohesion (MPa) 0.480 0.025 

Friction (degrees) 42° 36° 

Normal stiffness (Kn) (GPa/m) 10 10 

Shear stiffness (Ks) (GPa/m) 1 1 

 

 Preliminary results of Slope Model biplanar simulation  

The simulation under dry conditions indicates the displacements are distributed 

continuously from top to bottom of the model, with the maximum displacements of 

approximately 7 cm toward the top of the slope and with values of 2.5 cm within the 

biplanar failure geometry (Figure 6-45).  

 

Figure 6-45. Total displacements for the Slope Model lattice scheme model 
assuming dry conditions. 
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Once the model is run for hydro-mechanical coupling through the imposition of a 

water table for fully saturated conditions, pore water pressures are distributed according 

to Figure 6-46. After a hydro-mechanical coupled simulation is performed, new fractures 

are created and propagate within the sliding mass comprising the biplanar failure mode. 

Extensive fracturing occurs in the transition zone, with curved shearing surfaces 

propagating upward from the hinge of the overall biplanar failure geometry. A plot of total 

displacements magnitude including the brittle failure experienced by the transition zone 

is shown in Figure 6-47, where the development of curved shear surfaces is apparent.  

 

Figure 6-46. Pore fluid pressures within the rear and basal surfaces defining the biplanar 
failure mode. 



 

228 

 

Figure 6-47. Displacements for the lattice scheme model, fully saturated slope. 

Figure 6-48 shows the development of micro-cracks within the model. After an 

initial marked increase in microcrack development, the model shows an apparent steady 

state for the first three mechanical simulation seconds when mechanical equilibrium is 

reached. A sudden and continuously increasing number of microcracks are simulated 

with a hydro-mechanical coupling for the following 4 sec. Instability during the hydro-

mechanical simulation is also evident from the displacement plot, Figure 6-49. For the 

initial mechanical simulation, the model experiences small displacements, less than 20 

cm, reaching a constant value by the end of the mechanical simulation, when 

mechanical equilibrium is assumed to have been reached. Once the hydro-mechanical 

simulation occurs the displacements keep increasing, resulting in biplanar failure with 

magnitudes of displacement of up to 1.6 m at the slope toe (Figure 6-49). 
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Figure 6-48.  Microcracks formed during the mechanical and hydro-mechanical coupled 
analysis. The first three seconds correspond to mechanical equilibrium of the model, and 
following four seconds correspond to microcracks created during the hydro-mechanical 
coupled simulation.  

 

Figure 6-49. Horizontal displacements for different monitoring points along the planes 
defining the biplanar failure mechanism. Note small displacements for the first three 
mechanical seconds. After 3.5 sec when hydro-mechanical coupling occurs 
displacements take place and the sliding mass shows significant brittle behavior.  
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6.4. Summary and discussion of results 

From examination of the results obtained using the different numerical methods 

for the modelling biplanar rock slope failure, it is apparent that continuum codes are best 

suited for the analysis of slopes that are comprised of massive, intact rock, weak rocks, 

soil-like, and heavily jointed rock mass, whilst discontinuous codes are appropriate for 

slopes controlled by discontinuity behaviour. Discontinuum codes allow an improved 

understanding of the role of brittle fractures and their properties on numerical modelling. 

The synthetic rock mass model (lattice-spring scheme), has the ability of allowing the 

brittle fracture of material, without the pre-insertion of fractures and, therefore, offers a 

useful tool when modelling coupled hydro-mechanical brittle behaviour with the 

incorporation of groundwater pressures. Tables 6-20 to 6-23 attempt to summarize some 

of the advantages and limitations of the different techniques used in this chapter. 

Models incorporating Voronoi and Trigon polygons are able to model fracturing 

processes and the development of connectivity and flow paths associated with 

displacements in fractured biplanar rock slopes. Brittle behaviour can be simulated 

under mechanical and coupled hydro-mechanical calculations. Results suggest that an 

improved simulation with respect to reducing interlocking compared to UDEC Voronoi 

polygons is achieved by using the new UDEC Trigon approach developed by Gao 

(2013). Both approaches, however, require care regarding assumed properties for the 

contacts defining the blocks, and therefore careful calibration is essential, if results are to 

be improved.  

Results show the ability of continuum codes to provide simple biplanar slope 

stability assessment either under dry or wet conditions. The use of the SSR in Phase 2 

allows simple comparison of models for different conditions and also interpretation of 

those parameters influencing the stability of an open pit slope, and results particularly 

important for pit slope design, where knowing the FOS is required. Parameters like 

friction angle and cohesion, important in the context of a biplanar failure mode, can be 

easily studied and accounted for in continuum codes. The UDEC conventional code 

allows greater displacements than when using the continuum code Phase 2. Phase 2 

joint logic is restricted to small strain, whereas UDEC allows for simulation of a large 

strain logic. The SSR factor used in UDEC gave a value of 3.97 for models under dry 



 

231 

conditions. Assuming groundwater pressures within the biplanar surfaces the SSR factor 

was reduced to 0.64, and displacements exponentially increased, from a few 

centimeters to up to 3.5 m near the slope toe. This approach, which did not account for 

internal fracture and structure within the sliding rock mass, represents an extreme end 

condition and is conservative. 

Use of UDEC-Voronoi and Trigon models allows investigation of the brittle 

behaviour experienced within the biplanar rock mass. Initiation and propagation of 

fractures is apparent through different hydro-mechanical time steps. In all models, 

tensile failure dominates over shear failure, and the majority of contacts, which during 

the initial stages fail in shear  are observed to undergo subsequent opening, suggesting 

that the initial shear failure may be a precursor of rock mass dilation. Models undergoing 

a lower in-situ stress (K = 0.33) show a fracture pattern different to the models for higher 

in-situ stress ratios (K=2). In general, fractures propagate perpendicular to the minimum 

principal in-situ stress, in the principal stress direction. Pore water pressures are more 

uniformly and continuously distributed for lower in-situ stress ratios (K=0.33). In models 

with a higher horizontal in-situ stress ratio (K=2), pore pressures show a preferential flow 

direction parallel to the rear plane defining the biplanar failure mode. Pore water 

pressure are influenced by the larger fractures created and develop interconnectivity 

through the different calculation time steps. Two different damage intensity factors are 

proposed, D11 and D21, and are studied for the five different defined slope regions. D21 

shows values of up to 0.45 m-1 for models under higher in-situ stress ratios using 

Voronoi-tessellation, and values of 0.80 m-1 for using a Trigon-tessellation. Additionally, 

the D11 parameter shows greater percentage of damage for the UDEC-Trigon (up to 

90%) models than for the Voronoi models (up to 70 %), suggesting more damage for the 

Trigon models, partially due to more contacts.  

Slope Model results for dry conditions show similar results to those obtained in 

Phase 2, with small displacements on the order of centimeters. Nevertheless, due to the 

ability of Slope Model to reproduce brittle fracture, displacements are accelerated in the 

model once pore water pressures are considered. The slope toe experiences 

movements of up to 1.6 m. Curved macro-fractures are indicated enclosing the transition 

zone of the biplanar failure mode. 
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Table 6-20. Comparison of slope analysis methods which incorporate groundwater in 
slope stability: Limit equilibrium and continuum codes (modified after 
Stead et al., 2006) 

Analysis 
Method 

Common 

Codes 

Application in 
Groundwater Modeling 

Advantages 

of the Method 

Disadvantages of the 
Method 

 

 

 

 

Limit 
Equilibrium 

 

 

 

Slide 

(2D)/Slope/W 

Groundwater seepage 
analysis for 
saturated/unsaturated 
conditions, rapid 
drawdown, sensitivity 
analysis. Transient 
groundwater analysis. 
Steady state and multi-
stage transient analysis 
(Rocscience, 2013). 

Much software 
available for different 
failure modes. Mostly 
deterministic but some 
probabilistic analyses 
in 2-D and 3-D with 
multiple materials, 
reinforcement and 
groundwater profiles. 
Suitable for sensitivity 
analysis of FoS (Stead 
et al., 2006; 
Rocscience,  

2013). 

FoS calculations must 
assume instability 
mechanisms. In situ 
stress, strains and intact 
material failure not 
considered. Simple 
probabilistic analyses may 
not allow for sample/data 
covariance. (Rocscience, 
2013). No ability to 
consider complex 
behaviour: brittle failure, 
progressive failure/creep. 

 

 

 

 

Continuum 
modeling 

(e.g., finite 
element, 
finite 
difference) 

 

 

 

 

Phase 2 

(2D),FLAC, 
RS3, 
MODFLOW, 
FEFLOW, 
SEEP/W 

Mainly for the 
determination of pore 
pressures, which can be 
incorporated into the 
stress analysis to 
compute values of 
effective stress. Steady-
state seepage analysis 
can compute pore 
pressures, flow rates 
and hydraulic quantities. 
(discharge sections, 
water table, flow lines 
and flow vectors) 
(Rocscience 
Inc.,2013a). Piezometric 
lines, pore water 
pressure grids and finite 
element seepage 
analysis can be carried 
out in most continuum 
codes. Complex 
hydrogeological models 
can be analyzed in 
MODFLOW and 
FEFLOW and pore 
pressure results 
incorporated into slope 
stability analysis codes 
(Read and Beale, 2014). 

Allows material 
deformation and 
complex failure 
mechanisms with 
coupled groundwater 
modelling. Sensitivity 
analysis are relatively 
rapid obtained 
(Rocscience,2013a; 
Itasca ,2010). 
MODFLOW and 
FEFLOW simulate 
saturated/unsaturated 
conditions, and are 
progressively 
incorporating coupled 
stress changes into 
the analysis (Read 
and Beale, 
2014).Some programs 
use imbedded 
language (e.g., FISH) 

to allow users to 
define own functions 
and subroutines 
(Stead et al.,2006). 
Biot’s coefficient 
consideration in RS3 

(Rocscience, 2013b). 

Requires experience to 
observe limitations due to 
boundary effects, meshing 
errors, hardware, memory 
and time restrictions. 
Requires constitutive 
models to represent the 
behavior of soil/rock, 
which are not well suited 
when treating with cyclic 
loading and complex 
strain paths (Read and 
Beale, 2014).Difficulty to 
model highly jointed rock 
mass slopes, since it does 
not model interaction of 
rock mass and fractures 
(Read and Stacey, 2009). 
Specification of many 
discontinuities is tedious 
(Lorig, 2013). 3D models 
can be computationally 
intensive. Explicit 
modelling of mining 
excavation stages 
(MODFLOW, FEFLOW) 
(Read and Beale, 2014). 
Not able to model large 
rotations. 
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Table 6-21. Comparison of slope analysis methods which incorporate groundwater in 
slope stability: Discontinuum codes. 

Analysis Method Common 

Codes 

Application in 
Groundwater 
Modeling 

Advantages 

of the Method 

Disadvantages of the 
Method 

 

 

 

 

 

 

 

Discontinuum 

modelling 

(e.g., distinct 

element, DDA) 

 

 

 

 

 

 

 

 

 

UDEC 

(2D); 
3DEC; 
ABAQUS 

Capability to perform 
the analysis of fluid 
flow through the 
fractures of a system 
of impermeable 
blocks. A fully coupled 
mechanical-hydraulic 
analysis can be 
performed in 
UDEC/3DEC. It can 
simulate: Pressure 
effect, flow, 
mechanical effect on 
aperture, pressure 
generation. Confined 
flow and flow with a 
free surface can be 
modeled in 
UDEC/3DEC. Three 
calculation modes are 
available in 
UDEC/3DEC for 
different types of fluid 
flow, namely: Steady-
State Analysis and 
Transient Analysis for 
compressible and 
incompressible fluid. 
Time-dependent 
modelling can be 
relatively easy 
simulated through user 
developed functions 
(Itasca, 2014; Itasca, 
2013)  

Allows for block 
deformation and 
movement relative to 
each other. Can model 
complex behaviour and 
mechanisms (combined 
material and discontinuity 
behaviour, coupled with 
hydro-mechanical and 
dynamic analysis).Able 
to assess effects of 
parameter variations on 
instability. 

Some programs such as 
UDEC/3DEC use 
embedded language 
(e.g., FISH) to allow user 
to define own functions 
and subroutines (Stead 
et al., 2006). ABAQUS 
provides an accurate 
depiction of surface 
topology for near surface 
and underground 
excavation, and accurate 
representation of 
geological regions to 
define mechanical and 
fluid response.(Arndt and 
Fillery, 2011). Accurate 
representation of in-situ 
stress fields and pore 
fluid flow and pore fluid 
pressure (Arndt and 
Fillery, 2011). Excavation 
stages and pore 
pressure changes can be 
easily related (Read and 
Beale, 2014). User 
defined constitutive 
models (Itasca, 2013). 

As above, experienced 
users needed. General 
limitations similar to 
those listed above. Need 
to simulate 
representative 
discontinuity geometry 
(spacing, persistence, 
etc.). Limited data on 
joint properties 

available (e.g., joint 
stiffness, jkn and 

jks). (Stead et al., 
2006).It can be 
computationally 
exhaustive. Incorporation 
of cohesive elements 
along intersecting 
discontinuities can be 
difficult in codes such as 
Abaqus/CAE. Absence 
of pore fluid simulation in 
Abaqus/Explicit (Arndt 
and Fillery, 2011). 
Difficulties when 
incorporating the 
groundwater flow models 
into the geotechnical 
model, in terms of 
choosing what pressures 
should be applied to the 
joints and the model 
blocks and subsequent 
interpolation steps 
involved, many times 
requiring interpolation via 
a macro (UDEC/3DEC) 
(Read and Beale, 
2014).Difficulties to 
simulate dynamic 
fracture growth and 
progressive failure . 
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Table 6-22. Comparison of slope analysis methods which incorporate groundwater in 
slope stability: Discontinuum-brittle fracture codes. 

Analysis Method Common 

Codes 

Application in 
Groundwater 
Modeling 

Advantages 

of the Method 

Disadvantages of 
the Method 

 

 

 

 

 

 

 

 

Discontinuum 
and brittle 
fracture 

 

 

 

 

 

 

 

UDEC 
VORONOI/TRIGON, 
PFC, ELFEN and  

SLOPE MODEL 

(3D) 

Fluid flow can be 
simulated both in 
the fractures (joints) 
and the intact rock 
matrix. It can 
simulate the effect 
of changes in 
conditions and 
groundwater 
modification (e.g. 
drainage) (Itasca, 
2014). It is able to 
simulate time 
variations of 
pressure 
distribution in a 
fracture (Itasca, 
2014). UDEC 
Voronoi/Trigon and 
Slope Model have 
the ability to model 
initiation, and 
propagation of 
brittle fracture as 
consequence of 
groundwater pore 
pressures. ELFEN 
can model implicit 
and explicit hydro-
mechanical coupled 
simulations 
considering a 
phreatic surface 
(Rockfield Ltd., 
2013). 

The lattice scheme 
can be better than 
both (continuum or 
DEM) at modeling 
brittle rock masses. 
(Lorig, 2013). 

Slope Model and 
UDEC 
Voronoi/Trigon 
have the ability to 
couple fluid flow, 
pore pressure 
distribution and rock 
deformation, and 
include most of 
hydrogeological 
processes pertinent 
to pit slopes (Itasca, 
2014). 

The fluid and 
mechanical 
calculations may be 
done separately or 
together (coupled). 
(Itasca, 
2014).Codes such 
as ELFEN and 
Slope Model can 
simulate hydro-
mechanical coupled 
analysis, with both 
fracturing of intact 
rock and 
development of new 
fractures (Rockfield 
Ltd., 2013). 
Fracturing as a 
direct result of 
saturation can be 
modeled in ELFEN 
(Styles, 2009). PFC 
5.0 incorporates a 
two-way interaction 
between particles 
and fluid (Itasca, 
2014) 

Codes such as 
PFC3D treats the 
material as an 
assembly of 
discrete particles 
that may or may not 
be bonded together, 
which can many 
times over/under 
simplify a model 
(Itasca, 2012). 

Complex 
constitutive models 
are avoided for 
codes such as PFC 
and Slope Model 
(Read and Beale, 
2014).The Slope 
Model code is still in 
early stages of use. 

Slope Model does 
not handle large 
deformations and 
does not yet have 
specialized 
boundary conditions 
(only includes 
standard boundary 
conditions (e.g. 
impermeable or 
fixed head) (Read 
and Beale, 
2014).Current 
version of ELFEN, 
unable to simulate 
the dissipation of 
pore pressure due 
to fracturing (Styles, 
2009).  
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Chapter 7. Conclusions and Recommendations 

Significant effort has been put into the characterization and modelling of 

groundwater as a key component in slope stability analysis. In this research, a major 

focus is in the characterization of natural and engineered high rock slopes using state-of-

the-art mapping and numerical modelling techniques. Remote sensing techniques have 

been applied to two large open pits and a high rock slope where groundwater pressure 

has presented an issue. Numerical modelling has been undertaken using advanced 

numerical codes. Continuum, discontinuum, and more recently developed lattice-spring 

approaches have been used to study the development of brittle fracturing and its 

interaction with groundwater pressures.  

7.1. Remote sensing techniques 

Remote sensing techniques provide additional means to traditional methods to 

characterize rock slopes, particularly for inaccessible slopes. Numerous uncertainties 

can arise when acquiring, processing and interpreting remote sensing data: 

scanner/camera orientation, range, scale effects, occlusion and potential truncation. 

During processing of data, additional uncertainties arise due to image quality, rock mass 

disturbance, blast damage and user bias.  

Allowing for scale effects is very important in the accurate determination of 

fracture persistence. As shown in this thesis, the fracture intensity, and specifically the 

seepage intensity determined, varies according to mapping window sizes and location, 

and therefore, assumptions regarding isotropy are often not suitable for the description 

and quantification of fluid flow in fractured rock masses. In general, as the size of 

mapping windows increases, a higher number of fractures are easily visualized and their 

traces followed and mapped with more reliability. Particular care should be given to the 

mapping walls of open pit slopes, where slope instability frequently involves multiple 
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benches; and therefore, the persistence of structures in the vertical direction may often 

control both the stability of the pit walls and groundwater seepage. Thus, a general 

assessment accounting for the most persistent and prevalent structural features 

controlling pit slope stability, should consider both horizontal and vertical mapping 

directions, i.e., along single benches and traversing multiple bench elevations. After a 

general stability assessment is performed, window mapping aids delimiting and 

constraining joint sets playing a major role in instability, seepage areas, etc. The 

sampling domain should be carefully selected; taking into consideration that incorrect 

window size selection may lead to missing details or biased data collection.  

Mapping observations indicate that discontinuity persistence and seepage are 

closely related, and represent extremely important parameters for fracture network 

characterization. The remote sensing methodology used in this thesis has the potential 

to aid in the characterization of seepage zones in pit slopes, and correlate them with 

discontinuity intensity and fracture geometry. These observations emphasize the 

limitations of conventional line survey and window cell mapping techniques, when 

considering bench scale and multi bench scale windows mapping.  

Additionally, photogrammetry mapping was correlated to field and borehole 

mapping data, showing agreement between the data. The use of Discrete Fracture 

Network engineering parameters, together with continued research in different pit slope 

environments, has the potential to allow improved interpretation of fractures involved in 

seepage areas, with consequent improved input into groundwater, geomechanical and 

DFN models. 

The results of this research have important implications when mapping seepage 

areas using remote sensing techniques: 

 Particular attention should be given to shear zones, joints and fractures in 

highly fractured rock settings, since they are very often the main conduits 

for fluid flow due to dilation of the rock mass; and thus may control the 

quantity and direction of flow.  

 Orientation data from digital photogrammetry should be constrained with 

borehole and fieldwork data. Remote sensing cannot replace traditional 
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mapping techniques, but should be used as a complementary and 

additional technique to assess and characterize rock masses. 

 Laser scanning data provides a potentially useful method to characterize 

seepage zones in high rock slopes. The use of this technique, in 

conjunction with other methods, allows the possibility to better determine 

areas where water seepage may represent a concern for slope stability, 

particularly for high, inaccessible areas. 

 Preliminary infrared thermography (IRT) results showed the potential of 

this remote sensing technique, not only to identify main water conducting 

features in high rock slopes, but also to provide additional information on 

the existence of water covered surface rock slopes. 

7.2. Numerical modelling 

Numerical modelling techniques currently in use are able to provide preliminary 

assessment on the slope stability of large open pits, with heights greater than 500m. 

Several methods exist for the incorporation of groundwater in the stability analysis. 

In this research, the continuum code, Phase 2 was used to account for the 

presence of water in a large open pit under multiple excavation stages. A SSRF was 

helpful in providing further insights on the effects of incorporating groundwater in the 

stability analysis. Nevertheless, some limitations exist when groundwater flow is mainly 

affected and controlled by the fractures defining the rock mass. Under these conditions, 

more sophisticated codes are available, which can perform coupled or partially coupled 

hydro-mechanical analyses, controlled by the fracture network. To overcome this 

limitation, the conventional UDEC code, which incorporates a fluid flow analysis 

restricted to the system of pre-existing fractures was used. However, since stress-

induced brittle fracturing is not incorporated in the conventional UDEC code, boundary 

conditions to specify groundwater are limited. UDEC-Voronoi/Trigon represents a 

promising technique to account for the presence and development of new fractures due 

to the incorporation of groundwater in high and massive rock slopes. 
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A fully coupled hydro-mechanical analysis was employed using both the UDEC 

Voronoi, and the newly developed Trigon tessellations. Results obtained show that 

fracture connectivity and therefore, higher pore water pressures are being developed in 

the vertical direction in a direction parallel to the rear plane, where new cracks formed in 

an orientation perpendicular to the orientation of minimum principal stresses. 

Additionally, it was shown that the existence of high differential stresses is an important 

contributory factor when studying the effect of groundwater in slope stability. On the 

basis of the two stress-induced simulated fracture patterns for each in-situ stress 

condition (K=0.33 and 2), UDEC Voronoi/Trigon models, the following conclusions are 

drawn: 

a) Fluid flow pressure is dependent on the in-situ stress state. Higher in-situ 

stress ratios, according to the models analyzed, will favour the development of fractures 

parallel to the rear plane defining the biplanar failure mode. A highly variable hydraulic 

pressure gradient is developed when a high in-situ stress ratio is assumed.  

b) Stress-induced fractures play a critical role in the distribution of pore water 

pressure. Fracture connectivity immediately behind the slope surface can lead to bench-

scale instability. This effect was increased for the higher in-situ stress ratio of K=2.  

d) A linear damage intensity parameter, D11, and an areal damage intensity 

parameter, D21, were introduced and used to evaluate the damage occurring in five 

different slope regions, as a consequence of the incorporation of groundwater pore 

pressure into the models. Results for both damage parameters suggest that greater 

damage is experienced for those models where a higher in-situ stress ratio condition 

was assumed. Additionally, tensile failure of Voronoi/Trigon contacts was shown to be 

the primary failure mechanism for the contacts defining the polygons. 

e) UDEC-Voronoi was shown to provide a potential method to model the effect of 

groundwater in the blast damage zone, recreating the enhanced permeability often 

attributed/observed in this zone in practice. 

f) Increasing the percentages of rock bridges on the basal surface of the biplanar 

failure geometry in UDEC showed to provide an increasing value of  SSRFs, and 

allowed further insight into the biplanar slope failure mechanism. 
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The Slope Model code was also used to investigate the effect of incorporation 

brittle fracture of rock bridges and to provide a useful means to assess the role of 

groundwater conditions on instability. Rock bridge failure is strongly promoted by the 

incorporation of groundwater pressures in the models. Different percentage of rock 

bridges were incorporated into a defined biplanar geometry. The model results indicated 

that groundwater pressure can promote total failure of a 5% rock bridge along the basal 

surface. Once the percentage of rock bridge increases to 10 and 15%, although, the 

rock bridges can be broken, full interconnection of the surface defining the basal surface 

of the biplanar mode does not occur. Greater damage is caused when the rock bridge is 

located at the daylighting end of the basal surface in proximity to the blast damage zone. 

As expected, some cracking damage is experienced in the blast damage zone, where 

properties representing a good quality controlled damage blast technique, were defined. 

Model results suggest the potential increase of permeability towards the blast damage 

zone. 

General biplanar failure in Slope Model results showed the formation of long 

internal fracture surfaces under the assumed groundwater conditions. Groundwater can  

cause increases in total displacements by up to 10 times as shown in assessment of the 

Slope Model simulation results.  

DFN engineering methods are very important in the interpretation of simulated 

and mapping damage within rock slopes, especially, due to mechanical and pore water 

induced brittle fracture. Two coupled hydro-mechanical damage intensity parameters,D11 

and D21, are defined and used to characterize damage within the different slope model 

regions selected. Likewise, a seepage intensity, S21 parameter is used to account for the 

areal intensity of fractures seeping water to the pits. Through the use of these newly 

defined parameters, researchers may be able to improve our understanding of the inter-

relationships between brittle fracture initiation, progressive connectivity and the role of 

groundwater in open pit slope failures. 
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7.3. Recommendations for future work 

Remote sensing is an increasingly used technique in slope stability 

investigations. Despite its current use, further research should be undertaken based on 

the following considerations:  

1. The remote sensing techniques used in this research (photogrammetry, LiDAR and 

IRT) should be applied to investigate groundwater seepage in other surface mines 

and natural high rock slopes, with different geological and hydrogeological conditions 

to allow for improvements of the proposed techniques. 

 

2. Guidelines are required for the measurement of fracture persistence using remote 

sensing, in order to: accurately account for the persistence of both water-bearing and 

dry discontinuities, and improve the understanding in groundwater controls on the 

stability of a given rock slope. 

 

3. Increasing attention should be given to remotely mapped shear and fault zones that 

might act as conduits for fluid flow in rock slopes. 

 

4. Further research using a modified window approach, similar to the one used in this 

thesis, should be undertaken using different focal length lenses, where higher and 

lower picture resolutions can be tested and studied. Usually, higher resolution 

images allow for the mapping of low persistence, closely spaced joints at the bench-

scale. Lower resolution overall pit slope images, seem to be better at detecting high 

persistence, multi-bench scale structures.  

 

5. In general, any remote sensing technique should be applied and constrained in 

conjunction with other techniques, such as traditional field and borehole data to help 

delineate areas of seepage that may represent a risk for slope stability. 

 

6. It is highly recommended to consider comparing mapped seeping water structures 

during drier seasons with those mapped during wetter months of the year to better 

determine which structures are contributing continuously over time to the water 
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seepage observed on the slope faces. Thereby, providing a more exhaustive 

inventory of the joint sets controlling the fluid flow.  

 

7. The techniques investigated here should be applied to different field sites to prove 

the efficiency and provide further insights into rock slope/groundwater 

characteristics. Estimates of seepage intensity may serve eventually as a meaningful 

tool for subsequent conceptual numerical modelling studies. 

 

8. Use of DFN intensity parameters proposed in this research, should allow scaling and 

development of practical guidelines to identify seepage areas on large slope faces. 

 

9. Although, preliminary assessment on the effect of the blast damage zone was 

carried out, future research should aim to investigate field-based methods to better 

assess this induced damage zone and its effect on groundwater, allowing improved 

understanding of blast zone permeability and conductivity. 

 

10. Brittle fracturing in the Slope Model code remains a subject for continued research. 

Further investigation should account for the incorporation of DFN realizations into the 

models to better understand the effects of incorporated fractures and interaction 

when considering rock bridging failure and groundwater approaches. 

 

11. Numerical codes coupling brittle behavior and hydro-mechanical response, such as 

the Slope Model code, may lead to major advances in our knowledge of slope 

deformation mechanisms and the important relationships between slope mass strain 

and pore water pressures. These models, although extremely powerful, require: 

•  Further development in boundary conditions. 

•  Improvements in computer processing speed and runtimes (i.e., some of the 
models presented in here took approximately 5 days to reach a response). 

•  Validation using case studies with detailed information on rock mass 
structure, mechanical properties and groundwater conditions. 
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Appendix 1.  
 
Curves of cumulative length for Voronoi/Trigon failed 
contacts  

• Voronoi failed contacts  

Voronoi curves representing the cumulative length of failed contacts for the 

different hydro-mechanical time steps undertaken in Chapter 6, under different in-situ 

stress conditions are shown in Figure.A.1 to A.5. Cycles 1, 2, and 3 encompass 1000 to 

3000 simulation time steps. Cycle 4 encompasses from 3000-8000 time steps, and cycle 

5 comprises 5000 to 13000 simulation time steps. A summary of the types of curve 

simulated (non-linear, step-wise increase, constant rate, convex, concave, bi-linear, 

stepped) is provided in Table 6-8. 

 

Figure A.1. Cumulative length of Voronoi failed contacts in shear and tension vs. time 
steps. Region 1. Note non-linear trend for contacts failing in tension; contacts failing in 
shear show an increasing trend. 
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Figure A.2. Cumulative length of Voronoi failed contacts in shear and tension vs. time 
steps. Region 2. Contacts failing in tension show a stepped, non-linear trend (convex for 
K=0.33 and concave for K=2). Contacts failing in shear show a fairly constant trend for 
both K values. 

 

Figure A.3. Cumulative length of Voronoi failed contacts in shear and tension vs. time 
steps. Region 3. Contacts failing in tension for K=0.33 show a bi-linear behavior, for K=2 
contacts failing in tension show an approximate linear behavior. Shear failure contacts 
show a fairly constant trend through different time steps. 
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Figure A.4. Cumulative length of Voronoi failed contacts in shear and tension vs. time 
steps. Region 4. Note non-linear, stepped trend for contacts failing in tension for K= 
0.33, and a bi-linear trend for contacts failing in tension for K=2. A fairly-constant trend is 
found for all contacts failing in shear. 

 

Figure A.5. Cumulative length of Voronoi failed contacts in shear and tension vs. time 
steps. Region 5.Note that contacts failing in tension show a non-linear, step-wise trend. 
Contacts failing in shear show a fairly-constant, stepped trend. 
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• Trigon failed contacts 

Cumulative length of Trigon failed contacts for different regions for the different 

hydro-mechanical time steps approach undertaken in Chapter 6 are shown in Figure A.6 

to A.10. Different in-situ stress conditions are considered. 

 

Figure A.6. Cumulative length of Trigon failed contacts in shear and tension vs. time 
steps. Region 1. Note that contacts failing in tension show a non-linear, stepped trend. 
Contacts failing in shear for K=0.33 show a concave behavior, and a stepped convex 
trend for K=2. 



 

260 

 

Figure A.7. Cumulative length of Trigon failed contacts in shear and tension vs. time 
steps. Region 2. Note that contacts failing in tension show an increase, stepped trend for 
the first four cycles, for the last cycle tensile failing contacts for K=0.33 show a fairly-
constant trend, whilst tensile failing contacts for K=2 tends to progressively increase. 
Shear failing contacts show an increasing, stepped trend. 
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Figure A.8. Cumulative length of Trigon failed contacts in shear and tension vs. time 
steps. Region 3. Note that contacts failing in tension show an increase, almost linear 
trend for K=2; whilst for K=0.33 the curve shows a bilinear trend. Shear failing contacts 
show an increasing fairly constant behavior. 
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Figure A.9. Cumulative length of Trigon failed contacts in shear and tension vs. time 
steps. Region 4. Note that contacts failing in tension show an approximately non-linear 
increase trend for K=2, whilst for K=0.33 the curve shows a bilinear trend. Shear failing 
contacts show an increasing constant rate for K=2, and a fairly constant trend for 
K=0.33. 
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Figure A.10.  Cumulative length of Trigon failed contacts in shear and tension vs. time 
steps. Region 5. Note that contacts failing in tension show a non-linear increasing trend. 
Shear failing contacts show a fairly constant increase behavior for both in-situ stress 
conditions considered. 
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Appendix 2. Comparison of UDEC and the Slope Model 
code  

Problem statement 

A slope stability problem, considering a water table located behind a jointed rock 

slope based on Itasca-Verification problems and example applications (Itasca, 2010) is 

simulated using both UDEC and Slope Model numerical codes. The water level is raised 

until the slope becomes unstable. The initial geometry considered is presented in Figure 

A.11. A water table is raised to 11 m, 13 m, 14 m and finally to a fully saturated condition 

for a water level at 15 m. Different history points are located within the fracture network 

at specific locations to monitor the changes in pore water pressures, as well as in 

vertical and horizontal displacements, due to increase in the water level. The model is 

run to mechanical equilibrium state under gravity loading. A steady state analysis is 

performed for each water table variation.  

 

Figure A.11.  Problem geometry used for model verification purposes with flow through 
jointed rock slope. 

The rock mass, joint mechanical properties and the hydraulic properties are 

presented in Tables A-1 to A-3, respectively. Properties are based on the models 

presented by Itasca (2010). 
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Table A-1.   Rock mass properties  

Properties Values 

Density (kg/m3)  2500 

Bulk Modulus (GPa)  16.7 

Shear Modulus (GPa)  10 

 

Table A-2.  Joint mechanical properties 

Properties Values 

Normal stiffness(GPa/m) 10 

Shear stiffness(GPa/m) 10 

Friction angle (°) 25 

 

Table A-3.  Joint and fluid hydraulic properties 

Properties Values 

Permeability factor (MPa-1sec-1) 1x108 

Residual hydraulic aperture (m) 2x10-4 

Aperture at zero normal stress (m) 5x10-4 

Fluid density (kg/m3) 1000 

Properties regarding the mechanical behaviour of fractures are presented in 

Table A-4. 

Table A-4.  Geometry of joint sets used in numerical analysis 

Joint sets Dip angle (°) Spacing (m) Persistence (m) 

JSet 1 20 2 100 

JSet 2 80 3 100 

Comparison of results between UDEC and Slope Model (Model Series 1) 

The UDEC analysis was run assuming a hydro-mechanical coupling. For the 

Slope Model code, a semi-coupled analysis was performed in the following manner: 

once mechanical equilibrium was reached, the model was run again for a second cycle 

of fluid simulation until a steady-state was reached (as suggested in personal 

communication with Damjanac and Varun, 2012). For both models, an initial water level 

located at 11 m above the slope toe was set, followed by a second stage where an 

increase of 2 m in the water level (13 m) at the right hand side of the slope was 

considered. Finally, a third stage under mechanical, and fluid simulation was considered, 
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for a water table located at the top of the slope (15 m). For every stage, mechanical 

equilibrium was checked by assuming that mechanical equilibrium (Figure A.13) is 

approached when no new cracks are created in the model. Once mechanical equilibrium 

is reached, a cycle of fluid simulation for steady-state conditions is carried out.  

History points for the discontinuum code (UDEC) and for the lattice spring code 

Slope Model (Itasca, 2014), were located at the same geometric locations in the 

discontinuity networks allowing comparison. The results obtained for these monitoring 

points are presented in the form of graphs showing the differences obtained in pore 

water pressures for every stage, once the water level is raised to the different levels 

considered (11 m, 13 m, and 15 m) behind the slope. History points were placed 

according to the location of the water table used. For instance, for a water table located 

11 m above the slope toe, history points were located at the points shown in Figure 

A.12, for both the UDEC and Slope Model codes.  
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Figure A.12.  a) History points in UDEC. b) Slope Model code for a water level of 11 m 
above the toe of the slope. 

As specified earlier, both models were run until mechanical equilibrium was 

approached. The unbalanced force was monitored for the distinct element code (UDEC); 

whilst for Slope Model, the equilibrium state was assumed to exist at the point where no 

further development of cracks was observed (Figure A.13). 



 

268 

 
 

 

Figure A.13.  Model brought to equilibrium. a) Unbalanced force in UDEC; and b) 
Number of cracks in Slope Model. 

Values for the history points located at different points on the slope (Figure A.12) 

for both numerical analysis in UDEC (Cundall, 1980) and Slope Model (Itasca, 2014), for 

a water table located at 11 m above the slope toe, are shown in Figures A.14 and A.15, 

respectively. The results show the ability of Slope Model to reproduce fluid flow through 
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a system of connected fractures, and the results obtained for both models seem to be in 

close agreement.  

 

 

Figure A.14.  Pore fluid pressures measured at point B (Figure A.12) for water table at 
11 m above slope toe a) UDEC b) Slope Model. 
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Figure A.15.  Pore fluid pressures measured at point C (Figure A.12) for a water table at 
11 m above slope toe. a) UDEC b) Slope Model. 
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Once the water level is raised to an elevation of 13 m above the toe of the slope, 

new history points tracking changes in pore pressures are specified and recorded for 

both codes. Figure A.16 shows the geometry location of the fixed history points in the 

Slope Model code.  

 

Figure A.16.  History points locations on Slope Model geometry for a water level of 13 m 
above the toe of the slope. 
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Figure A.17.  Pore fluid pressures measured at point E (Figure A.16) for water table at 
13 m above slope toe a) UDEC b) Slope Model. 
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Figure A.18.  Pore fluid pressures measured at point F (Figure A.16) for water table at 
13 m above slope toe a) UDEC b) Slope Model. 
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The last stage of modelling assumes fully saturated conditions, where the water 

level has been raised to the top of the slope at an elevation of 15 m above the slope toe. 

History points are shown in Figure A.19. 

 

Figure A.19.  History points selected for Slope Model for a water level of 15 m above the 
slope toe (fully saturated conditions). 
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Figure A.20.  Pore fluid pressures measured at point G (Figure A.19) for water table at 
15 m above slope toe a) UDEC b) Slope Model. 
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Figure A.21.  Pore fluid pressures measured at point H (Figure A.19) for water table at 
15 m above slope toe a) UDEC b) Slope Model. 
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The final pore water pressure distribution for the last stage under consideration 

(water table located at 15 m above the slope toe) for both the discontinuum code UDEC 

and the lattice spring code Slope Model, are shown in Figure A.22. 

 

 

Figure A.22.  Pore fluid pressure distribution for the final stage, for a water table located 
at 15 m above slope toe a) UDEC b) Slope Model. 
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In general, the results obtained through the use of the spring lattice scheme used 

in the Slope Model code show that for all cases the fluid pore pressure values registered 

by the history points are smaller than the ones obtained for the UDEC model. Slope 

Model considers the dissipation of pore pressure through the creation of new fractures, 

which develop as a result of the changes in the effective stresses of the model. UDEC 

only considers impermeable block, where fluid water flow can only be dissipated through 

the fracture network specified as input for the model without further changes. This 

implies that the cracking developed in Slope Model may reduce pore water pressures 

and in some cases induce self-stabilisation of a rock slope. 

A graphic showing the fluid pore pressure values obtained for the UDEC and 

Slope Model code is presented in Figure A.23, where results are in visible agreement for 

both codes used. 

 

Figure A.23.  Comparison of results obtained from UDEC and Slope Model. 

Using Equation A2.1, the percentage difference in pore water pressure results 

obtained for the models undertaken in the Lattice spring scheme code (Slope Model), 
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and the distinct element model code (UDEC) were calculated for the steady-state 

conditions studied. 

Results in Table A-5 suggest that for all cases the percentage difference is, on 

average, not greater than 8% which may be due to both the cracking and the additional 

pseudo-three dimensional geometry considered for the Slope Model code, reducing the 

pore water pressures achieved in the models. 

 

             
(                 ) (          )

           
          (A2.1) 

 

Table A-5. Comparison of results obtained for the different history points used in 
UDEC and Slope Model code. 

Points on Slope UDEC Model (KPa) Slope Model (KPa)  % difference 

B 16 13.53 11.8 

C 12 11.29 5.9 

E 51 48.90 4.1 

F 75 72.59 3.2 

G 38.1 32.6 14.44 

H 31.5 28.5 9.52 

 

Given that the model specified in the Slope Model code was simulated as a slice 

pseudo-3-dimensional model, the results obtained for the final stage are easier to 

compare in terms of velocities (as suggested in personal communication with Damjanac 

and Varun, 2012). Displacement vectors, therefore, are shown for the UDEC model 

(Figure A.24), whilst the velocity field is displayed for the Slope Model results (Figure 

A.25). The outcome suggests that the same block for both models is being pushed 

outwards, as a result of increasing the water level behind the rock slope for fully 

saturated conditions. 
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Figure A.24.  Displacement vectors for fully saturated conditions, water level located 15 
m15m above slope toe. 

 

Figure A.25.  Velocity field obtained in Slope Model code, water level at 15 m above the 
slope toe. 
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Up-scaled model run in UDEC and Slope Model 

An up-scaled model was also performed with the aim of comparing the results 

obtained in UDEC and Slope Model. A slope twice as big (30m height) was constructed 

in UDEC and Slope Model. 

History points were located at different locations close to the slope surface 

(Figure A.26 and A.27) with the aim of investigating changes in pore water pressures 

related with slope failure. 

 

Figure A.26.  Location of history points tracking pore water pressure changes for the 
up-scaled model undertaken in UDEC (Slope height = 30 m) 
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Figure A.27.  Location of history points tracking changes in pore water pressures for the 
up-scaled model undertaken in Slope Model code (Slope height=30 m) 

Changes in pore water pressures were compared for the different monitoring 

points locations, for both UDEC and Slope Model. Water level conditions were varied 

starting with a water level located at 18 m above the slope toe for the first stage. A water 

table located at 24 m above the bottom of the slope, for the second stage, and finally the 

model was assumed fully saturated, for a water table located at top of the slope at 30 m. 

Results of the up-scaled model again suggest a good agreement between the values 

obtained for the UDEC and Slope Model codes as illustrated in Figures A.28 to 

A.30Figure A30. Changes in shape of pore pressure plots indicate that in the case of 

the Slope Model code, pore pressure is being reached almost instantaneously as a 

consequence of the increment in size. 

  



 

283 

 

 

Figure A.28.  Slope Model results for pore pressures monitored at points R and S for a 
water table located at 18 m above the slope toe. a) UDEC b) Slope Model. 
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Figure A.29.  Slope Model results for pore pressures monitored for points Q, R and S for 
a water table located at 24 m above the slope toe. a) UDEC b) Slope Model. 
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Figure A30. Slope Model results for pore pressures monitored for points P, Q, R, and S 
for a water table located at 30 m above the slope toe. a) UDEC b) Slope Model. 
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The percentage difference calculated for the up-scaled models (Table A-6), 

shows smaller differences in comparison with the 15 m slope, shown previously. Results 

indicate that UDEC models are reaching greater pore pressure values, although once 

the model size increases, the percentage difference indicated by the history points 

seems to decrease. The percentage difference achieved by up-scales models seems to 

be smaller than 5% for the history points tracked. 

Table A-6. Comparison of UDEC and Slope Model codes for the up-scaled model 
with a water table located 30 m above the slope toe. 

Point on the slope UDEC Model 

(kPa) 

Slope Model 

(kPa) 

% difference 

P 20.5 18 1.2 

Q 70 67 4.3 

R 121 116.7 4 

S 180 176.8 2 

Results regarding differences in instability of the slope agreed with respect to 

primary outward movement of the block on the slope surface as shown in Figures A.31 

and A.32. 

 

Figure A.31.  Displacement fields in UDEC for an upscaled model (30 m high rock 
slope), saturated conditions. 
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Figure A.32. Velocity field for an up-scaled model (30 m high rock slope), saturated 
conditions. 

Summary of results 

Comparisons of results of the UDEC and Slope Model codes focused on the 

ability of the codes to reproduce similar pore water pressure values and a similar final 

failure mechanism. For the initial model analyzed, comparisons of results suggest that 

an average of 8% difference is experienced by the Slope Model results when compared 

to the UDEC results. Nevertheless, since Slope Model simulate cracking and due to the 

pseudo-three dimensional assumption undertaken for the models presented in this 

thesis, this difference in result is almost negligible. Once the model increases in size, 

less difference is expected to occur, as evidenced by the different history points set in 

the models, a decrease in difference of 5% was reached for an up-scaled model. 

Fracture fluid pressure plots show different patterns between the UDEC and Slope 

Model codes for the up-scaled model, suggesting that although new pore water 

pressures of similar values are registered for both codes, pore pressures are distributed 
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almost instantaneously in the Slope Model code. Therefore, the pore pressures plots 

remain constant through the whole simulation process. 
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Appendix 3. Simulation Times 

Table A-7. Simulation Times for Slope Model. Chapter 5 - Simulating the interaction 
between groundwater and brittle failure in open pit slopes 

Model Mechanical Simulation 

 (real time) 

Hydromechanical 
Simulation (First cycle) 

Hydromechanical 
Simulation (Second cycle) 

 Computational 
time (sec) 

Real 
Time 
(hrs) 

Computational 
time (sec) 

Real time 
(hrs) 

Computational 
time (sec) 

Real time 
(hrs) 

Rock Bridge 
Failure 5% 

3 sec ~8 1*10-5 7 2.5 21 

Rock Bridge 
Failure 10% 

3 sec ~9 1*10-5 8 2.5 35 

Rock Bridge 
Failure 15% 

3 sec ~9 1*10-5 8.5 2.5 37 

 

Table A-8. Simulation Times for UDEC-Voronoi approach. Chapter 5 - Simulating the 
interaction between groundwater and brittle failure in open pit slopes 

Model 

Mechanical Simulation 

 

Hydromechanical 

Simulation 

 Real Time (hrs) Real time (hrs) 

Voronoi 

(blast damage) 
36 4.5 

5% rock bridge 
(FOS) 

20 5 

10% rock bridge 
(FOS) 

24 6 

15% rock bridge 
(FOS) 

30 6 
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Table A-9. Simulation Times for UDEC-Voronoi approach. Chapter 6 - Modelling 
biplanar failure using continuum, discontinuum and lattice-spring 
approaches 

Model 

Mechanical Simulation  

 

Hydromechanical  

Simulation  

 Real Time (hrs) Real time (hrs) 

Voronoi 
(K=0.33) 

51 5 

Voronoi 
(K=2) 

77 5 

Trigon 
(K=0.3) 

50 2 

Trigon 
(K=2) 

55 2 

 


