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Abstract

The use of terrestrial photogrammetry for characterizing changes and damage in rock

masses was investigated. Repeat photogrammetry surveys of hard rock pillars were

conducted and compared to calculate material loss and damage. Damage measured

from photogrammetry was then compared to stresses predicted by Displacement

Discontinuity modelling and was found to agree well with current empirical damage-

stress relationships. Observed damage profiles were also input into Boundary Element

models to correlate predicted stress concentrations with locations of observed damage.

Modelled stress concentration locations and magnitudes agreed well with observed

damage locations and stress magnitudes from the literature, respectively. Geological

structures were characterized from photogrammetry models and used to generate

Discrete Fracture Networks, which in turn provided inputs for Distinct Element numerical

models. The observed damage was then used to calibrate numerical models which,

pending additional calibration, can be used to improve understanding of pillar strength.

Keywords: Rock Mechanics; Distinct Element Modelling; Photogrammetry; Brittle
Fracture; Remote Sensing; Discrete Fracture Networks;
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Executive Summary

The room and pillar lead mines of The Doe Run Company's southeast Missouri

operations span approximately 30 km at average depths ranging from 180-370 m.

During secondary mining of pillars, there is a risk of domino type pillar failures, which

pose a risk to mine infrastructure and workers. Displacement Discontinuity numerical

models are used to forecast pillar conditions during extraction and are subject to

constant refinement based on observations.

Terrestrial photogrammetry is a rapidly developing field of remote sensing, which

is highly applicable to rock mass characterization. In this study, repeated

photogrammetric surveys were conducted on pillars in areas of secondary mining from

May 2013 to January of 2014. 3D photomodels were used to characterize pillar damage

resulting from increased loads during extraction by measuring failure depth and crack

intensity as well as geological structures. Observations of damage vs. stress

relationships and structure were used to calibrate numerical models for forecasting pillar

condition.

Geological structures were characterized from 3D photomodels and used to

generate stochastic Discrete Fracture Networks. The observed orientation, spacing and

trace length of structures were found to agree well with published research. In addition,

high resolution 3D photomodels allowed for preliminary work characterizing structural

terminations and persistence. Observations of pillar damage progression suggest that it

is largely constrained by splitting along sub-vertical joints.

Pillar conditions are currently assessed using the pillar damage rating system by

Roberts et al. (2007) which rates pillars from 1 to 6, 1 being in perfect condition and 6

being failed and providing no support. Pillars observed in the study were rated using this

system, which takes into account depth of spalling and presence of large cracks. Then,

cracks were mapped and depth of failure was measured on 3D photomodels to produce

areal crack intensity, D21, values and Depth of Failure, DOF, values. These

measurements of damage displayed the expected trends when correlated to observed

damage ratings with D21 values exhibiting greater scatter.
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Measured pillar damage was then correlated to pillar stresses predicted by

Displacement Discontinuity numerical methods to derive stress vs. damage

relationships. Shorter pillars were found to initiate damage at higher stresses and

sustain less damage for an equal increase in stress when compared to taller pillars.

This observation of shorter pillars being stronger than taller pillars agrees well with

numerous previous studies.

Cross sectional profiles were developed from 3D photomodels and input into 2D

elastic stress analysis software to estimate stresses at damage initiation and determine

if numerically predicted stress concentrations agreed with observed damage locations.

Stress magnitudes at locations of damage initiation were found to correlate well with

published research as well as initiation values from the observed stress vs. damage

relationships.

Structural mapping results were used to generate fracture networks in Distinct

Element numerical models, which were calibrated using previous empirical studies of

pillar strengths at Doe Run as well as observations of pillar stress vs. damage from this

study. Preliminary numerical results have successfully simulated pillar failure

progression, but are subject to further refinement.
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1. Introduction

1.1. Rationale and Aims of the Study

Excavation design in rock masses is strongly influenced by uncertainty

associated with spatial variability and limited data necessitating conservative designs. In

order to optimize extraction, excavations are often monitored for signs of instability

during construction and use to ensure worker safety and allow for design modifications.

The changes detected by this monitoring are commonly used in numerical models and

empirical relationships to predict future performance and enhance safety. In hard rock

room and pillar mines, excavation stability is most commonly monitored by assessing

damage of support pillars using a damage rating system, which is in turn related to the

factor of safety. This system has been successfully used for decades and is constantly

being updated and refined. However, the gradual progression of damage including

material spalling and cracking can be difficult to quantify using damage rating systems

visual observations.

The high resolution data set provided by remote sensing technologies such as

photogrammetry and laser scanning can provide invaluable data to further refine this

technique. By providing precise measurements of pillar damage as well as detailed data

regarding the geological structure of the area, a more complete understanding of pillar

behavior and strengths can be achieved through time lapse photogrammetry.

The application of advanced 3D surveys provides data for a number of other

advanced tools including:

• Geological mapping and generation of Discrete Fracture Networks,

• Distinct Element Numerical Models and,

• Profiles for elastic stress analysis.
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Using techniques commonly applied in rockfall, sediment erosion and materials

testing, and extending on work by Styles et al. (2010) this thesis presents methods for

rock mass change detection using terrestrial photogrammetry in a series of hard rock

room and pillar mines. 3D data are used to measure changes in pillar damage,

characterize the rock mass and, provide input for numerical models.

1.1.1. Research Objectives

The primary focus of this research is the development of time-lapse

photogrammetric methods to track crack growth, pillar shape, and material spalling on

pillars

The principal objectives of this research are:

• Develop methodology for photograph data capture and processing to improve
model resolution and accuracy

• Characterize geotechnical parameters of surveyed pillars such as discontinuity
orientation, intensity, spacing and persistence

• Collect high resolution stereo pair images of hard rock pillars over sufficient
time intervals to be able to detect changes such as spalling and crack growth
as a result of adjacent mining

• Correlate measured damage to pillar damage ratings (Roberts et al., 2007)

• Estimate damage initiation stresses on pillars and correlate with brittle fracture
theory

• Use photogrammetric surveys and damage measurements as an input and
constraint for distinct element models of pillar loading and damage

Figure 1-1 presents the project goals as a project workflow flow chart.
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Figure 1-1: Proposed Project Workflow
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2. Literature Review

2.1. Underground Photogrammetry and Laser Scanning

Photogrammetry is defined as the practice of taking measurements from

photographs and significantly predates the invention of digital photographs. However, in

current practice, photogrammetry most commonly refers to 3D digital photogrammetry

where high resolution digital photographs are used to generate high accuracy 3D point

clouds.

Simple change detection which includes spalling depth and shotcrete thickness

measurements at the scale of most underground excavations is supported in several

remote sensing software packages (Adam Technology, 2010; Mapteck, 2013).

However, these tools tend to be simplistic and significant research has been conducted

to derive more detailed data including displacement vectors and crack characterization.

The majority of published work regarding change detection with photogrammetry

centres on materials testing (Barazzetti & Scaioni, 2009; Benning et al., 2004), civil

applications (Albert et al., 2002, Jiang et al., 2008) and aerial monitoring of landslides

(Casson et al., 2003; Casson et al., 2005, Debella-Gillo & Kääb, 2011, Hervás et al.,

2003, Fabris & Pesci, 2005; Tseng et al., 2007). Materials testing and civil applications

generally rely on tracking signalized (specifically designed for machine vision

applications) or easily identified targets covering the majority of the area of interest.

However, this is not feasible for many large mining excavations, where it is impossible to

access the majority of the area of interest, such as a tall pillar face, without aerial work

platforms. Furthermore, a highly dynamic mining environment makes it unlikely that

targets will remain affixed to the pillar for the duration of observations. In this way, the

techniques used in aerial landslide monitoring which work by manual feature mapping

e.g. tension cracks and generating Digital Elevation Models, DEMs, of difference are

much more effective. These techniques are designed for an environment where the
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data capture locations and circumstances (such as lighting) are dynamic, large changes

are expected, and site access is limited.

Underground work provides a more controlled environment for photogrammetry,

without weather or variable natural light. Provided airborne dust levels are minimal and

sufficient artificial lighting is available, the generally shorter imaging distances allow for

very high resolution, high quality photographs and models.

The majority of literature on laser scanning and photogrammetry is related to

surficial sites. However, there is some research related to tunneling involving

underground remote sensing. In addition, the principals developed in the surficial

research listed tend to translate directly to underground sites.

Photogrammetry and Laser Scanning are both capable of producing 3D point

clouds at centimeter resolution and sub-centimeter accuracy, allowing for rapid, accurate

surveys. As with surficial work, the most common applications of these surveys is to

generate as-built profiles (Gikas, 2012; Paar & Kontrus, 2006; Zlot & Bosse, 2014) and

map geological structures (Birch, 2006; Birch, 2008; Fekete et al, 2010; Van Der Merwe,

2009; Styles et al, 2010; Tannant, 2009). Related fields include assessing blasting

performance (Spathis, 2013) and shotcrete thickness (Lato & Diederichs, 2014).

Excavation convergence was measured using photogrammetry in two cases, both by

tracking targets on the excavation face (Nakai et al. 2004; Rahnama et al., 2012).

Work comparing detailed tunnel profiles obtained from laser scanning to profiles

generated by conventional total station surveys has shown that detailed profiles produce

better volume estimates, which are very important for paying contractors and planning

future work (Gikas, 2012). Likewise in a mining environment, pillar volumes are

important for tonnage calculations and paying mining crews. In addition to as-built

tunnel surveys, Parr & Kontrus (2006) identified the ability of photogrammetry and laser

scanning to monitor crack growth in concrete tunnel liners. This is also applicable to a

mining environment where shotcrete is used to protect areas with high personnel traffic

as well as for monitoring cracks in rock faces. With increased computing power, it is

now possible to mount laser scanners to mobile platforms and survey entire mines in a

matter of hours at driving speeds (Zlot & Bosse, 2014). This rapid data collection can be
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used once again for tonnage calculations as well as planning for installation of large

equipment, such as conveyors. Laser scanning has been applied over multiple projects

not just for surveying tunnels but providing geotechnical data for engineers. By linking

laser scan surveys with computed tunnel convergence Lato & Diederichs (2014) were

able to highlight errors in the commonly applied method of differencing surveys before

and after shotcreting to determine shotcrete thickness. As shotcrete thickness is often a

few centimetres, centimetre scale tunnel convergence can have a significant impact on

the accuracy of calculated thickness. In addition to monitoring shotcrete thickness

Fekete et al. (2010) mapped geologic structures measuring spacing, persistence and

roughness for use in geotechnical models.

Photogrammetry has been similarly applied in tunneling and mining

environments. Birch (2008) provided examples of using photogrammetry to measure

shotcrete liner thickness as well as for mapping geological structures. Photogrammetry

tends to be preferentially used for structural mapping because of the high resolution

photographs associated with the 3D models and has been applied to underground

mapping in several case studies (Van Der Merwe, 2009; Styles et al., 2010; Tannent,

2009).

Styles et al. (2010) used photogrammetry for structural characterization including

structural persistence and orientation, rock bridges, and block size and shape. In

addition, they used the 3D survey to produce estimates of pillar damage and linked

these with brittle fracture theory. Monitoring of convergence with photogrammetry has

been discussed in two case studies. A five metre diameter TBM tunnel was monitored

over a 120m distance for block displacements using reflective targets and scale bars by

Nakai et al. (2004). The relative size of the tunnel and the nature of the project allowed

for installation of semi-permanent targets which allowed for highly accurate displacement

calculations of their locations (1/20 of a pixel or 0.5903µm). Displacements were not

monitored between targets as they were tightly placed at 1 or 2 m intervals. In addition,

the photogrammetry models were also used for mapping of joints for input into 3D

kinematic assessments. Drift and room closure in a potash mine were measured using

photogrammetry by Rahnama et al. (2012). Once again, targets were used to monitor a

few points over two cross sections, the displacements from which were used in Finite

Element model calibration.
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2.2. Photograph Enhancement

Digital photography allows for pre-processing photographs to enhance contrast

and retrieve additional detail from highlight and shadow areas. This allows for matching

a greater number of pixels at a higher accuracy between images.

The digital cameras commonly used in the studies cited are capable of recording

image data in RAW format as well as the more standard JPEG. The RAW format is

advantageous because it records all the data from each individual pixel of a camera’s

sensor compared to the JPEG format, which compresses images by combining pixels

which are determined to be similar (Katkovskis, 2010). By preserving all the data from

shadows and highlights it is possible to correct the exposure from these areas and

generate a more detailed image, better suited for comparison and 3D model generation

(Figure 2-1).
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Figure 2-1: Original JPEG Image from Camera (A) and Processed RAW file (B)

2.3. Differencing DEMs

The simplest method of displacement detection is computing a DEM of

differences, which closely resembles the calculations performed by radar monitoring

systems. This method involves subtracting the co-ordinates of the reference DEM from

the displaced DEM, usually along the acquisition line of site or the vertical axis. DEM

subtraction returns only velocities relative to the direction of subtraction but is useful for

identifying areas of instability for more detailed analysis and is used extensively in

erosion studies (Heng et al., 2010, Stojic et al., 1998; Rieke-Zapp & Nearing, 2005).

A difficulty presented by differencing DEMs is a selection of the direction along

which to conduct calculations. In aerial applications, the subtraction is often conducted

along the sensor’s line of site, which corresponds to the vertical axis. However, as

A B
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displacements are rarely constrained to one axis, this can induce errors which require

correction by projecting z displacements onto a 3D surface. This projection is based on

geomorphological interpretation, such as identifying back scarps to estimate

displacement direction or other means. One solution to this may be to calculate the

shortest distance between clouds. However, on irregular natural surfaces, this can often

result in underestimating displacements (Abellan et al., 2011) (Figure 2-2).

Figure 2-2: Conceptual Issue with “Shortest Distance” Calculations

By applying more advanced algorithms, the accuracy of calculated distances

between DEMs and 3D point clouds can be improved in addition to providing

displacement vectors. Lague et al. (2013) presented the “Multiscale Model to Model

Cloud Comparison” method (M3C2) which samples a 3D point cloud to get surface

normal vectors before calculating average cloud-to-cloud distances along that vector. In

addition, it provides an estimate of the displacement detection limit based on the

sampled noise of each point cloud and the user input georeferencing error. This method

allows for calculations of displacement on overhanging surfaces, which are occluded by

DEMs. In addition, it reduces the risk of incorrect displacement directions (often

assumed by shortest distance calculations) by utilizing the surface normal vector. The

advantage of cloud-to-cloud calculations is that they use the raw data from whatever

sensor is employed without the interpolation and meshing required for surface

True Displacements

Shortest Distance
Displacements
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calculations. The M3C2 method addresses surface noise and provides an estimate of

its impact on calculations instead of surface fitting methods which average the surface

without reporting the influence of noise in the raw data.

2.4. Rock Pillar Strength Estimates and Numerical
Modelling

Estimation of pillar strength is an area of extensive research utilizing both

empirical correlations and the latest numerical methods. For purposes of comparison

between mines and rock types, pillar strengths are often normalized to the compressive

strength of the host rock and compared to pillar width/height ratio. Numerous studies

have shown that pillar strength increases with increased width/height ratio (wider and

shorter pillars). Figure 2-3 shows a comparison of several strength relationships

proposed by Hedley & Grant (1972), Krauland & Soder (1987), Lunder & Pakalnis

(1997), Potvin et al. (1989), Sjöberg (1992) and, Von Kimmelmann et al. (1984). These

relationships were derived from studies of mines in various host rocks including:

quartzites, metasediments, limestone, skarn and other hard rocks. All the observed

trends show the same relationship of increased strength with increased width/height

ratio. These case studies tend to back calculate pillar strengths by observing pillar

performance and relating it to estimated loads from tributary area or numerical model

calculations. Pillar strengths are influenced by factors other than the dimensions of the

pillar including the orientation, persistence, spacing and roughness of joint sets as well

as the presence of weak layers (Esterhuizen et al., 2011). The study by Esterhuizen et

al. (2011) included observations of pillar performance from over 100 flat dipping (less

than 10 degrees) stone mines in the United States and found that vertical joint sets did

not adversely affect pillar strengths unlike dipping joints. Their study used tributary area

theory to estimate pillar stresses and found that empirical strength formulae were not

sufficient for predicting pillar strengths when dipping joints were present.
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Figure 2-3: Comparison of Empirical Pillar Strength Formulas. After Martin &
Maybee (2000)

The need for correction factors regarding varying pillar conditions as well as a

desire to understand the failure progression of pillars has led to significant research in

pillar instrumentation and numerical simulation.

Checkan & Matetic (1988) measured the load distribution on coal pillars using

borehole platen flatjacks and found that loads concentrate on the outside of the pillar

and shift inwards, to the core, as failure progresses. They identified higher loads on the

pillar shell as an indication of stability but when loads concentrated in the pillar core it

was expected to result in instability. Mortazavi et al. (2009) confirmed this loading

progression using finite element models.

Distribution of pillar loads gives rise to confinement on the core of the pillar,

which has been shown to increase strength (Lunder, 1994; Mortazavi et al., 2009; Kaiser

et al. 2011; Roberts et al., 2007). Confinement of the pillar core is commonly predicted

in pillars with width/height ratios greater than 1, while taller pillars are unconfined

(Lunder, 1994). If confinement is taken into account, wider pillars are predicted to be
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stronger than those observed in the cited empirical studies. Martin and Maybee (2000)

showed this using Hoek-Brown strength theory (Hoek et al., 2002) and concluded that

confinement does not have as strong and influence as predicted because of the

discrepancy from empirical data. However, Mortazavi et al. (2009) after observing a

similar phenomenon pointed out that case studies such as Lunder & Pakalnis (1997)

include very few failed wide pillars and may therefore be unrepresentative. Kaiser et al.

(2011) reviewed observations of higher numerically predicted pillar strengths than

empirically predicted strengths from the Martin & Maybee (2000), Mortazavi et al. (2009)

and Elmo & Stead (2010). They noted that the majority of empirical studies were

conducted on relatively shallow, narrow pillars and in contrast used empirical studies

from deep South African block caving operations, where pillars with width/height ratios

greater than 10 appear to be indestructible, to propose a modified Hoek-Brown failure

envelope which accounts for confinement. They observed that at high confinement pillar

failure shifts from tensile cracking to shear and, as is the case for laboratory triaxial

tests, it should be possible for pillar strengths to be greater than the Unconfined

Compressive Strength, UCS, of the intact rock. This was confirmed with numerical

modelling by Zhang (2014).

Narrower pillars are expected to have little to no confinement on their cores and

should therefore have consistent strengths, regardless of height. However, Roberts et

al. (2007) recommended a strength reduction for pillars under width/height equal to 1

because of a greater risk of intersecting adversely dipping structures. Observations by

Esterhuizen et al. (2011) on dipping joints reducing pillar strengths below those

predicted by empirical formulas agree well with this. These observations relate to failure

along dipping structures which are not directly taken into account by empirical

correlations or finite element models. At low confinement, pillars tend to fail by tensile

splitting and sliding along discontinuities (Kaiser et al., 2011). The process of tensile

splitting is brittle and tends to be poorly represented by traditional Mohr-Coulomb or

Hoek-Brown strength criteria (Martin & Maybee, 2000). However, in numerical models,

this brittle fracture is often accounted for using Distinct Element codes and a polygonal

mesh with Mohr-Coulomb or Hoek-Brown contact properties calibrated to the strength of

intact rock with a specific focus on simulating brittle failure (section 2.5). The numerical
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modelling of intact rock fracture is discussed in the following section and the theory of

brittle fracture is discussed in section 2.5.

2.4.1. Modelling Pillars with Distinct Element Codes

Distinct element codes such as UDEC (Itasca, 2013) are well suited to modelling

structurally controlled rock mass deformation with large displacements along

discontinuities. A limitation of conventional UDEC models is that all discontinuities must

connect with the model boundary on both ends and cannot terminate in intact rock. This

issue has been solved in UDEC Voronoi by applying a polygonal Voronoi mesh between

all fractures with micro-properties of the individual contacts calibrated to match the

macro-properties of the intact host rock such as unconfined and triaxial strengths.

These methods are applied in order to model the strength of large volumes of rock which

are impractical to test in a laboratory setting.

Even when not using a Voronoi polygonal mesh, distinct element models can

provide valuable insight into the behavior of fracture rock mass compared to intact rock

at variable scales and confinements (Bidgoli et al., 2013). The study by Bidgoli et al.

(2013), which did not consider intact rock fracture, found that models which were smaller

than the representative elementary volume (based on the intensity and geometry of

fractures) were stronger and exhibited variable Young’s modulus and Poisson’s ratios.

Following the need to test a representative volume, which should be at least ten times

the size of any mineral grains or inclusions, Christianson et al. (2006) proposed testing

of numerical samples of lithophysal tuff in place of physical samples, to determine the

influence of void ratio on strength. In this study the representative volume would have

been on the order of cubic metres, making testing of physical models impractical, so

numerical models of the desired size with irregular polygonal Voronoi blocks were

calibrated to laboratory scale material properties of small samples of intact rock without

voids and used to simulate larger volumes of rock with voids. This methodology has

been applied to multiple case studies including Alzo’ubi et al. (2010) who used a

calibrated polygonal Voronoi mesh to model brittle fracture during toppling failure.

These methods have been shown to more closely match centrifugal models and field
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observations of rupture surfaces compared to conventional distinct element models

which simulate intact failure using a continuum model.

When generating models with a polygonal Voronoi mesh, it is important to ensure

that the mesh is small enough that it doesn’t dictate where and how fractures develop

(Christianson et al., 2006). If the mesh is too large relative the fracture network

displacement may “hang” on rough surfaces. An improvement to the Voronoi

tessellation polygonal mesh commonly used in these studies was proposed by Gao

(2013) which further split the Voronoi polygons into triangles, referred to as Trigon. The

Trigon mesh has been shown to produce more accurate failure paths (Gao, 2013) by

producing smoother intact failure planes. The Trigon method has been successfully

applied to simulation of coal pillars and excavations by Gao et al. (2014). The Delaunay

triangulation algorithm (Du, 1996) is an alternate means of producing a triangular mesh,

similar to Trigon, which has been successfully applied in several studies of simulated

laboratory samples (Kazerani et al., 2012; Kazerani, 2013).

Alternative methods for simulating intact fracture of rock masses include

Synthetic Rock Mass approach (Zhang, 2014) and hybrid Finite-Element and Discrete-

Element methods (Elmo & Stead, 2010). All the methods listed have produced

promising results in simulating brittle fracture of jointed rock masses but are also highly

complex, requiring extensive calibration and understanding of the numerical methods

and assumptions involved. These methods are the subject of ongoing research and

require continued calibration/constraint against field situations.

2.5. Brittle Failure and Fractures

Observation of damage and failure in pillars has shown that for competent rock

masses (GSI>70), failure may not be due to sliding along discontinuities but is often due

to brittle failure of intact rock through spalling (Kaiser et al., 2011). This is consistent

with site observations in this research and therefore a discussion of brittle failure theory

is warranted. The two most commonly used rock mass strength systems, Mohr-

Coulomb and Hoek-Brown failure criteria, are limited in the prediction of brittle failure as

they assume a shearing mode of failure where frictional resistance is mobilized. It has
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been shown that brittle failure is a process of destroying cohesion through tensile

cracking with little-to-no mobilization of frictional strength (Diederichs, 1999). However

as failure progresses deeper into the pillar, where confinement increases, frictional

shearing models are once again applicable. This has been addressed through

modifications of both the Hoek-Brown and Mohr Coulomb systems where, with problem

specific calibration, they have successfully simulated brittle fracture.

The equation for Hoek-Brown strength (Hoek et al., 2002) is shown in equation 1-

1 which uses the empirical terms, m, s and a to produce the curved failure envelope.

σ'1 = σ’3 + σc(mb σ’3/σc + s)a (1-1)

The m term can be considered analogous to the friction angle and the s term can

similarly be related to cohesion. Martin and Maybee (2000) proposed using modified

Hoek-Brown parameters of m = 0 and s = 0.11 to simulate brittle failure without any

frictional strength mobilization. Further work by Diederichs et al. (2010) proposed that

brittle failure extent can be accurately estimated using a bi-linear Hoek-Brown envelope

where peak strength is modelled with m=0 and residual strength uses rock mass m and

s values to simulate the mobilization of frictional strength (Figure 2-4). This approach is

only appropriate for elastic analysis to determine the expected depth of brittle failure at a

given instance in time. The “residual” strength applied in this case is very strong and

mobilizes significant frictional strength, based on the assumption of increased

confinement further from the excavation boundary but doesn’t’ consider further

weakening of contacts through shearing of asperities with additional loading. After the

simulated brittle failure, the rockmass is considered elastic-perfectly plastic and is not

appropriate for modelling progressive failure.

Work by Hajiabdolmajid et al., (2002) has also addressed the issue of brittle

failure by providing a modified Mohr-Coulomb criteria called Cohesion Weakening,

Friction Strengthening, CWFS. This method applies the same concept of total-to-partial

destruction of cohesion before frictional strength is mobilized. It uses strain cut offs to

determine the degradation of cohesion and the delay and rate of friction mobilization

(Figure 2-5).
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Figure 2-4: Bi-Linear Hoek-Brown Strength Envelope. After Diederichs (2007)

Figure 2-5: Cohesion Loss and Frictional Strength Mobilization as a Function of
Plastic Strain. After Hajiabdolmajid et al., (2002)

Both these systems require detailed laboratory testing to determine the failure

parameters of each specific rock mass. Diederichs et al. (2004, 2010) discuss the crack
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initiation (CI) and crack damage (CD) threshold, which can be determined from

monitoring acoustic emissions and sample strain during UCS testing and, are

considered true properties, as opposed to UCS, which is scale dependant. However,

the assumption of CI and CD as being constant for a material can be somewhat

misleading in practice as they are influenced by sample mineralogy and grain size and

shape. As a result, they only remain constant within an entirely uniform sample, which is

rarely the case in a field setting. The CI value is directly related to spall initiation as well

as the s value in modified Hoek-Brown and the cohesion weakening value in the CWFS

model. The CD value corresponds to long term strength and is the point when cracks

interact causing large scale damage. It also corresponds to the friction strengthening

term of CWFS.

As CI represents the initiation of spalling damage, it is of particular interest to this

study. For the rocks studied by Diederichs et al. (2004), CI corresponded to

approximately 0.3 to 0.4 of the D50 (50 mm diameter) corrected UCS value. However,

this value is variable based on rock conditions. In addition, excavation history and rock

mass structure can result in stress concentrations and pre-existing damage which locally

concentrate stresses, resulting in spalling initiating at overall rockmass stresses well

below the CI limit.

Sourineni, et al. (2008) as well Hajiabdolmajid & Kaiser (2003) and Diederichs et

al. (2004) have provided several factors which can influence the CI threshold for different

rock types. Hajiabdolmajid & Kaiser (2003) used the term brittleness instead of CI,

which “reflects how present the tension (and/or shear) induced cracks are in the failure

process and how constrained (or free) these cracks are to propagate.” The brittleness

index describes “the ease of crack coalescence and propagation” where crack

coalescence occurs at the crack initiation stress (CI) and crack propagation occurs at the

crack damage stress (CD). Therefore, more brittle rocks will have lower CI and CD

values resulting in larger breakout depths at the same stresses as a less brittle rock

mass.

In all discussions of brittle damage, the key parameters identified impacting brittle

fracture initiation and propagation were: grain size and shape distribution, mineralogy,

rock fabric, metal content, stress history and sample disturbance (Sourineni, et al.,
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2008). The effect of all these aspects is to induce variable stresses within a rock sample

resulting in zones of concentrated σ1 under low or tensile σ3 conditions.

Increased grain size has been previously shown to reduce UCS values, and is

observed to have similar impacts on spalling initiation (Sourineni, et al., 2008). This is

because larger grains tend to result in amplified stress heterogeneity within a sample

(Diederichs et al., 2004, Hamdi et al., 2014b).

Although variations in both mineral strength and stiffness have been shown to

impact CI, strength variations have been shown to have a greater effect (Sourineni, et

al., 2008). A common example of this is rocks containing weak phylosilicates in

sufficient quantity to form planes of weakness or, at smaller percentages create

nucleation sites for damage initiation (Diederichs et al., 2004). In addition to foliation,

other rock fabric, such as porosity has been shown to impact CI, although it is observed

to have a greater impact on sedimentary rocks than igneous and metamorphic samples

(Sourineni, et al., 2008).

Of particular interest in mining applications is the impact of metal content,

specifically massive sulfides on brittle damage initiation. Massive sulfide ore has been

shown to have CI values of up to 0.8 UCS, approximately double that of other rock types

observed (Suorineni, et al., 2008). However, the impact of metals on CI is highly

dependent on sample grade, where lower grades, especially 2-10% tend to decrease

damage initiation beyond that of barren rock (Diederichs et al. 2004). It should be

pointed out that although brittle fracture initiates at a much higher percentage of UCS in

massive sulfides, the UCS of massive sulfides tends to be much lower than other rock

types in which brittle failure is observed to result in a net zone of weakness (Golder,

2014).

2.5.1. Impact of Stress History and Disturbance on Brittle Fracture
Thresholds

The research discussed tends to focus on factors affecting brittle fracture

initiation and propagation at the sample scale through stress concentrations at grain

boundaries. Sample stress history and disturbance are important at the laboratory scale

but, along with discontinuities, tend to have a greater influence on brittle damage at the
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excavation scale. Diederichs (1999) observed that crack initiation is much more

sensitive to deviatoric stress (σ1-σ3) than confinement (σ3) alone. However, rock mass

damage, pre-existing cracks, joints and stress rotations all tend to concentrate σ1 while

reducing σ3, leading to an increase in deviatoric stress and a decrease in confinement

with the same net effect.

Cracks and joints which are parallel to the direction of loading both serve to

create stress shadows where confinement drops and the loading state is effectively

uniaxial. Unlike in UCS testing, where fractures near the sample surface induce hoop

strain, which increases local confinement and suppresses further crack growth, fractures

near the surface of pillars and large excavations are free to propagate because of the

irregular surface profile, which prevents the development of hoop stress (Diederichs et

al., 2004, Hajiabdolmajid & Kaiser, 2003 ). This cracking process results in a feedback

loop where not only do new open fractures reduce local confinement and potentially

induce tensile stresses, they can generate beam effects, which further reduce rock

strength. In addition, crack interaction can occur at lower stresses with longer cracks

and at even lower stresses if there is crack interaction with the surface boundary. These

cracks will continue to reduce local confinement until they are closed by increased

confinement deeper in the rock mass, which approaches the far field σ3 value

(Diederichs, 1999). This is encapsulated in the “s” shaped failure criteria (Figure 2-6)

where brittle fracture occurs at point A and rock mass shear occurs at point B deeper in

the rock mass.

In addition to existing cracks and joints, stress induced damage and blasting

damage can create further cracks, thereby inducing brittle damage at lower stresses. As

a result of stress rotations during excavation, these fractures are often unfavourably

oriented oblique to the excavation surface, providing release surfaces out of the rock

mass.

Stress rotation/concentration around the face of a tunnel during driving creates

tunnel face parallel fractures, which become tunnel wall oblique fractures as the tunnel

advances. There are also stress concentrations at the corners of excavations where

brittle fracture can initiate even though the walls of the excavation may be at significantly

lower stresses than CI. This damage initiation can then propagate down into the face.
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Stress concentration on corners is a particular issue for square excavations, where the

more square the corner (smaller radius of curvature (Brady & Brown, 1985)), the higher

the stress concentration (Diederichs, 1999). Finally, blast damage can create fractures

in intact rock as well as damage joint surfaces, resulting in more open fractures at

various angles to the excavation surface, providing release surfaces as well as reducing

local confinement.

Figure 2-6: "S" Shaped Failure Criteria. After Diederichs (2004)

Observable damage is not just a result of rock mass properties but is also

affected by excavation factors. The crack initiation threshold is more susceptible to

reduction by pre-existing damage resulting in onset of spalling at lower stresses.

A

B
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However, the crack interaction threshold or crack damage CD is less sensitive, meaning

ultimate strength is largely unchanged (Diederichs 2004).

2.6. Fracture Characterization and Discrete Fracture
Networks

Rock masses consist of intact blocks separated by discontinuities, which in many

cases control the behaviour of the rock mass. In order to estimate the material

properties and loading response of a rock mass, it is therefore necessary to characterize

the associated fracture network. Unfortunately, this process often tends to be highly

data limited due to the lack of available time, access and outcrops. In addition, fracture

networks tend to be highly variable, requiring a large number of observations to

characterize (Priest, 1993). Because of this uncertainty, numerous statically rigorous

methods of sampling and characterizing fracture networks have been developed

(Mauldon, 1994; Priest, 1993; Kulatilake & Wu, 1984; Zhang & Einstein, 1998).

Fractures can often be grouped into sets with similar orientation, spacing, persistence

and, surface characteristics. Of these parameters the most difficult to characterize tends

to be the fracture persistence, “the ratio of discontinuity area to the area of a coplanar

reference plane through the [analyzed volume of] rock mass” (Mauldon, 1994). When

mapping roughly planar outcrops, fracture persistence tends to be recorded as trace

length, the length of fracture visible in the outcrop. The distribution of trace lengths for a

given fracture set can then be used in two dimensional numerical models for stability

assessments.

Statistically rigorous methods of fracture sampling include scan lines, square and

rectangular mapping windows and circular mapping windows (Mauldon, 1998; Priest,

1993; Zhang & Einstein, 1998). These methods make various corrections to the

observed distribution of trace lengths to correct for the window size, truncation of small

fractures and censoring of large fractures. Once a trace length distribution is

determined, it is still necessary to determine fracture spacing and persistence

distributions to describe the spatial distribution of a given fracture set. Fractures can be

characterized as persistent, impersistent (multiple non-coplanar fractures terminating in
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intact rock) or intermittent (co-planar joints separated by bridges of intact rock) as shown

in Figure 2-7.

Figure 2-7: Traces of: Intermittent (A), Impersistent (B) and, Persistent Joints (C).
After Mauldon (1994).

Impersistent and intermittent joints cause difficulty in measuring spacing and

persistence. Depending on where a sampling window or scanline is placed the spacing

and persistence values can fluctuate greatly within the same rock mass. Instead of

measuring spacing and persistence, a single value of intensity, which on a planar

outcrop would measure a joints trace length per unit area of outcrop contained within the

mapping window, with units length-1 can be used to describe both parameters. The

advantage of intensity is that it is less dependent on the size of the sampled region,

provided the region sampled is representative of the fracture network (Zhang & Einstein,

2000).

Intensity is commonly described in terms of P10, P21, and P32 (Dershowitz &

Herda, 1992) which refer to the linear, areal and volumetric intensities, respectively, all

with units length-1. Volumetric intensity, P32, is the total area of fractures per unit

volume of rock mass. P32 is used as an input of several Discrete Fracture Network,

DFN, models including the Enhanced Baecher Disk, Nearest Neighbour and Levy Lee

models (Staub et al., 2002), but is very difficult to measure in the field. Instead P10 and

P21, which measure fracture frequency or trace length, are measured from boreholes,
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scalines and window mapping and correlated to P32 by assuming a fracture size

distribution. In the DFN models listed, fractures are assumed to be circular, which is

common in this field of research (Mauldon, 1994; Priest, 1993; Zhang & Einstein, 2000);

although recent work has shown that fractures are more likely polygonal or elliptical

(Zhang & Einstein, 2010). Generating three dimensional fracture networks requires

derivation of a relationship between observed trace lengths and their associated fracture

diameter.

Fracture traces on a two dimensional plane are the result of the intersection

between the fracture disk and the rock face. The observed trace is a chord of the

fracture disk, and is probably shorter than the diameter of the disk (Priest, 1993). This

bias towards sampling trace lengths which are smaller than the fracture diameter is

referred to as f-bias by Priest (2004) and is highlighted in work by Villaescusa & Brown

(1992) who observed that trace length distributions are insensitive to changes in joint

diameter distributions. Relationships between measured trace length distributions and

joint diameter distributions such as proposed by Song & Lee (2001) area subject of

ongoing research and verification.

A universal aspect of all stochastic joint characterization methods is that they

require large data sets (Priest (1993) recommended between one-to-two thousand

discontinuities be measured on a given site) with mapping windows large enough to

contain the entire trace length of a significant percentage of fractures. This highlights

the advantage of mapping from remote sensing data including photogrammetry and

laser scans where many fractures can be quickly measured over a large area compared

to traditional mapping techniques. 3D mapping techniques also provide the opportunity

for updated mapping techniques such as “topographic windows” (Sturzenegger et al.,

2011) which can help to reduce window orientation bias.

2.6.1. Damage Intensity

Characterizing the structures within a rock mass is important because the

combined response of both discontinuities and intact rock contribute to the overall rock

mass behaviour when loaded. In addition to elastic/elasto-plastic deformation, rock

masses often accumulate micro cracks, which can coalesce and interact to produce
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macro cracks as a result of continued loading. The field of damage mechanics, which

has existed for several decades seeks to quantify the intensity and location of these

cracks and their influence on the material properties as a response to stress (Kachanov,

1986). Extensive research has been conducted at both the laboratory scale, where

micro cracks are the main focus and, the excavation scale, where macro cracks

associated with faulting are commonly observed (Kawamoto et al, 1988; Swoboda et al,

1987; Zhang & Valliappan, 1998)

Laboratory studies commonly use continuum damage mechanics which focusses

on the accumulation of micro cracks in a material, which is assumed to be isotropic. In

this case Damage (D) is the area of all micro cracks (δSD) in a representative sample 

section divided by the total area of the section (δS) as shown in Figure 2-8 and equation 

1-2.

Figure 2-8: Figure 1: Geometric Definition of Damage, D in the Isotropic Case: D =
δSD/ δS.  After Guéguen & Bésuelle (2007). 

D = δSD/ δS  (1-2) 

D ranges from 0, undamaged, to 1, fully damaged and can be used to calculate

the effective stress on a sample based on the area of intact sample available to resist

the load (equation 1-3).

σeff = σ/(1-D)  (1-3) 

In this way damage also reduces the sample’s Young’s modulus, E (equation 1-

4).

ED = E(1-D) (1-4)
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Damage such as this can be measured using elastic wave velocity. However,

the assumption of isotropic damage distribution is rarely correct and the methodology

doesn’t describe any micromechanical influences (Guéguen & Bésuelle, 2007). By

applying tensors it is possible to adjust this nomenclature to deal with anisotropic

damage which could be caused by alignment of rock fabric. In addition, it allows

damage to be measured by elastic response of the rock to loading and unloading.

At the macroscopic scale, damage considers features in zones of deformation

including shear bands, fractures and small faults associated with strain of the rock mass

(Couples & Lewis, 2007). The most common example would be fault damage zones

which are the volume of rock proximal to a fault with increased intensity of deformation

features compared to less deformed rock mass further from the fault. This form of

damage is inelastic and results in permanent changes in the rock mass mechanical

properties. A key difference between the micro scale, continuum methodology and the

macro scale methodology is the concept of localization. At the micro scale, localization

refers to when cracks begin to converge and form failure planes, resulting in

discontinuous strain across the new surface (Couples & Lewis, 2007). At the macro

scale, localization refers to the surfaces within a damage zone which accommodate the

bulk of strain, often joints or shear surfaces. This concept of localization is multi-scale

and cumulative in that at each scale of observation, the local deformation occurs on

features an order of magnitude smaller e.g. a kilometer scale fault deforms along metre

scale individual fractures and shear planes, which themselves comprise millimetre scale

cracks.

Regardless of the scale of observation, damage refers to the material’s response

to stress/strain and is not inherently an indication of instability or impending failure

(Couples & Lewis, 2007) but a useful tool for quantifying changes in material properties.

The Pnn nomenclature used to describe the intensity of geological structures

such as joints and bedding has also been applied to other forms of fractures such as

blast damage, B21, (Tuckey, 2012) and loading induced damage in numerical models,

D21, (Gao, 2013, Hamdi et al., 2014a, Stead & Eberhardt, 2013; Tuckey, 2012) or D32

(Havaej et al., 2014; Zhang 2014). These D21 values have been further sub-divided to

describe and compare the intensity of shear versus tensile induced cracks. In all
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applications they measure the intensity of fractures and have the units length-1. This

intensity nomenclature is an example of continuum type damage mechanics, where

although the fractures are often measured individually and therefore locally, the intensity

represents an average distribution over the whole sample area.
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3. Research Methodology Considerations

The following section is not intended to be an exhaustive account of

photogrammetry data collection methodologies. The reader is instead referred to the

user manual for the relevant software package as well as Sturzennegger (2010). The

main objective is to present the important concepts employed while designing the data

collection procedures for this study. Several specific software settings and

methodologies are also presented in a supplemental data file: Appendix A.

3.1. Photographic Equipment

The data collected for this study were obtained using professional and semi-

professional DSLRs. The primary cameras used were a Canon EOS 5D Mark II (for

surficial experiments prior to underground work) and a Canon EOS 7D which have full-

frame and crop sensors, respectively. Full frame cameras tend to provide a slightly

higher image quality with less noise, because each pixel on the sensor is larger and

captures more light compared to a crop sensor of the same resolution. With the quality

of digital sensors available, this is rarely a significant issue and the majority of digital

cameras employ a cropped sensor. In addition to being less expensive, by virtue of

reducing the field of view while maintaining resolution, crop sensor cameras increase the

effective focal length of lenses. As photogrammetry does not require high end features

such as rapid continual image capture or a multitude of autofocus points, the only

considerations required in camera selection are sensor quality and camera durability.

High end cameras were used in this research because they feature weather and dust

sealed metallic bodies, better suited to working in mining and other outdoor

environments.

Both fixed focal length (prime) and zoom lenses were used in this study;

however, final processing used only data from prime lenses. As prime lenses have
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fewer moving parts they tend to produce more stable calibrations, i.e. the lens distortion

remains constant between usages. Conversely, to reduce variations in distortion

between photographs zoom lenses must be set to the exact same focal length each

time, which can be difficult. If a zoom lens is used at its maximum and minimum zooms

they can often provide acceptable image quality and effectively provide two lenses for

the cost of one. In addition, long focal length lenses tend to be zoom models.

Regardless of lens type used, it is recommended that a calibration file be generated

according to the software manufacturer’s specifications upon acquisition to confirm that

the lens will provide the required accuracy. Discussions with Adam Technology

(Yongru, Huang, personal communication, December 4, 2013) suggest that an accuracy

of 0.3 pixels should be achievable for good lenses and accuracies of over approximately

0.7 pixels suggest an undesirable calibration.

The three camera settings which must be balanced to set exposure are: aperture

(the size of the lens iris relative to its focal length), shutter speed (the length of time the

camera’s sensor is exposed to light) and, ISO (the sensitivity of the sensor to light).

Higher ISO values tend to result in increased random image noise, reducing the

accuracy of image matching. ISO was therefore set to 100 (the minimum possible for

the cameras used) for initial surface work and 200 (still low but allowing for ½ exposure

time) for underground work.

Cameras were set to Aperture Priority, meaning that the camera was allowed to

adjust shutter speed to control exposure while aperture remained constant. Aperture is

fixed because it has an impact on lens distortion, but shutter speed does not. A wide

aperture uses more of the lens toward the edge where distortion is the greatest because

light must be bent a greater distance. In addition, wider apertures result in reduced

depth of field (the distance where objects are in focus) (Adam Technology, 2004). To

reduce distortion and increase depth of field, the aperture is decreased as much as

possible. However, if aperture becomes too tight, diffraction causes light spots to spread

out, covering multiple sensor pixels and resulting in blurring. Adam Technology

recommends an aperture of f8 as the best compromise between depth of field and

reduced distortion; however, a range of f8 to f13 is allowable. An aperture of f7.1 was

used which still allowed for an acceptable depth of field while reducing required shutter
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speed and therefore the risk of blurring from camera motion during long exposure times

underground. Appendix A discusses the effects of sensor size on effective aperture with

regards to diffraction.

All lenses are capable of focusing on objects from a minimum distance to infinity.

The distance after which all objects are considered to be at infinity is known as the

hyperfocal distance and depends on the focal length of the lens. Longer focal length

lenses may have hyperfocal distances of over 1 km but shorter lenses tend to consider

anything beyond a few metres as infinity. Capturing photographs at the hyperfocal

distance or greater allows for the greatest depth of focus.

A standard 3 axis tripod head was used for underground work. Because of the

field of view provided by the camera and lens setup, panning the camera was often un-

necessary, eliminating the need for a panoramic frame. In addition, the camera

locations were not surveyed reducing the dependence on constant camera location for

accuracy.

3.2. Photogrammetry and Control Survey

Stereopairs were captured using a convergent geometry, i.e. both cameras are

looking at the same point (Figure 3-1) in order to increase image overlap and calculated

co-ordinate accuracy. Wackrow and Chandler (2011) observed that 3D surfaces

generated from images captured with parallel camera lines of sight were vulnerable to

doming type errors related to small inaccuracies in the distortion model. However, by

utilizing convergent camera lines of sight, they showed that the error was greatly

reduced or eliminated, even for inaccurate lens distortion parameters. Figure 3-1 shows

how the radial distortion for two images with sight lines normal to the capture surface is

very different for a given point on the surface between the two images. However if the

lines of sight are convergent, the distortion is of a similar magnitude for both images. As

a result, the calculated co-ordinates will still be within the plane of the capture object, just

laterally shifted, whereas the parallel images may calculate the point to be far in front of

or behind the true surface.
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Figure 3-1: Calculated Co-ordinate Errors for Normal (A) and Convergent Images
(B). Modified after Wackrow and Chandler (2011)

The increased image overlap from convergent imagery also allows for a greater

percentage of the image area to be matched, resulting in more 3D points per stereopair.

The difficulty of using convergent imagery arises due to matching images

between adjacent stereopairs. Convergent imagery results in significant parallax

between adjacent stereopairs which increases with increased distance between camera

stations. This was a particular issue during underground work, where in addition to the

standard parallax from shifting along a flat surface, the pillar corners resulted in

occlusion and further changed viewing angles. As a result a minimum of twelve

stereopairs is recommended to capture a complete pillar and allow for matching between

images in adjacent stereopairs (Figure 3-2).
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Figure 3-2: Plan View of Camera Locations Required to Capture a Complete Pillar

Access to the survey area was the primary factor when setting up control

networks. The ideal control network consists of easily identifiable targets enclosing the

entire survey area and surveyed to millimetre accuracy. However, such a network was

not possible due to the nature of the study site used in this research. Instead, whenever

possible, points were marked with paint around the survey area and their locations

measured using a total station. Due to pillar height and limited access, control points

were placed within the bottom 2 metres of all pillars.

The base:distance ratio is the ratio of the distance between the two cameras in a

stereopair to the average distance to the captured object. This ratio was set at 1:5

whenever possible but in practice ranged from 1:3 to 1:10 (still within the manufacturer’s

recommendation, Adam Technology, 2010). A ratio of 1:5 was chosen to maximize the

calculated distance accuracy (discussed in the following section) while reducing parallax

5m
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between the two images in the stereopair which, can create difficulty in matching,

particularly for objects with high relief such as rock slopes and pillars.

3.2.1. Stereopair Accuracy

The accuracy of 3D data derived from photogrammetry models can be estimated

using the following equations (Adam Technology, 2010):

pground = d/ƒ x pcamera (2-1)

Where pground is the ground width of the object covered by each pixel on the

cameras sensor (referred to as ground pixel size), d is the distance to the object, ƒ is the

effective focal length and pcamera is the width of a single pixel on the camera sensor.

σplan = σpixel x pground (2-2)

Where σplan is the estimate accuracy of calculated 3D co-ordinates in plan view

and σpixel is the estimated accuracy of the bundle adjustment (a computational routine for

optimization of the calculated scene co-ordinates) in pixels (usually 0.5 to 0.3).

σdepth = d/b x σplan (2-3)

Where σdepth is the estimated accuracy of calculated 3D co-ordinates

approximately parallel to the camera line of site and b is the distance between the two

cameras in the stereopair. The planimetric and distance accuracy can be visualized as

an error ellipse, which helps to understand the influence of base:distance ratio on

accuracy (Figure 3-3).

These formulae are helpful in planning field programs where the accuracy of

measurements needs to be determined in the units of the survey. However, for

discussion purposes and when comparing surveys conducted over different distances,

with different focal lengths, accuracy as a distance may be misleading. Fabris and Pesci

(2005) noted that model accuracy is controlled by: image resolution, object distance and

image quality. As the ground pixel size is directly related to image resolution and object

distance, discussing accuracy in terms of fractions of a pixel and providing the ground
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pixel size gives a clear image of the resolution achieved as well as the accuracy of

actual calculations.

Figure 3-3: Impact of Base:Distance Ratio on Co-ordinate Accuracy. After Adam
Technology, (2010).

Small Base:Distance Ratio –

Lower Distance Accuracy

Large Base:Distance Ratio –

Greater distance accuracy
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3.3. Project Complexity Considerations

The wide variety of applications of photogrammetry, from laboratory scale work

with single images to long distance stereopairs creates confusion when discussing

accuracy and precision. These values tend to be reported in the units of measurement,

which works well for communicating the confidence in the final results, but not for

comparing the relative efficacy of different methods of measurement. Given the variable

distances and resulting fields of view with different lenses, it is easier to discuss

accuracy as a percentage of field of view or a pixel for comparison.

In addition, the case studies referenced and the work presented in this thesis are

conducted over a wide range of distances and site conditions. For ease of discussion, a

complexity rating system which takes into account the following variables is presented:

• Object distance and ground pixel dimensions;

• Unstable area extents;

• Displacement magnitude and mode;

• Available survey control;

• Presence of stable reference areas;

• Lighting and;

• Number of photographs per photomodel.

3.3.1. Object Distance

Although longer focal length lenses can be used to increase photo resolution, or

allow work from greater distances, such as across open stopes, they increase project

complexity. Longer focal length lenses tend to be zoom models, which are inherently

less stable than their prime counterparts. Each time a lens is zoomed, there is

uncertainty that it is configured the same as the previous time. Longer focal length

lenses have larger hyperfocal distances such that the majority of work will be conducted

at sub-hyperfocal distance. Working at sub-hyperfocal distance is more difficult as it

requires a distance-specific calibration file, which must often be generated at a separate

location under different conditions. This can generate additional uncertainty through

changes in lens configuration with focal distance. The elements in the lens move each

time it is focused so that if the lens isn’t focused at the same distance each time, it won’t
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match the calibrated distortion pattern. It therefore becomes important to focus the lens

at the same distance each time data are collected, including the calibration data. This

issue is much easier to address by working at distances equal to or greater than the

hyperfocal distance. The lens can then be focused at a wider range of distances,

provided they are equal to or greater than the hyperfocal distance.

In addition, increased distance can reduce photo quality through suspended dust

and limited range of lights. Finally, in underground settings, it is often difficult to maintain

line of site and a sufficiently wide base:distance ratio over greater distances.

Ground Pixel Dimensions

Despite the difficulty associated with longer focal length lenses, their associated

benefit of greater ground pixel resolution makes their use desirable in some contexts.

Ground pixel size directly relates to 3D point spacing and measurement accuracy such

that projects with larger ground pixel size will have larger displacement detection limits.

However, these limits may remain constant as a fraction of the image field of view, which

decreases with increased focal length.

3.3.2. Unstable Area Extents

The size of the unstable area relative to the field of view can impact complexity in

two ways. If the area is very small relative to the field of view, there may be issues with

low 3D point density, such that the true surface shape is smoothed or irregularities are

created due to large triangulation distances. This will result in errors in calculated

distances between repeated surveys. Conversely, if the unstable area covers the

majority of the field of view, the photographs may be difficult to georeference back to

stable areas. In cases such as this, accurate lens calibrations are of paramount

importance as the unstable area will only be georeferenced relatively to its overlapping

neighbours. An example of this would be if spalling covered an entire pillar face

between observations, destroying all control points on the face and leaving no

unchanged areas to locally reference to. In this case, it would be necessary to relatively

georeference the face to adjoining stable faces via overlapping photos. Relative

photograph referencing is accomplished by matching common points between images

which have been corrected for lens distortion, based on the lens calibration. If there are
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errors in the calibration file, the photographs will not be matched to as great an

accuracy, which can result in misalignment of the associated photomodel. If an unstable

area spans several photos, the error could magnify with each incorrect alignment before

a stable area with good survey control is reached as would be the case where significant

spalling covered several pillar faces.

3.3.3. Displacement Magnitude and Mode

The ability of photogrammetric models to detect displacements is highly

dependent on ground pixel size and base:distance ratio. Displacements of the same

magnitude as the ground pixel size will be the limit for detection, with smaller

movements obscured by point cloud noise. This is shown by equation 2-3, where if a

0.5 pixel project accuracy and a base:distance ratio of 1:5 are assumed, the calculated

distance accuracy is 2.5 ground pixels. Conversely, displacements an order of

magnitude larger than the ground pixel size will be readily apparent. The displacement

direction also affects this as photogrammetry is more accurate for detecting oblique

displacements compared to displacements parallel to the view direction (equations 2-2

and 2-3). However, most rock masses are monitored normal to the face, which usually

corresponds to the mean displacement vector and results in the least occlusion.

Increasing the base:distance ratio will increase distance accuracy but will also result in

increased occlusion and difficulty in matching stereopairs.

Assuming a view normal to the object face, spalling/erosion and sliding are the

most easily detected modes of displacement because they involve relatively large areas

moving with similar magnitudes and vectors (Abellan et al., 2009; Chandler, et al., 2002;

Stock et al., 2011, Oppikofer et al., 2009; Lague et al., 2013). Stable areas are also

often easily identifiable and are directly adjacent to unstable areas.

Although excavation back convergence are perpendicular to the view direction,

the extremely small displacements would make it difficult to accurately measure with the

approximately cm scale ground pixels common in most photogrammetry projects.
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Similarly, lateral strain as a result of axial loading, which would be parallel to the

view direction and at least an order of magnitude smaller than the ground pixel

dimensions is expected to be very difficult to identify

3.3.4. Survey Control

Accurate survey control is very important to establish the scale and orientation of

initial models. Erroneous or inaccurately surveyed control points will distort the model

and potentially mask displacements. The ideal control network would be a ring of

accurately surveyed points on stable ground surrounding the unstable area.

Photogrammetry projects require a minimum of three points to orient and scale

models. However, additional points will minimize the influence of survey error and

provide redundancy should points be destroyed.

3.3.5. Stable Reference Areas

Monitoring programs often measure displacements on stable areas to quantify

noise and confirm accuracy of measurements. For a newer technology, such as digital

3D surficial photogrammetry, this is especially important. As for survey control, the

unstable area should ideally be surrounded by stationary areas. These stable areas can

then be used for matching later photographs using either pixel matching or surface

fitting. If stable areas don’t fully enclose the unstable area, as with survey control, there

is a greater margin for error with increased distance of measurements from the stable

area. In the case of spalling or erosion, stable areas can be readily identified from

photographs.

3.3.6. Lighting

Unlike the human eye, which benefits from shadows and highlights to discern

depth and contrast, shadows and highlights tend to reduce the available texture data

that photogrammetry uses for matching and 3D point generation. In addition, when a

large number of photographs are required to cover an area, the shadows and highlights

may shift position between camera setups resulting in difficulties in matching images.
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The effects of shadows and highlights can be addressed to some extent by correcting

exposure of captured RAW images but it is best to capture photographs under diffuse or

direct lighting.

Wet rock tends to appear darker and photographs may not match well with

photographs of the same rock when dry, even when nothing else has changed. This can

be addressed by building 3D models and using surface matching. However, matching

by photograph texture to sub-pixel accuracy is preferable to surface based

georeferencing.

3.3.7. Number of Photographs

An important factor in project complexity is the number of photographs required

to cover the monitored area. In addition to increasing project file size, there is often an

increased distance from control points with some photos lacking any.

The majority of unstable areas have some form of restricted access, such as

open stopes, muck piles and other pillars, and therefore limited locations for image

capture. This means that large areas are most frequently captured using fan models,

where the camera is panned from each setup location to cover a large area. A potential

difficulty arises in maintaining acceptable base:distance ratios over the entire fan

coverage. Images captured in the far corners will have a greater disparity between the

object distance of each camera and a reduced base:distance ratio as is the case when

panning the camera up a tall pillar. The variable view angles and distances will

potentially increase occlusion and decrease matching success. Increasing the number

of photographs will significantly increase the number of degrees of freedom in the bundle

adjustment. The more photographs used to capture large areas will likely result in

greater distance between control points, further increasing photomodel geometric

freedom. Increased geometric freedom means that any errors in georeferencing or lens

distortion files can result in increased distortion of the overall shape of the photomodel

and decreased displacement detection accuracy due to variable errors between surveys.
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3.3.8. Displacement Monitoring Project Complexity Table

Table 3-1 provides a summary of important considerations and ranks the issues

discussed in order of increasing complexity with 1 being the least complex (ideal) and 4

being the most complex (least ideal). The rating is qualitative and is for guidance only

providing a useful context for planning photogrammetry fieldwork, particularly where

monitoring change is a goal. Factors such as displacement magnitude and size of

unstable areas are not expected to have an impact on simple discontinuity mapping

projects.

Table 3-1: Complexity of Photogrammetry Projects for Monitoring Displacements

Complexity Rating

Variable 1 2 3 4

Object Distance Hyperfocal Sub-hyperfocal,
prime lens

Sub-hyperfocal
zoom lens

NA

Extent of
Unstable Area

Moderate Very small Very large NA

Displacement
mode and
magnitude

Spalling/Sliding
and/or large

relative to pixel
size

Same as pixel
size

Convergence
and/or smaller
than pixel size

NA

Survey control >6 points, well
distributed

>3, well distributed >3, clustered Few or low
accuracy

Stable reference
areas

Well defined
around entire area

Several, well
defined

Several, poorly
defined

Few, poorly
defined

Lighting Even lighting Wet surfaces Deep shadows NA

Number of
Photographs

Single photograph Several with high
overlap (Pillars)

Small image fan
(Tall Pillars)

Large image fan
(Large Caverns)
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4. Case Study at the Doe Run Mines, Southeast
Missouri

4.1. Background and Site Description

The Doe Run Company is the largest integrated lead producer in the United

States, with six mines in its Southeast Missouri operations (Casteel, Fletcher,

Sweetwater, Buick, No. 29 and Brushy Creek) (Roberts et al., 2007; Doe Run, 2014).

The mines are located in the Viburnum trend at depths between 180 and 370 metres

and are mined using room and pillar methods. Pillars are rounded, between 7m and 9m

wide (22 to 30ft) and are generally 4.5m to 18m tall (15 to 60ft), on 18m (60ft) centres,

resulting in extraction ratios of 80% to 85% (Roberts et al., 2007). Secondary extraction

of pillars is a significant contributor to Doe Run financials operation and tonnage. It is

expected to have contributed to 27% of total tonnage and 35% of total lead output in the

2013 fiscal year (The Doe Run Company, personal communication, February 27, 2013).

During pillar extraction operations there is a risk of domino-type pillar failures

which are a danger to mining infrastructure and personnel and must be designed

against. Pillar extraction sequences are currently planned and modelled in advance

using the displacement discontinuity numerical code NFOLD (Golder, 2007) to forecast

pillar conditions and increase worker safety.

The numerical models are calibrated by visual estimation of pillar damage which

is related to model output factors of safety (Roberts et al., 2007). The current system

has proven effective; however, it is limited in the scope of data collected, subjective, and

does not provide a detailed record of previous pillar condition. Pillar ratings represent

the damage to each visible side of the pillar with a number ranging from 1 to 6 and are

estimated during inspections. Depending on the time interval between mine visits and

pillar inspections, it can be difficult to recall in sufficient detail the exact previous pillar
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condition and therefore identify changes. High resolution photographs allow generation

of detailed 3D models which can provide quantitative data in relation to pillar damage. In

addition the photographs and photomodels provide a non-subjective permanent record

of pillar condition.

4.1.1. Geologic Setting

The Doe Run mines are hosted in two primary units, the Davis and Bonneterre

Formations of the Viburnum Trend. The carbonates (dolomite or limestone) and shale of

the Davis Formation act as a cap rock to the underlying Bonneterre Formation where the

majority of mineralization is hosted. However, mineralization is sometimes found at the

Bonneterre-Davis contact (Roberts et al., 2007). The major formations and

mineralization typically found in the Viburnum Trend are presented in Figure 4-1.

The pillar rocks mass tends to be massive with two joint sets trending N45°E and

N45°W with dips between 70° and 90° and horizontal-to-sub-horizontal bedding.

Discontinuity spacing ranges between 13cm to 2m (Tesarik et al., 2003). The average

Uniaxial Compressive Strength, UCS is approximately 150 MPa (Golder, 2013) and the

Geological Strength Index, GSI is generally 80 (Tesarik et al., 2003). These parameters

are used as an input for material properties in NFOLD modelling.
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Figure 4-1: Idealized Geological Section through the Viburnum Trend. Individual
Unit Thicknesses and Presence are Variable over the Length of the
Trend, after Doe Run, (1997).

4.1.2. Pillar Damage Ratings

Pillar conditions are currently categorized using a scale from 1 to 6 (Roberts et

al., 2007), where a pillar rating 1 is in perfect condition, showing no signs of stress and a

pillar rating 6 is completely failed, providing no support
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Figure 4-2: Schematic and Description of the Six Different Stages of Pillar
Loading, Modified after Roberts et al. (2007).
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Figure 4-2 shows the current rating system which focuses on material spalling

and presence of stress induced cracking. Although the system only outlines conditions

for integer ratings, in practice values are assigned to the nearest tenth of a rating. This

is partly to account for varying pillar conditions and allow fine differentiation of changes

during extraction. It is also a result of averaging minor variations in ratings taken by

multiple engineers participating in the inspection. Damage ratings are assigned to pillars

prior to commencing extraction to calibrate models and, at pre-determined times during

extraction to confirm model predictions.

4.1.3. Forecasting Pillar Condition using the Displacement
Discontinuity Numerical Code NFOLD

Pillar conditions are currently forecast using the NFOLD displacement

discontinuity stress analysis code (Golder, 2007). Pillars are simulated using a series of

approximately 2.4 m by 2.4 m (8ft by 8ft) elements on a flat seam, which are assigned

strength and stiffness values based on their height and confinement. NFOLD elements

are subdivided into three types based on confinement, as shown in Figure 4-3:

unconfined (A), partially confined (B) and confined (C) (Roberts et al., 2007). The

element strengths are calculated from a confinement method (Lunder, 1994) using the

pillar width to height ratio, the host rock unconfined compressive strength and empirical

constants based on site observations of pillars over several decades. In addition, tall

pillars with width to height ratios of less than 1:1 are assigned a strength reduction to

account for the increased likelihood of geologic structures significantly affecting pillar

strength (Roberts et al., 2007).

Figure 4-3: Element Types Used in NFOLD Roberts et al. (2007)

NFOLD models are generated using these 2.4 m by 2.4 m elements to represent

pillars and abutments. A script is used to calculate the plan view area of each pillar from
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the mine plan which is then divided by 5.76 m2 to determine the number of elements, to

the nearest integer, required to simulate the pillar. NFOLD models vary in size to but

cover a minimum of 60 m on either side of an area of interest. Once the model

geometry is laid out, the excavation depth, unit weight of overlying rock and horizontal

stress ratios are input and the code distributes loads based on the relative stiffness of

each model element. Factors of Safety are calculated by comparing the calculated load

of each element to its peak strength. Pillar Damage Ratings are then estimated using an

empirical correlation to the average Factor of Safety for each pillar face.

NFOLD element strengths use a bilinear failure envelope with a pre-failure elastic

modulus, a peak strength, a post failure deformation modulus and, a residual strength.

The calculated peak strength represents failure of the entire element through rock mass

shear. This is effective for predicting domino-type pillar failures where several pillars fail

rapidly in shear instead of progressively through more brittle processes. However, the

prediction of overall shear failure is distinct from progressive, tensile stress induced,

brittle failure on the pillar surface and therefore has limitations in predicting pre-peak

strength pillar conditions. Work by Diederichs (2003) has shown that rock masses in

underground loading scenarios exhibit an “S” shaped failure curve (Figure 2-6) with

brittle failure preceding total failure through shear. Pillar damage ratings from 2 to 4 are

indicative of this type of brittle, surficial failure. Although brittle surficial failure is not a

risk for catastrophic failure, (at these depths it tends to be progressive (Martin and

Maybee, 2000)) it is an indicator of potential shear failure and presents a risk to workers

from falling material. Photogrammetric surveys provide an excellent opportunity to

monitor these changes in pillar behaviour and investigate the relevance of an “S” shaped

failure curve. Through this work a more accurate prediction of pillar condition throughout

all stages may be possible with consequent improved worker safety.

4.1.4. Study Area Selection

In the spring of 2013, five pillar areas were selected for monitoring based on

pillar condition at the time and planned extraction schedule. Areas were chosen where

pillars generally had damage ratings of 2.0 and were expected to undergo an increase in

rating of at least one, based on both modelling and past experience in the area. Pillars

were chosen to minimize areas with “irregularities” such as uncommon geological
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features including solution breccia and shale bands. Specific pillars monitored were

selected based on their proximity to extraction ensuring they would remain accessible for

as long as possible while mining retreated. Multiple pillars were chosen in a given area

to cover a spread of the extraction sequence. Figure 4-4 shows a diagrammatic sketch

of a standard pillar area, showing the extraction sequence, and monitored pillars.

Figure 4-4: Diagrammatic Plan View of Pillar Extraction Sequence

Pillars will be discussed based on their respective areas of location which were

assigned north to south; Area 1 being the furthest north and Area 5 the furthest south.

The distance between areas can range from kilometers to approximately 150 metres

between Areas 4 and 5 (Figure 4-5). Table 4-1 summarizes the location of each pillar

observed and its dimensions as measured from photomodels.

100m
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Figure 4-5: Plan View of Research Areas
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A total of nineteen pillars were monitored over the course of the research; their

observed dimensions and locations are summarized in Table 4-1.

Table 4-1: Observed Pillar Locations and Dimensions

Area Pillar

Height of
North or

Northeast
Face (m)

Height of
East or

Southeast
Face (m)

Height of
South or

Southwest
Face (m)

Height of
West or

Northwest
Face (m)

East-West
or

Northeast-
Southwest
Width (m)

North-
South or

Northwest-
Southeast
Width (m)

W:H1

1 1 6.6 13.0 13.4 15.1 10.1 9.7 0.8

2

2 4.2 NA 4.0 4.1 6.3 7.3 1.7

3 4.0 3.8 4.3 4.4 7.3 7.0 1.7

4 NA 3.7 4.6 4.3 8.4 8.0 2.0

3

5 18.3 8.4 4.4 16.3 8.2 8.3 0.7

6 11.4 10.3 6.6 7.0 8.4 9.0 1.0

7 7.3 7.9 NA 3.0 7.8 7.1 1.2

8 5.5 5.5 NA 8.5 8.5 8.8 1.3

9 11.8 5.2 7.5 7.6 7.5 7.6 0.9

10 12.1 5.8 5.1 5.1 8.5 5.9 1.0

4

11 5.3 NA NA NA NA 8.9 1.7

12 4.8 5.1 4.8 4.5 8.6 10.7 2.0

13 5.1 5.0 NA 4.7 9.7 8.3 1.8

14 5.2 4.9 5.3 5.1 7.3 10.3 1.7

15 NA 5.2 5.2 4.5 7.9 9.6 1.8

16 NA 5.0 5.4 6.5 8.9 13.0 1.9

5

17 NA 6.6 7.0 7.0 10.4 9.3 1.4

18 6.7 7.1 6.8 NA 7.4 8.5 1.2

19 7.8 7.5 7.1 7.3 10.9 9.4 1.4

1 – Width to Height Ratio
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5. Photograph Collection and Processing
Methodology at Doe Run

5.1. Photographic Data Collection

Photographic data were collected throughout the summer and into the winter,

observing changes in the nineteen pillars over the course of pillar extraction in their area.

Single photograph sets were collected on an additional 20 pillars, which could be used

for additional rating calibration data. Multiple photograph sets were collected on a

further 4 pillars which were not included in this study due to lack of observed change or

increase in calculated axial load (less than 1 MPa increase) during the allotted time

period.

As with most terrestrial photogrammetry, a consumer digital SLR camera and

fixed focal length lens were used. The system used on site consisted of a Canon 7D

with a Canon 20mm focal length lens with the relevant information summarized in Table

5-1. The camera was mounted on a standard tripod with a three-way head for all data

collection.

Table 5-1: Doe Run Camera Acquisition Characteristics

Type of Camera Single-lens reflex digital camera

Effective Pixels 18 million

Image Sensor RGB, CCD, 22.3 x 14.9 mm

Image Size 5184 x 3456 pixels

Sensitivity 200 iso

Focal Length 20 mm

Aperture ƒ7.1

Photographs were captured from an average distance of approximately 7 m, the

furthest possible distance, given the room size between adjacent pillars. The maximum
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possible photograph distance was utilized to reduce the number of photographs required

to cover the entire pillar, thereby reducing data collection and processing time. At a

distance of 7 m, with the 20 mm focal length lens, the average ground pixel size was 0.2

x 0.2 cm (equation 2-1). The average base:distance ratio for photograph capture was

1:5 but ranged from 1:3 to 1:10. Using equations 2-2 and 2-3, the average distance

accuracy of the models can be calculated at 0.4 cm. This measurement represents the

average distance noise in point clouds. True survey accuracy in terms of mine grid

locations measured from 3D models is also dependent on the survey accuracy of control

points and the accuracy of their identification within the model. As pillar change

detection measurements were made on a centimetre scale, sub-centimetre model

accuracy is acceptable.

Two different sets of lights were used. Three LED lights by Adam Technology

(2014), which are specifically designed for underground photogrammetry and are colour

corrected to simulate daylight were used to provide full, even lighting. These lights are

large with heavy batteries; however, they offer a long battery life, even light coverage

and a robust platform. More frequently, a set of two Vision X LED lights were used

(Vision X Global Lighting Systems, 2013). The batteries and lights are easily hand held

or can be mounted to a conventional tripod. The Vision X lights produced a much

brighter and more focused beam of light requiring attention to ensure even pillar lighting.

Lights were placed on the “outside” of the cameras to reduce shadows within the

photographed area (Figure 5-1 and Figure 5-2).
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Figure 5-1: Diagrammatic Plan View of Underground Camera and Light Setup

Figure 5-2: Underground Camera and Light Setup
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Given the work intensive procedures required to photographically capture a pillar,

it was easiest to have a 3 person team with one person operating the camera and 2

aiding in the lighting. When only two people were available, one person held a light and

the other operated the camera while moving a second light on a tripod. This method,

although still effective, required significantly more work on the part of the person

operating the camera and light.

A standard stereopair setup was used with camera stations relocated around the

pillars to provide overlapping models of all accessible sides (Figure 3-2). In this way, 12

stereopair setups (24 tripod locations) were used to capture a complete rounded pillar.

In cases where the pillar height extended beyond the camera’s field of view, the camera

was panned upwards with a minimum of 50% overlap between vertical photographs.

Using 12 stereopair setups resulted in significant overlap between adjacent stereopairs.

This allowed for construction of the entire pillar shell (the visible outline of the pillar) in

relative co-ordinates, by matching adjacent stereopairs, prior to implementation of

survey control. Additional model overlap is advantageous as it helps reduce position

error and allows for georeferencing of the entire pillar provided 3 control points remain

visible anywhere on the pillar. A minimum of 12 control points would be required, 3 per

face, if each face was constructed from separate stereopairs.

Panning and tilting of the tripod head resulted in minor changes in the camera’s

position between photographs taken from the same tripod location. During 3D point

generation, it is advantageous to group all photographs taken from the same tripod

location as it reduces the degrees of freedom when running subsequent bundle

adjustments. However, this grouping assumes that all photographs are taken from the

same exact location, resulting in reduced accuracy when the camera is panned or tilted.

This issue is addressed by changing the classification of the camera station such that

each photograph is assumed to be taken from approximately the same location but

some variation is allowed to account for camera movement with panning and tilting.

Although it was possible to achieve sub-pixel precision prior to correcting for camera

movement, accuracy was improved post-correction.

In a production mining setting such as Doe Run with a very large and diverse

area to monitor, installed targets are not feasible. However, as the interest at Doe Run
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was overall pillar performance rather than kinematic stability of specific blocks, a slightly

decreased accuracy is acceptable as a trade-off for significantly higher measurement

point density.

Instead of prisms or other signalized targets, dots were spray painted on each

face of each pillar prior to photographing to act as model control (Figure 5-3). These

points were surveyed by mine personnel using a reflectorless total station setup.

Approximately six points were painted per pillar face and alternated high-low on the

highest and lowest points on the pillar that were safely accessible. The twenty four

points per pillar provide high data redundancy compared to the actual requirement of

three points for model scaling and rotation. The additional points, however, provide an

opportunity for reduced error and allow for construction of later models where painted

points may have been destroyed or obscured. The high-low point configuration was

used to provide a stronger control network setup with fewer degrees of freedom.

5.1.1. Survey Control Accuracy and Model Referencing

At the ranges used in this study the reflectorless total stations are generally

accurate to approximately 1 cm. Control bundle adjustments confirm this with average

accuracies of approximately 1.8 cm. There is some error in selecting the exact same

point in the photographs that the surveyors surveyed as the spray painted dots were

about 5 cm wide and the exact point surveyed is unknown. It was assumed that if a

control point was still visible, it had not moved more than the accuracy of the total station

or the bundle adjustment. Therefore, the survey points listed in Table 5-2 were used for

all models. Control bundle adjustment results were reviewed for subsequent models

and were not found to significantly increase in error.

During data collection, the majority of pillars retained sufficient control points

spread over at least two faces, allowing for referencing of subsequent models to the

same accuracy as the bundle adjustment. In the event that the majority of control points

were destroyed, substitute control points such as other spray painted marks were

surveyed from preceding 3D models and used to georeference the preceding images

(Figure 5-4).
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Table 5-2: Dates of Control Point Surveys

Survey Date Area

May 23, 2013 3

May 27, 2013 4&5

May 29, 2013 2

July 12, 2013 3

September 23, 2013 1

Figure 5-3: Control Points on an Approximately 7 m Wide Pillar Face

Control Points

~2m
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Figure 5-4: Substitute Control Points on a Mine Pillar

5.2. Photogrammetric Image Processing

5.2.1. Lens Distortion Calibration

Photographs were captured of an outcrop at surface for calculating camera-lens

distortion parameters. In this case a “pyramid” camera arrangement was used as

recommended by the software developer and shown in Figure 5-5. Photographs were

then loaded into the software code 3DM Calibcam (Adam Technology, 2014) and an

interior bundle adjustment conducted to calculate the distortion parameters of the lens

and camera. Calibration had a calculated accuracy of 0.16 pixels and was used to

achieve average accuracies of less than 0.5 pixels in subsequent pillar projects.

Calibration was conducted over distances from 7 to 10m, all of which are greater than

the 4m hyperfocal distance of the lens. As the calibration was conducted at hyperfocal

distance, and all pillar photographs were captured at hyperfocal distance, only one

calibration file was necessary for all project work. Pillar projects were checked for

systematic patterns in relative point residuals (indicative of distortion calibration errors)

and none were observed. As previously discussed projects generated with these

calibration parameters also matched survey data to a high accuracy.

~1m

Substitute
Control Point
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Figure 5-5: Pyramid Camera Setup used for Distortion Calibration

5.2.2. Model Building

Photographs were captured in RAW format and processed using the public

domain RAW-Therapee software package prior to photogrammetry work (Raw

Therapee, 2013). Processing was conducted to recover detail in over lit areas and

shadows within photographs as well as to produce consistent exposure.

All photographs were processed using the Adam Technology 3DM Analyst

software suite (Adam Technology, 2014). Photographs from each date of observation

were loaded into individual projects where thousands of relative points were generated

by the software to match photographs taken at each camera station. Due to the

~3m

~
1
0
m

Rock Face
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relatively large shift in viewing angle between each camera setup it was sometimes

necessary to manually identify common points between stereopairs before the software

could automatically match additional points. Relative matching of stereopairs around the

entire pillar was found to reduce georeferencing errors towards the tops of pillars, where

there were no control points (Figure 5-6). In addition, it allowed for georeferencing of

pillar sides where control points had been lost, provided they could be relative matched

to a side with control points.

Figure 5-6: Relative Matched Point Cloud (white) Compared to Individually
Georeferenced Stereopairs (blue) Exhibiting Increased Error in
Georeferencing Towards the Top of the Pillar

Once common points were matched between all stereopairs, a bundle

adjustment was conducted which calculated the relative co-ordinates of all matching

points. Sub-samples of control points were then manually digitized and an additional

bundle adjustment conducted to calculate the true 3D co-ordinates of all matched points.

After this second bundle adjustment, it was possible to digitize all other control points

with assistance from the software in identifying their locations. 3D point clouds were

then generated for each stereopair with approximately 400,000 points per stereopair and

4.8 million points per pillar. Figures showing the initial photomodel generated for each

pillar are located in the supplemental data file in Appendix B.

~
4
.5

m

Georeferencing Error
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5.3. Project Complexity

Using the rating system proposed in section 3.3, this project was very low

complexity. Table 5-3 summarizes the complexity ratings, out of four, from section 3.3

with brief comments regarding the selected value.

The close range and strong survey control allowed for highly accurate

photomodels which were georeferenced to an average accuracy of 1.8 cm.

Photographs within each project were relatively matched to an accuracy of 0.5 pixels or

better, which is less than 0.1 cm based on the average ground pixel dimensions.

Although it was not necessary for this project to measure millimetre scale displacements,

the relative matching accuracy and small ground pixel dimensions suggest

displacements of 0.4 cm (0.05% of the approximately 8 m wide field of view) or greater

are detectable.

Table 5-3: Doe Run Project Complexity and Comments

Variable Complexity Rating Comment

Object Distance 1 - Hyperfocal NA

Extents of
Unstable Area

1 - Moderate Although entire faces exhibited spalling in some cases,
progression was paced so stable areas were always

present on each face.

Displacement
mode and
magnitude

1 - Mass wasting/
Sliding and/or large
relative to pixel size

Spalled blocks tended to be approximately 30 cm deep
and average pixel size was 0.2 cm x 0.2 cm.

Survey control 1 - >6 points, well
distributed

Approximately 6 points per pillar face, 24 on a complete
pillar. Points on top and bottom of pillar would have

been preferable.

Stable reference
areas

2 - Several, well
defined

Pillars with extensive spalling would destroy all survey
points on a face. Other painted reference points were
always available but stable area did not always form a

ring around spalling.

Lighting 1/3 - Even lighting or
Deep shadows

Proper lighting produced no issues but errors resulted in
washed out areas or deep shadows which required

correction of photographs prior to processing.

Number of
Photographs

2 - Several with high
overlap (Pillars)

Many pillars were captured at full height with a single
photograph. Taller pillars had 50% or better overlap

when panning. Adjacent photographs maintained large
overlaps and ~1:2 base:distance ratios.
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6. Mapping and Damage Measurement of Doe
Run Pillars

6.1. Geological Mapping and DFN Model Generation

The orientation, spacing and persistence of joint sets has been shown to have a

significant influence on pillar strength (Elmo & Stead, 2010; Esterhuizen et al., 2011;

Preston et al., 2013; Zhang, 2014) and can be used to explain different responses to

loading across mine areas. Structural mapping was conducted on photogrammetry

models of pillars in each area and the resulting data processed for orientation and

determination of joint sets as well as average spacing and persistence. Mapping was

conducted in two stages: first to determine the existence and orientation of structures in

all pillars, and secondly to provide detailed window maps for generating Discrete

Fracture Networks.

In the first stage, complete 3D models were examined and all well-defined

features mapped, providing between 25 and 90 measurements per pillar. In addition to

allowing stereonet construction, the mapping, which generally focussed on large scale

features, provided upper bounds on joint trace lengths. For both mapping phases,

features were mapped without classification and later sorted into sets using

stereographic projections. Qualitative data regarding fracture terminations, shape and

presence of rock bridges were also observed from photomodels and a single window

was examined quantitatively using methodology and the rock bridge intensity, R21,

nomenclature from Tuckey (2012), as an example for future work.

As shown in Figure 6-1 many pillar faces appear massive, without any well-

defined joint planes, large or small. In the second stage, pillars were examined for areas

with frequent joint intersections (Figure 6-2) and mapped in detail for all visible structure

(Figure 6-3). Table 6-1 summarizes the pillars mapped and, the locations and
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dimensions of mapping windows. With the exception of Pillar 2, all pillars were mapped

at pillar damage ratings below 3.0. All pillars were mapped based on the model from

their first observation with the exception of Pillar 19, which was mapped on day 49 of the

study due to limited coverage from muck piles on first observation.

Figure 6-1: Massive Pillar Face
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Figure 6-2: Well-Defined Structure on Pillar Face

Figure 6-3: Detail Mapping Window on Pillar Face. Structures Shown as Coloured
Disks Fit to the Mapped Plane

~2m
~2m
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Table 6-1: Mapped Pillars and Window Locations

Pillar
Number

Mapping Conducted Window 1
Dimensions (m)

Window 2
Dimensions (m)

1 General and Windows on Northeast (1)
and Southwest (2) Faces 4.0 by 3.4 3.7 by 2.0

2 General and Windows on North Face (1)
and Southwest Corner (2) 2.4 by 1.8 2.4 by 3.0

5 General NA

6 General and Window on East Face (1) 4.0 by 4.0 NA

8 General and Windows on East (1) and
West (2) Faces 4.3 by 1.4 6.1 by 2.1

10 General NA

13 General and Windows on Northwest (1)
and Northeast (1) Faces 3.7 by 2.1 4.0 by 3.8

14 General NA

18 General NA

19 General and Windows on Southeast
Corner (1) and North (2) Face 4.3 by 1.5 3.7 by 1.5

3DM Analyst includes a tool for automated feature identification and mapping,

similar to the work described by (Gigli & Casagli, 2011; Lato & Vögue, 2012), which was

tested on several of the pillars in this project. The tool works by examining the point

cloud for areas of planarity, based on a maximum distance and angle of offset between

points, normal to the surface. By increasing the maximum allowable distance and angle,

relatively rougher surfaces will be identified. Adjusting these values allowed the tool to

identify several features which were also identified by manual mapping (Figure 6-4).

However, the majority of “features” identified by the tool were not geological structures

but, instead amorphous sections of the pillar face which had to be filtered and removed

manually. It is possible that with further calibration the tool could successfully provide

rapid evaluation of pillar structure, but given the effort required manual feature

identification was found to be more efficient for this project.
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Figure 6-4: Automatically Identified Features (Red) Compared with Manually
Selected Features (Disks). Common Features Circled

An alternate tool to direct automatic feature identification is colouring surfaces

according to dip and dip direction using software such as I-Site Studio (Maptek, 2013).

Figure 6-5 shows a blocky outcrop which has been coloured by dip direction and a

histogram of face orientations. Well defined structures have been outlined on both the

photograph and the 3D model which shows two joint sets in blue and pink. The large

green feature is dipping towards approximately 240 degrees which is the opposite dip

direction of the more common 60 degree features represented by the pink facets. This

method still requires careful interpretation as the amorphous face of the pillar is

generally oriented to the west and appears as a false yellow set in the histogram.
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Figure 6-5: Well Defined Outcrop (A) and Corresponding 3D Surface Coloured by
Dip Direction (B) using I-Site Studio (Maptek, 2013). Two Joint Sets
are Shown in Blue and Pink/Green.

Fracture spacing was calculated using the 3D disks fitted to the mapped

features. As spacing should be reported perpendicular to the dip of each fracture set,

the simplest means of measuring it was by drilling virtual boreholes perpendicular to

mapped fractures (Figure 6-6). The distribution of distance between fracture

intersections was then taken as spacing.

A

B

2m
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Figure 6-6: Spacing Measurements Taken by Sample Line Perpendicular to
Features

The mapped windows were used to generate joint area intensity, P21 values and

also provided the required data to fit trace length and orientation distributions for

subsequent stochastic fracture generation in FracMan (Golder, 2013b). When

generating DFNs for each pillar, the 3D shell of the pillar was imported into FracMan

along with the disks of all mapped fractures, both from general and detail window

mapping. The trace length distribution, orientation variability and P21 for each set were

then determined and used to generate representative stochastic sets, the input for which

were: radius distribution, orientation distribution and volumetric intensity, P32. These

stochastic DFNs can then be applied to model the behaviour of the core of the pillar

where no structural data is available as well as other generalized models.

For persistence calculations, the diameter of the fitted disk for each mapped

fracture was taken as its trace length. These values are equal because AdamTech

generates the feature disk using the furthest most points digitized on a traced feature

(Figure 6-7). The mean trace length and standard deviation were determined for each

fracture set and were observed to follow a log normal distribution when projected onto

trace planes. The mean and standard deviation for each set were then input as the

equivalent fracture diameter for each set, also using a log normal distribution.
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Stochastic joint sets with the input radius distribution were found to produce the

observed trace length distribution on the mapping planes.

Figure 6-7: Disks Fit to Joint and Bedding Planes with Equivalent Trace Length

Joint set orientation parameters were fitted to a bivariate normal distribution

using the ISIS analysis in FracMan, the output parameters being used to characterize

the stochastic sets.

Mapped P21 values were calculated by fitting a plane to the mapped area and

dividing the mapped fracture lengths within the area by the area of the plane (Figure

6-8). This is a minor simplification as the mapped surfaces were not strictly planar.

However, the fracture traces were also simplified to a straight line so this is similar to

projecting the maximum fracture disk onto a planar surface.
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Figure 6-8: Mapped Feature Disks and Photomodel Pillar Surface (A) and
Simplified Trace Plane with Feature Traces (B)

With joint trace length, joint orientation distributions and joint areal intensity

values, P21, it was possible to determine the joint radius and orientation distribution as

well as volumetric intensity value, P32, for each set needed to generate stochastic joints

using the Enhance Baecher model and circular joints.

Although volumetric intensity, P32 is required for generation of stochastic sets, it

is cannot be measured directly in the field because of the generally 2D, planar shape of

outcrops. To determine P32, of the joint sets, a correlation was required between the

observed P21 and the inferred P32 value. This correlation between P21 and P32 (C32),

was determined by generating multiple realizations of each set while keeping the

observed size and orientation distributions constant and varying the P32 value between

the three values of 0.82, 1.64 and 2.46 m2/m3 (0.25, 0.50 and 0.75 ft2/ft3) which were

chosen to contain the likely range of P32 values, based on work by Zhang & Einstein

(2000) and Elmo (2006). The generated discontinuity sets were then intersected with

the mapping windows and P21 values calculated. A linear trend line was fitted to the

P21 vs. P32 values for the generated discontinuity sets with an intercept through zero.



68

The slope of the line for each mapping window was taken as the C32 value. C32 values

were found to be fairly consistent between windows of different orientations for bedding

planes, which is expected as bedding is horizontal and all trace planes were vertical,

resulting in no orientation bias. However, discrepancies were observed on some pillars

in the mapped P21 and calculated C32 values for the same discontinuity set between

two trace planes at orthogonal orientations. This is expected due to orientation bias and

the C32 and P21 values of the window most perpendicular to each set were used

preferentially for calculating P32 values. Once the C32 value was determined, the P32

value was calculated by dividing the observed P21 value by the C32 value to estimate

the field P32 value. Stochastic sets with the inferred P32 and radius distributions and

the calculated orientation distributions were then generated for each pillar. Figure 6-9

shows a resulting DFN and Figure 6-10 summarizes the workflow in a flowchart. The

values used for each stochastic joint set are included in the supplemental data file:

Appendix C.

Figure 6-9: Example Stochastic Discrete Fracture Network



69

Figure 6-10: Discrete Fracture Network Generation Flow Chart

6.2. Geological Mapping Results

Two sub-vertical joint sets striking approximately perpendicular to each other as

well as sub-horizontal bedding were identified in all areas which agrees with work by

(Tesarik et al., 2009). With the exception of areas 1, 4 and 5, the two sub-vertical joint

sets were found to trend N45°W and N45°E (Figure 6-11). In areas 1, 4 and 5, the sub

vertical joints were found to trend N and E (Figure 6-12). Regardless of orientation, the

sub-vertical joints exhibited dips ranging on average from 70 to 90 degrees but
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sometimes as low as 60 degrees. The average dip for the sub-vertical sets ranged from

85 to 89 degrees. The sub-horizontal bedding was found to dip between 0 and 20

degrees with average dips ranging between 1 and 4 degrees for the different areas. In

addition to the common sub-vertical joints and bedding, a southwest trending joint set

with an average dip of approximately 60 degrees was observed in areas 4 and 5. The

unweighted average dip and dip direction for each set as well as the Fisher Dispersion

calculated by Dips (Rocscience, 2013) and the number of observations are presented in

Table 6-2. Figure 6-13 to Figure 6-16 show plan views of the mapped areas which allow

for comparison of pillar face orientations to observed structural orientations.

Table 6-2: Average Joint Set Orientations

Set Dip (°) Dip Direction (°)
Fisher

Dispersion
Number of

Observations

1a 85 137 27.49 258

1b 88 175 26.41 223

2a 89 67 30.34 142

2b 87 266 37.99 110

Bedding a 1 241 73.04 162

Bedding b 4 208 48.93 79

3 60 229 61.17 20
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Figure 6-11: Equal Area Polar Stereonet for Areas 2 & 3, Lower Hemisphere
Projection

S
e

t
1
a

S
e

t
1
a

S
e

t
2
a

S
e

t
2
a

B
e

d
d

in
g

a



72

Figure 6-12: Equal Area Polar Stereonet for Areas 1, 4 & 5, Lower Hemisphere
Projection
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Figure 6-13: Plan view of Area 1



74

Figure 6-14: Plan View of Area 2
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Figure 6-15: Plan View of Area 3
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Figure 6-16: Plan View of Areas 4 and 5
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Table 6-3 summarizes the number of observations for each joint set in each area.

The letters in parenthesis represent if the joints were part of set a or set b.

Table 6-3: Number of Joints Observed by Area

Set Area 1 Area 2 Area 3 Area 4 Area 5

1 69 (b) 37 (a) 221 (a) 113 (b) 41 (b)

2 56 (b) 34 (a) 108 (a) 40 (b) 14 (b)

Bedding 36 (b) 38 (a) 124 (a) 13 (b) 30 (b)

3 NA NA NA 4 16

Additional figures showing all mapped pillars and associated mapping windows

are located in the supplemental data file: Appendix C, which also includes all mapped

data including feature spacing.

Histograms of trace length (Figure 6-17 to Figure 6-19) and spacing (Figure 6-20

to Figure 6-22) were generated for areas 2 and 3, which were grouped based on their

similar fracture orientations and trace lengths. Similarly, trace lengths (Figure 6-23 to

Figure 6-26) and spacing (Figure 6-27 to Figure 6-30) were generated for areas 1, 4 and

5 together, based on similarities in orientation and trace length between pillars. Pillar

widths varied from approximately 7 to 9 m and were consistently greater than the

measured bedding trace lengths by several metres, suggesting that bedding does not

form fracture planes greater than or equal to the pillar widths. Similarly, pillar heights

ranged from approximately 5 to 12 m, greater than the maximum trace lengths observed

in the sub-vertical joints suggesting that the scale of pillar faces is sufficient to capture

the maximum trace length of all observed structures. Trace lengths and spacing

exhibited a log normal distribution although, due to fewer samples, the distribution is not

always as clear for spacing.
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Figure 6-17: Histogram of Trace Lengths for Set 1a: Areas 2 & 3. n=258

Figure 6-18: Histogram of Trace Lengths for Set 2a: Areas 2 & 3. n=142
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Figure 6-19: Histogram of Trace Lengths for Bedding a: Areas 2 & 3. n=162

Figure 6-20: Histogram of Spacing for Set 1a: Areas 2 & 3. n=51
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Figure 6-21: Histogram of Spacing for Set 2a: Areas 2 & 3. n=35

Figure 6-22: Histogram of Spacing for Bedding a: Areas 2 & 3. n=52
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Figure 6-23: Histogram of Trace Lengths for Set 1b: Areas 1, 4 & 5. n=223

Figure 6-24: Histogram of Trace Lengths for Set 2b: Areas 1, 4 & 5. n=110
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Figure 6-25: Histogram of Trace Lengths for Bedding b: Areas 1, 4 & 5. n=79

Figure 6-26: Histogram of Trace Lengths for Set 3: Areas 1, 4 & 5. n=20
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Figure 6-27: Histogram of Spacing for Set 1b: Areas 1, 4 & 5. n=44

Figure 6-28: Histogram of Spacing for Set 2b: Areas 1, 4 & 5. n=40
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Figure 6-29: Histogram of Spacing for Bedding b: Areas 1, 4 & 5. n=25

Figure 6-30: Histogram of Spacing for Set 3: Areas 1, 4 & 5. n=10

Table 6-4 summarizes the mean and standard deviation of the observed trace

length and spacing distributions. The observed mean spacing values agree well with the

lower bound spacing values noted by Tesarik et al. (2009). Furthermore, it is reasonable

to conclude that fracture spacing ranges from the lower bound reported (based on
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detailed mapping of well-defined outcrops) to the upper bound of 2 metres reported by

Tesarik et al. (2009), based on observations on apparently massive zones (Figure 6-1).

With the exception of an approximately 45 degree rotation of joint set dip directions,

there was little recorded change in fracture parameters between the monitored areas.

The sub-vertical joint set rotation is likely related to the genesis of the deposit, which is

associated with variations in topography in the basement sandstone in relatively

undisturbed sedimentary basins (Anderson & Macqueen, 1982). However, large scale

changes in the orientation of the deposit are not readily apparent (Figure 4-5). Spacing

and persistence values are observed to vary within a few centimetres between areas. In

addition, the sub-vertical joints exhibit similar persistence and spacing, regardless of

orientation. Similarly, bedding orientation, trace length and spacing did not vary

significantly between areas. It should be noted that, as a geological feature, the bedding

was observed to be continuous. However, the bedding features mapped represented

areas where it acted as a release plane, which is of greater importance to geotechnical

characterization. Observations of the excavation back show that the roof is often

defined by a single continuous bedding plane between pillars (Figure 6-31). This may

imply that bedding is similarly continuous within the pillars. However, bridging of

bedding is also visible within the back where step paths occur between planes (Figure

6-31). Bedding planes acting as a fracture plane across an entire pillar may not have

been observed because fracturing along sub-vertical joints obscures bedding planes.

This would be a case of orientation bias where sub-vertical joints preferentially outcrop

on vertical pillar faces and are more commonly detected in photomodels. In addition, the

loading regime between the back and a pillar are disparate with the back in tension and

pillars in compression perpendicular to bedding resulting in bedding planes appearing as

tight traces below the resolution of photogrammetry on pillar faces. These observations

of the excavation back suggest that observed bedding trace lengths may be biased

towards shorter traces and long traces are underrepresented.
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Figure 6-31: A - Bedding Planes (Red) Separated by Rock Bridges (Green) in
Excavation Back. B – Continuous Bedding Plane (Red) Across from
Rock Bridging (Green). Room widths are approximately 9 m and
rebar are placed on approximately 1.2 m spacing.



87

Table 6-4: Photomodel Mapped Persistence and Spacing Values by Area

Location Structure

Mean
Trace

Length
(m)

Trace
Length SD

(m)

Trace
Length

N

Mean
Spacing

(m)

Spacing
SD (m)

Spacing
N

Areas 2 &
3

Set 1a 0.76 0.58 258 0.18 0.12 51

Set 2a 0.61 0.34 142 0.11 0.10 35

Bedding a 1.07 0.96 162 0.13 0.11 52

Areas 1, 4
& 5

Set 1b 0.69 0.52 223 0.21 0.16 44

Set 2b 0.60 0.40 110 0.18 0.18 40

Bedding b 0.98 1.03 79 0.17 0.13 25

Set 3 0.41 0.24 20 0.11 0.05 10

N – Number of observations

6.2.1. Areal and Volumetric Joint Intensity

Figure 6-32 to Figure 6-34 show P21 vs P32 for Pillar 13 in Area 5 which is

representative of the process used to determine C32 for the other pillar areas. In these

figures, the measured P21 values from each window are compared to their inputted P32

values and the slope of the linear trendline with a zero intercept is taken as the C32

value. The observed P21 for each window can then be used to estimate the

corresponding field P32 value by dividing by the C32 value. Based on the similarities of

spacing and persistence between joint sets and areas, P21 and C32 values were

averaged between all areas before generation of P32 values for each set. P21 vs P32

plots for all other mapped pillars as well as stochastic joint set properties such as P21,

C32, P32, orientation variability and mean radius are presented in Appendix C.
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Figure 6-32: P21 vs P32 Sample Plot – Set 1b

Figure 6-33: P21 vs P32 Sample Plot – Set 2b
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Figure 6-34: P21 vs. P32 Sample Plot - Bedding b

For both areas 2 & 3, joint set 1 exhibited greater P21 values than set 2, but

lower P32 values. This could be because Set 1 exhibits a larger mean trace length as

well as a larger deviation in trace length compared to Set 2. This would result in a

greater frequency of very large joints which have a greater likelihood of intersecting a

trace plane and increasing P21, while maintaining a lower P32. Bedding exhibited

higher P21 and P32 values in areas 2 and 3. This is expected, as there were

significantly more bedding planes observed in areas 2 and 3 (162), compared to areas 1,

4 and 5 (79), suggesting a higher discontinuity intensity. Table 6-5 presents the average

P21, C32 and P32 for each set.
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Table 6-5: Average Intensity Values for Joint Sets and Bedding

Location Structure
Mean P21

Observed (m/m2)
Mean C32

Calculated (m/m)
Mean P32 Calculated

(m2/m3)

Areas 2 & 3

Set 1a 1.31 0.80 1.63

Set 2a 1.10 0.55 1.99

Bedding a 2.10 0.96 2.15

Areas 1, 4 & 5

Set 1b 1.08 0.64 1.67

Set 2b 0.80 0.62 1.33

Bedding b 1.33 1.00 1.31

Set 3 1.08 0.67 1.61

6.2.2. Joint Terminations, Undulation and Rock Bridges

With the information presented, it is possible to generate stochastic joint sets

which produce the intensity, orientation and persistence observed in the field. However,

the stochastic sets do not consider the geological processes which created the joints,

and require further information to ensure realistic interaction between fracture sets.

These interactions may include the presence of co-planar joints separated by rock

bridges, the termination of joints at the intersection with other joints or bedding and,

variations in dip direction along a single joint plane.

Figure 6-35 shows trace maps of the west window on Pillar 8 which were used to

calculate rock bridge areal intensity, R21 and termination percentage values. Table 6-6

presents the R21 and termination values calculated for the window. Like P21, R21 is the

total length of all rock bridges for each set, divided by the area of the mapping window.

Terminations are expressed as a percentage of the total number of terminations for each

set observed in the window.
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Figure 6-35: Example Trace Map of Set 2a (Blue), Set 1a (Green) and Bedding
(Pink) used to Calculate R21 and Termination Percentages – Pillar 8.
Rock Bridges shown as Darker Dashed Lines of Same Colour as
Associated Set

Table 6-6: Calculated Rock Bridge Intensity and Termination Percentages from
Example Window on Pillar 8

Structure
P21

Observed
(m/m2)

R21
Observed

(m/m2)

Terminations
in Intact

Rock

Terminations
in Bedding

Terminations
on Window
Boundary

N
Termination

Observed

Set 1a 0.35 0.66 35% 50% 15% 54

Set 2a 0.44 0.43 56% 39% 5% 64

Bedding
a

0.62 1.44 64% NA 11% 48

The calculated R21 values correlate well with the observed P21 values in Table

6-6. Set 1a is shown to have a lower P21 compared to Set 2a and therefore a higher

R21 can be expected. The calculated R21 value of 1.44 m/m2 for the bedding is
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approximately 2 to 3 times larger than the R21 values for the sub-vertical joints. This

manifests as long, tightly spaced bedding planes with large rock bridges. In this

example Set 2a was found to preferentially terminate in intact rock while Set 1a tended

to terminate in bedding. The quantitative observations shown in this example are

supported by multiple qualitative assessments but were not collected on all pillars due to

time constraints.

As previously discussed, bedding was observed to be highly continuous in

several pillars; however, it was never observed as a fracture plane or trace across the

entire pillar. Figure 6-36 shows several bedding planes which act as co-planar fractures,

separated by intact rock, which was common in areas of well-defined bedding. Similarly,

Figure 6-37 follows two bedding planes, which are shown to undulate along their length

and act as fracture planes of limited persistence. Finally, Figure 6-38 shows undulation

of bedding planes, which are traced by their associated mineralization, but do not act as

fracture planes. Observations such as these justify modelling the bedding as a

discontinuous feature with variable orientation.

Figure 6-36: Rock Bridges (Shown as White Dashed Lines) between Bedding
Planes – Pillar 8
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Figure 6-37: Variation in Bedding Dip along Strike – Pillar 10

Figure 6-38: Variations in Bedding Dip along Strike - Pillar 18

As with bedding, multiple cases were observed of co-planar, sub-vertical joints

exhibiting rock bridges and undulation. Figure 6-39 shows variations in dip direction

between joints of Set 2a, as well as multiple rock bridges. Figure 6-40 shows rock
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bridges and minor variations in orientation between adjacent joints of set 1a and 2a on

pillar 6. Once again, modelling discontinuous features with variable orientation is

supported by field observations.

Figure 6-39: Rock Bridges (Shown as White Dashed Lines) between Joint Planes
and Variability of Dip Direction with Inset of Stereonet for Area
Confirming Dip Direction Variability– Pillar 8
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Figure 6-40: Rock Bridges (Shown as White Dashed Lines) between Joint Planes
of Set 1a (Blue) and 2a (Green) – Pillar 6

In a relatively undisturbed sedimentary rock hosted deposit with tightly spaced,

continuous bedding like Doe Run, it is expected that sub-vertical joints will preferentially

terminate at a bedding surface (Anderson & Macqueen, 1982; Cooke et al, 2006; Gross

et al., 1995). This was observed for both sub-vertical joint sets on multiple pillars;

however, sub-vertical joints often extended through several bedding planes before

terminating, and in some cases appear to have terminated in intact rock, which is also

supported by published work (Gross et al., 1995; Underwood et al., 2003). It is possible

that all sub-vertical joints terminated at bedding planes, but the terminating plane did not

manifest as a fracture plane and was not visible on the photomodels. Figure 6-41 shows

sub-vertical joints which are entirely bounded by bedding planes, but extend through

multiple planes, both open and closed, before terminating. This was also observed on

Pillar 1, where the terminating planes were often poorly defined and closed. Conversely,

Figure 6-42 shows multiple sub-vertical joints terminating in intact rock on Pillar 14,

which is the same behaviour as observed on pillars 6 and 13. In fact, bedding planes of

any continuity and aperture are sometimes difficult to identify in these outcrops. In some



96

pillars, such as Pillar 19, sub-vertical joints were found to terminate in both intact rock

and at bedding planes.

Figure 6-41: Sub-Vertical Joints (Blue) Extending through Bedding (Black) and
Terminating in Bedding – Pillar 10
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Figure 6-42: Sub-Vertical Joints Terminating in Intact Rock – Pillar 14

The variable manifestation of visible bedding planes on pillar faces and at joint

terminations could potentially be explained by the concept of proto-joints (Hencher et al.,

2011; Tuckey, 2012). Proto-joints are discontinuities in a rock mass which are very tight

and difficult to identify, because they exist at the transitional phase between embryonic

micro-fractures and fully open joints. As the aperture of these features can be on the

order of microns, it would likely be impossible to identify them from photographs taken at

millimetre resolution.

Alternatively, it is possible that some of the bedding planes (such as those which

sub-vertical joints continue through before terminating) are not part of the “mechanical

stratigraphy” (Cooke et al., 2006). In this case, the close bedding planes are

stratigraphic features, but are not open, even at the micron scale of proto-joints and
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would have little influence on the mechanical behaviour of the pillar. It may be possible

to identify if bedding planes are open on the micron scale through detailed field mapping.

Although these observations are preliminary and largely qualitative, they

provided a starting framework for confirming the validity of the fracture networks

generated for UDEC modelling.

6.3. Geological Mapping Discussion

The 3D photomodels generated provided an excellent opportunity for mapping

geological structures within pillars. Not only did they reduce the time requirements for

work near the pillar, they provided access to the entire pillar height as well as areas with

unstable footing. Interestingly, it was often found that the tops of taller pillars exhibited

more clear jointing patterns than the base. This is possibly due to mining activity in the

area covering the lower portion with dust and obscuring surfaces. In addition to reaching

higher structures, the 3D photomodels allowed for accurate measurements of trace

length beyond the reach of a mapper, allowing for more representative statistical

distributions.

Of the nineteen pillars monitored, ten were mapped and six of those were

windows mapped (one pillar from each area, except for two pillars from Area 3). When

mapping a subset of observed pillars and only window mapping one or two pillar faces,

there is a risk of the collected data being non-representative due to occlusion. This

issue is often addressed by mapping faces with orthogonal orientations to ensure that

features which are occluded on one face are preferentially intersected on the other. In

this case, only one pillar was mapped on orthogonal faces; however, two pillars were

mapped on a corner which produces similar results by intersecting fractures from two

faces at once. The issue of orthogonal faces is less of a concern for this project

because the sub-vertical joints intersect the majority of pillar faces at 45 degrees. This

was the case for all pillars mapped except for pillars 17, 18 and 19, where the sub-

vertical joints dipped directly out of or parallel the faces. Pillar 19 (which was the only

one mapped in detail in the area) was mapped on the southeast corner, which is

approximately orthogonal to the north face mapping window and allowed for both sub-



99

vertical sets to be characterized. The remainder of pillars with 45 degree face

intersection angles are expected to intersect the sub-vertical joints with similar intensity

on all faces. This was confirmed by similar C32 values between windows for all

windows with 45 degree intersections (Appendix C).

If the sub-vertical joints preferentially dipped in one direction (as opposed to an

equal distribution about vertical), then opposite faces could be expected to exhibit

different observed intensities based on the way in which the joints outcropped. Figure

6-43 shows an idealized pillar which would have equal joint intensity on either side.

However, the orientation of the joints would produce a different failure mode on each

side; sliding on one and toppling on the other. It is likely that the sliding failure would

control pillar stability and exhibit more damage, which would result in more well defined

joint faces, as defined by the blue dotted line. Although the same intensity of joints

would be present on the toppling face, they would likely appear as traces and may be

obscured by dust and harder to identify.

This bias was not observed when tracking pillar damage or when reviewing

mapped features. The joint orientation data presented in Figure 6-11 and Figure 6-12

show that a significant number of poles were observed dipping in both directions for both

sub-vertical sets on each pillar and Figure 6-39 shows oscillation in dip directions

between sub-vertical joints of the same set in close proximity to each other.

This form of intersection bias is also not expected or observed for bedding

planes, as they were near horizontal and therefore did not outcrop preferentially on any

face. Variability was observed across pillars in the frequency of bedding acting as a

release surface but this is more likely a result of the local geotechnical properties of the

bedding planes as opposed to mapping bias.
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Figure 6-43: Potential Orientation Bias in Joint Outcrops on Opposite Faces of a
Pillar (Section View)

Pillars were generally mapped at pillar damage ratings below 3.0 with an average

rating of 2.1, excluding Pillar 2. Pillar damage rating at the time of mapping may have

an influence on the intensity and trace length of joints observed. As damage was

observed to be structurally controlled, it stands to reason that increased damage will

expose more well-defined joint planes. Conversely, pillars with low damage ratings will

likely exhibit structure preferentially as traces. Because photogrammetry and other

remote mapping techniques which use a 3D surface are biased towards mapping joint

planes preferentially to traces, pillar damage at the time of mapping may influence

observed intensity. Pillar damage vs. observed joint intensity is related to the concept of

f-bias (Priest, 2004), which suggests that it is unlikely for an outcrop to intersect a joint at

its maximum diameter. If a pillar were mapped repeatedly as damage rating increased,

it may be possible to observe the same fracture over multiple exposures and achieve a

better estimate of its dimensions.
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Mapping pillars at higher damage ratings in order to improve outcrop exposure

may be limited by the decreased pillar width as a result of increased damage. Pillars 2

and 3, which both had pillar damage ratings of over 4.0, were approximately 7 m wide as

a result of material loss, compared to the normal pillar width of approximately 9 m. This

may result in censorship bias, where trace length of a large fracture would extend past

the boundaries of the pillar, for bedding, which was the most continuous feature

observed. A means of checking for this form of censorship would be to attempt to trace

fracture between opposite sides of the pillar. With the 3D photomodels this can easily

be achieved by viewing the pillar shell from above or cutting cross sections. Similarly,

pillars 2 and 3 were some of the shortest observed at approximately 4 m tall. Taller

pillars, present a larger outcrop allowing for longer sub-vertical joints to be observed as

well as increasing the likelihood of finding an area with well-defined structure for

mapping. Given the mean trace length of the sub-vertical joints was approximately 1 m,

it is unlikely that censorship due to pillar height was an issue in this study.

Based on the known lack of variation in structure and the observed consistency

between the ten mapped pillars, detail mapping windows on six pillars is considered

acceptable at this site. In other locations with different geological history and structure,

the potential biases discussed should be reviewed and mapping procedures modified

accordingly.

All mapping data, including structures mapped outside of windows, were

considered for fracture orientation and trace length distributions, which were found to

agree well between pillars. Spacing was the only measurement restricted to detail

windows. As the spacing data agree well with other observations (Tesarik et al., 2009)

and between windows and areas, this is considered to be acceptable. Furthermore, 3D

models were generated for all monitored pillars allowing for additional mapping in the

future.

During mapping and interpretation bedding was assumed to be discontinuous

based on observations of intact rock between co-planar release surfaces (Figure 6-36).

Although the mean trace length was approximately twice that of the sub-vertical joints,

this is considered to be an under-representation of true persistence as a stratigraphic

unit. Review of pillars will show that bedding is highly continuous, often over the entire
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pillar; however, it doesn’t always act as a fracture plane. Similar observations of

continuity were made in the back of the excavations (Figure 6-31) where highly

continuous bedding spanned entire rooms (over 9 m) adjacent to smaller bedding planes

, separated by metre scale rock bridging. The room width continuity of bedding in the

excavation back suggests that it may be underrepresented in pillar face mapping. This

is likely a result of the orientation and stress regimes where the back is parallel to

bedding and in tension and pillar faces are vertical and in compression. The back;

therefore, preferentially breaks to highly continuous bedding while pillar faces

preferentially break to sub-vertical joints and bedding appears as very tight traces which

may not be detectable from the photographs collected. Based on observations of

bridging between bedding in the back and on pillar faces, the practice of mapping

bedding where it acted as a release feature was considered appropriate for generating

geomechanical models; however, it is possible that mapping bedding only on pillar faces

underrepresented its true trace length. This practice is relevant to both persistence,

because bedding was classified as discontinuous, and spacing because the bedding’s

spacing as an open plane is wider than its stratigraphic spacing.

A wide variety of fracture terminations were observed including apparent

termination of sub-vertical joints in intact rock. These terminations were not accounted

for in the stochastic DFNs because they were not measured quantitatively on all mapped

pillars due to time constraints. In addition, the millimeter photograph resolution may be

insufficient to identify very tight features resulting in overestimation of terminations in

intact rock. Detailed field mapping which is focused on identifying terminations may be

necessary to provide this data. If DFNs are directly input into numerical models it is

important that this should be reviewed. Instead the observed terminations and fracture

undulations were used as a visual check on the DFN generated in distinct element

models, which were satisfactory given their simplified nature.

Pillars in areas 4 and 5 exhibited a moderately dipping joint set (Set 3), which

past experience and kinematic assessments suggest should be controlling of pillar

stability. However, pillars in these areas were observed to fail along the sub-vertical joint

sets 1b and 2b. It is possible that joint set 3 acted as a basal release surface for wedges

formed from intersections of sets 1b and 2b but was incorrectly identified as intact rock

fracture, which occurs at similar angles (discussed in section 6.5.1). Joint set 3 was
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observed with less frequency and at lower persistence, which may also explain its lack

of influence; however the exact reason is not known at this time.

Trace lengths were found to follow a lognormal distribution, instead of the

expected exponential distribution (Priest, 1993), which includes significantly more small

fractures compared to a lognormal distribution. This is likely due to an under sampling of

small fractures and not due to truncation. Mapped fractures included trace lengths as

small as 6 cm, well within the range of minimum fracture length recommended by

(Priest, 1993). It should be noted that these fractures would have likely been neglected

in traditional mapping, where time constraints are more important such that more

continuous fractures are often prioritized. Mapping from 3D models affords significantly

more time for collecting mapping data. The lognormal trace length distribution was

carried over to the fracture diameter input for stochastic sets to reduce the need for

extrapolation and data manipulation. By directly translating the distribution, mean and

standard deviation of trace length into fracture diameter, intersected fractures returned

the observed trace length distribution to cm accuracy. Conversely, using an exponential

distribution, starting with the same input average fracture size, returned a significantly

different size distribution and would have required adjustment to correct. It was

considered to be of greater importance to maintain the observed trace length distribution

than to adjust for under sampled small fractures because the primary goal of the

structural mapping was to generate fracture patterns for numerical models. However, it

should be noted that despite their small size, these fractures could have a significant

impact on pillar strength by further reducing rock bridge percentage and increasing

fracture connectivity. The fracture length resolution of the numerical models described is

not sufficient to account for such small fractures explicitly. Instead they are addressed

during calibration of the intact rock strength, which will likely be reduced to account for

the presence of small fractures. The use of a lognormal distribution instead of an

exponential distribution will under represent longer trace lengths, due to the decreased

standard deviation between the two distributions. Because window mapping only

considered contained fractures, there is a chance that large traces were censored.

However, the window dimensions were adjusted based on the extents of well-defined

structure and therefore included the largest local structures. The shortest window height

of 1.4 m on pillar 8 (Table 6-1) is sufficient to contain over 90% of all sub-vertical joints
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observed on all pillars. This includes features mapped outside of windows in the general

mapping phase, which focused on large features and the trace lengths from which were

included in calculations of mean trace length. Research by Song & Lee (2001), which

estimated trace length distributions based on contained and censored trace lengths,

found that trace length distributions were most accurately calculated using contained

trace lengths, which supports this practice. A greater issue with the procedure of using

trace lengths to estimate fracture diameters is the insensitivity of trace length

distributions to major changes in fracture diameter distributions (Villaescusa & Brown,

1992). This could be addressed by repeatedly mapping fractures during spalling in

attempt to determine their shape and maximum chord length. These potential errors in

interpreting fracture diameter distributions, as well as assuming joints form disks instead

of ellipses or irregular polygons, could be important in future discrete element modelling

results where more representative fracture networks are employed. However, as the

current modelling uses approximately triple the observed trace length, it is not

considered to be an issue at this time.

As with most remote mapping, fracture roughness and infill/surface hardness

parameters were not obtained. However, the point clouds were of sufficient density and

accuracy that roughness measurements could have been implemented, following

procedures suggested by Haneberg (2007), Poropat (2008) or Sturzenegger & Stead

(2009). Although the digital photography employed in this study does not provide

sufficient data for determining mineral infill properties, hyperspectral imaging, which is

applied in mining and mineral exploration to remotely identify minerals (Berman et al.,

2004), could be applied in the future to provide a more complete geotechnical data set.

Translating P21 values from window mapping to P32 values requires awareness

of orientation biases and f-biases and, their associated adjustments. As would be

expected, windows which intersected joint sets perpendicular to strike were found to

have greater joint intensities. This should be evident in different C32 values such that

the same P32 value will generate two different P21 values depending on window

orientation. In cases where the two windows had different orientations relative to the

fracture set, the C32 value of the window most perpendicular to the set was used as it

has the least orientation bias. When C32 values were similar because of 45 degree joint

intersections with the pillar faces, C32 values were averaged. P21 values were
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sometimes different between windows with the same orientation bias. This suggests

that joints may appear in swarms with irregular spacing or different damage levels on

each face controlled the quality of exposure. However, addressing this possibility would

require significantly more mapping with special attention paid to terminations,

connectivity and spatial variation in spacing and is beyond the scope of this research.

When translating mapping data into parameters for UDEC model generation, P21

values were useful as they allowed for adjustment of fracture trace length and spacing,

while maintaining the observed intensity in initial models. As generating an effective

model mesh at the observed spacing of a few cm would require highly complex models

with prohibitively long runtime, the ability to adjust select spatial parameters while

maintaining similar intensity was advantageous. The influence of increasing joint trace

length to compensate for increased spacing and rock bridge length was not considered

but will have an impact on the connectivity of the fracture network and could increase the

spread amongst results as specific long fractures control pillar strength in select

realizations (Alghalandis et al., 2014; Mayer, 2014). Although the final geometry used in

UDEC is highly simplified and idealized at this time, having detailed spatial data allows

for future model refinement once failure modes and modelling concepts are better

understood.

6.4. Damage Mapping

6.4.1. Stress Induced Fractures and Areal Damage Intensity, D21

All visible, open fractures were mapped for each pillar at each observation.

Features from earlier observations were imported into later models and modified or

deleted as necessary to maintain continuity. Open fractures were identified by reviewing

photographs simultaneously with 3D models. Although the 3D models were overlain

with the left photograph from the corresponding stereopair, reviewing additional

photographs allowed for multiple view points of the same feature with variable lighting

orientations (Figure 6-44). Open features were identified based on the presence of

shadows in the feature, resulting in a dark trace on the otherwise light pillar face. All

cracks were mapped regardless of size or shape such that no differentiation was made
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between vertical cracks into the core of the pillar and cracks delineating spalled flakes.

Unlike structural mapping, no sampling windows were used. All photographed faces

were mapped to the full height and width for each pillar at each observation. Where

structural mapping focussed on features which defined planes, damage mapping

focussed on open fractures which formed visible cracks, regardless of if they were

associated with a plane.

Figure 6-44: Example of Multiple Viewpoints Used to Identify Open Fractures for
D21 Calculations. View Perpendicular to Face (A) and Sub-Parallel
to Face (B)

The length of all mapped cracks was then summed for each observation and

normalized by the pillar surface area to generate a D21 rating. The D21 value is

analogous to P21 (Dershowitz & Herda, 1992), which is a measure of the total length of

all fractures divided by the total surface area and has units of length-1. The key

difference is that P21 focuses on natural features such as joints and bedding planes

where D21 focuses on damage related cracks or fractures. As D21 was calculated

based on visible fractures on the pillar surface at each observation it was not inherently

cumulative. Fractures which remained between observations were summed each time,

but if loose blocks were scaled from the pillar the fractures defining them in previous

observations were not accounted for in the new D21 calculation. This work, to the
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author’s knowledge, represents the first application of damage intensity, D21, mapping

to hard rock pillars.

6.4.2. Volume Loss and Depth of Failure, DOF.

In addition to cracks, the current system of pillar damage classification by

Roberts et al. (2007) seeks to qualify the amount of material which has spalled from the

pillar, and its resulting shape. Previous work by Styles et al. (2010) sought to

characterize material loss and pillar shape by measuring deviation of the surveyed pillar

surface from an average plane, fitted to the pillar face and observing curvature of

sections cut through the pillar face. This work expands on this by observing a greater

number of pillars with relatively little initial damage over time to allow for comparison

between 3D models instead of to an average plane. In addition, metrics were measured

allowing for quantifiable damage classifications compared to previous qualitative work.

Pillar shape and material loss were quantified by calculating the average depth of

material loss over the pillar surface compared to its first observed condition. Cloud

Compare (Cloud Compare, 2014) was used to calculate the distance between point

clouds consisting of millions of points per pillar at each observation. The cloud-to-cloud

distances, when overlain on a model of the pillar, highlight areas of material loss and

provides the local depth of spalling. The calculated distances were then sub-sampled to

a regular spacing of 1.27 cm (1/2 inch) and averaged for the entire pillar to determine an

average depth of failure, DOF. It should be noted that the depths of failure reported here

only relate to material which has fallen or been scaled from the pillar. They do not refer

to the depth of damaged material extending into the pillar, which is partly accounted for

by D21 values.

Cloud compare was selected for generating DOF data because it outputs an

easily processed depth of failure for each pixel of the cloud, while still presenting data in

an easily interpreted visual presentation. Outputting DOF data to a delimited text file

allowed for easy import into MatLab (Mathworks, 2012) or Excel (Microsoft, 2010) for

data processing. In addition, the software provided an easy interface for sub-sampling

point clouds, both by area of interest and density. This allowed for trimming of areas

obscured by waste piles etc. as well as the room back and bottoms. By conducting
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measurements on point clouds, potential errors associated with cloud meshing were also

eliminated. Besides averaging of surfaces, most meshing algorithms require a viewpoint

for mesh fitting. Given the highly variable viewpoints used for data acquisition (Figure

3-2), this is non-optimal. Finally, many of the mesh-to-mesh distance calculations

(described in section 2.3) require a vector along which to measure displacements. Once

again, the displacement vectors for pillars tend to span a full 360 degrees, rendering this

method ineffective.

Average failure depths were then modified to account for spalling prior to the first

set of photographic data. This was accomplished by reviewing photographs from the

first observation for areas of spalling, as identified by fresh rock faces (Figure 6-45). The

depth and extent of these areas were then compared to later observations of the same

pillar or pillars of equal dimensions in the same area to find pillar faces with similar

extents of spalling (Figure 6-46). The DOF from these later spalling events was

measured and used as the starting average depth of failure for the first observation. This

initial DOF value was then added to all subsequent measured failure depths to produce

the adjusted average DOF. The method of visual estimation was appropriate for all but

2 pillars which had damage ratings between 4.2 and 4.5 at the time of first observation.

As no other pillars had undergone this amount of change, an idealized shell which was

interpreted to be the initial shape of the pillar, was used for depth of failure calculations

at the first observation (Figure 6-47). Adjustment values ranged from 0.0 m for Pillar 11

in Area 4, which exhibited no damage on first observation, to 0.47 m for Pillar 3 in Area 2

which exhibited a Pillar Damage Rating of 4.2 on its first observation. Excluding pillars 2

and 3, which used the idealized shell method of initial DOF estimation, the average

correction was 0.03 m. The photomodels shown in Appendix B are from the initial

observation of each pillar and can be used to visually confirm initial damage estimates,

which are presented in section 6.5.
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Figure 6-45: Fresh Faces on a Pillar Interpreted as Damage Prior to Initial
Observation

Figure 6-46: Equivalent Spalling Observed on Day 51 used for Initial Depth of
Failure in Figure 6-45

1m

1m
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Figure 6-47: Side View of Pillar and Idealized Shell in Cloud Compare (Cloud
Compare, 2014)

As a check on the accuracy of the idealized shells used to estimate initial DOF

on pillars 2 and 3, two idealized shells were generated from the photomodel of Pillar 19

on study day 168, when it exhibited an average Pillar Damage Rating of 4.0. The

average DOF measured from these shells were 21% and 56% greater than the adjusted

average DOF and the shell estimated maximum DOF were 36% and 42% greater. This

suggests that measurements from idealized shells are conservative. However, given the

limited data available on pillars at these Pillar Damage Ratings, it is possible that these

values fall within the range of scatter. The average adjusted DOF for pillars rating

between 1.8 and 2.2 ranged from 85% above to 61% below the average and the

average adjusted DOF for pillars rating between 2.8 and 3.2 ranged from 79% above to

52% below the average. This corroborates the possibility that the variability between

measured DOF and estimate DOF from shells is within the range of normal scatter

observed at lower damage ratings where more data are available.

When measuring the average depth of failure, the maximum depth of failure was

also obtained. Once again, the maximum depth of failure for the first data set was

unknown. However, it was observed that pillars which had exhibited little change in

depth of failure subsequently exhibited maximum depths of failure of approximately 0.3

1m



111

m. After reviewing photographs from the first data set, it was noted that all pillars

exhibited some spalling, on the same scale as observed later but over a smaller area

except for Pillar 11, which exhibited no damage on first observation. It was therefore

assumed that the maximum depth of failure was the same as later models and was set

to 0.3 m for all models with the exception of the two previously mentioned, which used

the idealized shell and Pillar 11, which exhibited no damage.

6.4.3. Damage Ratings

Each visible side of all pillars was assigned a damage rating from 1 to 6 using the

system of Roberts et al. (2007) and photographs utilised for3D model generation by the

author. These ratings were then confirmed with Roberts (personal communication,

2013) and modified as necessary (generally within 0.5 of a rating). The ratings were

then averaged for the entire pillar and used for comparison to D21 and average depth of

failure values.

6.5. Damage Mapping and Change Detection Results

Table 6-7 summarizes all damage and stress related data collected including:

dates of observation and associated day number, NFOLD model results (which will be

presented again and discussed in greater detail in section 7.1), damage ratings,

measured depths of failure and measured D21 values.

• Average Damage Rating is the average of the damage ratings taken for all
visible sides of the pillar during that study day.

• Average NFOLD height is the average height of the outside elements used in
NFOLD modelling to assign material strength and stiffness values.

• NFOLD Stress is the average vertical stress calculated for all outside
elements of the pillar by NFOLD.

• NFOLD FOS is the average factor of safety calculated by NFOLD for the
outside elements of each pillar based on the calculated vertical stress and the
assigned strength.

• Average DOF is the average depth of failure measured by comparing the
current observation to the initial observation.

• Adjusted DOF is the depth of failure after increasing all values by the
estimated depth of failure at the first observation. The value listed for the first
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observation of each pillar is the estimated initial value which was added to all
subsequent calculated values.

• Max DOF is the maximum depth of failure measured by comparing the current
observation to the initial observation.

• Adjusted Max DOF includes an estimate of the maximum depth of failure
during the first observation. Values from subsequent observations were not
adjusted.

• D21 is the areal damage intensity based on observed open fractures over the
pillar surface area.

Graphical Representations of all the data presented are available in the

supplemental data file: Appendix D.
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Table 6-7: Summary of Data for the 19 Pillars Photographed including: Damage
Ratings, NFOLD Results, and Measured Damage.
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Area 1

1 21/05/13 2 1.7 24.3 23.18 1.36 - 0.02 - 0.30 0.11

1 11/07/13 52 1.8 24.3 22.67 1.35 0.01 0.03 0.43 0.43 0.29

1 30/09/13 131 2.4 24.3 23.01 1.30 0.04 0.06 0.61 0.61 0.37

Area 2

2 24/05/13 5 4.5 4.6 47.69 1.08 - 0.44 1.14 1.14 1.14

2 10/07/13 51 4.7 4.6 48.26 1.08 0.20 0.64 1.32 1.32 1.04

2 12/08/13 83 4.7 4.6 48.26 1.08 0.19 0.64 1.32 1.32 1.04

3 24/05/13 5 4.2 4.6 44.01 1.18 - 0.47 - 1.30 0.67

3 10/07/13 51 4.2 4.6 44.47 1.18 0.01 0.48 0.25 1.30 0.61

3 12/08/13 83 4.2 4.6 44.47 1.18 0.01 0.48 0.25 1.30 0.71

4 24/05/13 5 3.2 6.1 32.58 1.33 - 0.10 - 0.30 0.71

4 10/07/13 51 3.2 6.1 32.66 1.33 0.01 0.11 0.14 0.30 0.71

4 12/08/13 83 3.3 6.1 32.66 1.33 0.02 0.12 0.53 0.53 0.78

Area 3

5 23/05/13 4 1.8 14.5 27.04 1.23 - 0.02 - 0.30 0.27

5 16/07/13 57 2.0 14.5 29.72 1.11 0.03 0.04 0.48 0.48 0.38

5 12/08/13 83 2.8 14.5 29.72 1.11 0.05 0.06 0.56 0.56 0.49

6 23/05/13 1 2.3 10.3 31.03 1.28 - 0.03 - 0.30 0.26

6 16/07/13 57 2.8 10.3 34.17 1.16 0.03 0.06 0.39 0.39 0.61

6 12/08/13 83 3.0 10.3 34.47 1.16 0.05 0.07 0.43 0.43 0.71

6 09/01/14 230 3.4 10.3 NA 0.90* 0.14 0.16 1.05 1.05 1.39

7 23/05/13 4 1.9 6.1 37.09 1.56 - 0.02 - 0.30 0.50

7 10/07/13 51 1.9 6.1 37.37 1.55 0.01 0.03 0.20 0.30 0.50

7 16/07/13 57 1.9 6.1 37.99 1.49 0.01 0.03 0.17 0.30 0.56

7 12/08/13 83 1.9 6.1 38.20 1.49 0.01 0.03 0.21 0.30 0.62

7 09/01/14 230 2.0 6.1 38.82 1.47 0.01 0.03 0.31 0.30 0.62
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Area 3

8 24/05/13 5 2.3 9.5 32.56 1.37 - 0.03 - 0.30 0.47

8 10/07/13 51 2.4 9.5 33.02 1.37 0.01 0.04 0.32 0.32 0.50

8 16/07/13 57 2.6 9.5 33.78 1.30 0.01 0.04 0.51 0.51 0.56

8 12/08/13 83 2.7 9.5 34.17 1.29 0.02 0.05 0.49 0.49 0.56

8 09/01/14 230 2.6 9.5 35.01 1.27 0.02 0.05 0.31 0.49 0.58

9 24/05/13 5 2.5 6.5 36.37 1.49 - 0.04 - 0.30 0.53

9 10/07/13 51 2.5 6.5 36.89 1.48 0.01 0.05 0.48 0.48 0.59

9 16/07/13 57 2.5 6.5 37.58 1.46 0.01 0.05 0.46 0.46 0.63

9 12/08/13 83 2.5 6.5 37.40 1.45 0.01 0.05 0.47 0.47 0.65

9 09/01/14 230 2.8 6.5 39.45 1.43 0.03 0.07 0.55 0.55 0.66

10 23/05/13 4 2.9 6.7 38.35 1.39 - 0.03 - 0.30 0.86

10 10/07/13 51 2.9 6.7 38.78 1.39 0.01 0.04 0.61 0.61 0.83

10 16/07/13 57 3.0 6.7 40.33 1.33 0.02 0.05 0.60 0.60 0.91

10 12/08/13 83 3.2 6.7 41.28 1.30 0.02 0.05 0.60 0.60 0.98

10 09/01/14 230 3.3 6.7 41.98 1.29 0.03 0.06 0.59 0.60 0.96

Area 4

11 22/05/13 3 1.0 6.1 28.27 2.00 - 0.00 - 0.00 0.00

11 08/07/13 49 2.0 6.1 46.88 1.20 0.07 0.07 0.47 0.47 0.25

11 17/07/13 58 2.0 6.1 NA 0.80* Pillar Inaccessible for Photography

12 22/05/13 3 1.4 6.1 34.32 1.66 - 0.02 - 0.21 0.42

12 08/07/13 49 1.4 6.1 41.67 1.37 0.02 0.04 0.22 0.22 0.54

13 22/05/13 3 1.5 5.3 40.85 1.49 - 0.02 - 0.30 0.18

13 08/07/13 49 2.5 5.3 49.04 1.24 0.04 0.06 0.41 0.41 0.55

14 22/05/13 3 1.5 5.3 35.59 1.73 - 0.01 - 0.30 0.37

14 09/07/13 50 1.6 5.3 39.39 1.55 0.01 0.02 0.30 0.30 0.34

14 17/07/13 58 2.1 5.3 49.56 1.24 0.03 0.04 0.33 0.33 0.34

15 22/05/13 3 1.4 5.3 40.68 1.59 - 0.00 - 0.30 0.28

15 09/07/13 50 1.5 5.3 41.45 1.57 0.02 0.02 0.33 0.33 0.33
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15 17/07/13 58 1.9 5.3 45.66 1.38 0.03 0.03 0.49 0.49 0.28

16 22/05/13 3 1.5 5.3 37.12 1.63 - 0.02 - 0.30 0.20

16 09/07/13 50 1.8 5.3 38.84 1.59 0.02 0.03 0.30 0.30 0.38

16 17/07/13 58 2.0 5.3 40.85 1.49 0.02 0.04 0.40 0.40 0.40

Area 5

17 28/05/13 9 2.4 7.6 31.44 1.58 - 0.07 - 0.30 0.36

17 08/07/13 49 2.4 7.6 31.72 1.56 0.02 0.08 0.35 0.35 0.46

17 13/08/13 84 2.4 7.6 32.13 1.55 0.01 0.08 0.33 0.33 0.46

17 12/09/13 113 2.4 7.6 32.68 1.53 0.00 0.07 0.35 0.35 0.55

17 09/10/13 140 2.5 7.6 33.03 1.52 0.02 0.08 0.34 0.34 0.62

17 07/11/13 168 2.5 7.6 34.75 1.44 0.02 0.09 0.44 0.44 0.71

17 05/12/13 196 2.9 7.6 39.30 1.26 0.04 0.11 0.49 0.49 0.83

17 17/12/13 208 3.3 7.6 42.89 1.16 0.11 0.17 0.71 0.71 0.68

18 28/05/13 9 2.8 7.6 35.77 1.40 - 0.10 - 0.30 0.63

18 08/07/13 49 2.9 7.6 36.28 1.39 0.01 0.11 0.38 0.38 0.67

18 17/07/13 58 3.1 7.6 36.71 1.38 0.02 0.13 0.39 0.39 0.56

18 13/08/13 84 3.2 7.6 36.97 1.36 0.06 0.16 0.57 0.57 0.63

18 12/09/13 113 3.3 7.6 38.01 1.33 0.08 0.18 0.57 0.57 0.55

18 09/10/13 140 3.6 7.6 38.78 1.30 0.08 0.18 0.56 0.56 0.70

18 07/11/13 168 3.9 7.6 43.95 1.16 0.15 0.25 0.82 0.82 0.74

19 28/05/13 9 2.1 7.2 31.33 1.67 - 0.04 - 0.30 0.22

19 08/07/13 49 2.2 7.2 31.49 1.63 0.02 0.06 0.49 0.49 0.29

19 17/07/13 58 2.4 7.2 32.02 1.61 0.04 0.08 0.58 0.58 0.24

19 13/08/13 84 2.6 7.2 32.10 1.61 0.06 0.10 0.86 0.86 0.33

19 12/09/13 113 2.8 7.2 32.79 1.57 0.07 0.11 0.85 0.85 0.38

19 09/10/13 140 3.3 7.2 33.48 1.56 0.14 0.18 0.95 0.95 0.45

19 07/11/13 168 4.0 7.2 35.24 1.46 0.31 0.35 1.45 1.45 0.44

19 05/12/13 196 4.2 7.2 41.67 1.23 0.40 0.44 1.38 1.38 0.46

* NFOLD predicted pillar failure. Vertical Stress values are not considered accurate
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Sub-centimetre accurate models consisting of millions of 3D points were

generated for each pillar after each observation, providing valuable survey data for

investigation of pillar conditions in addition to damage quantification and inputs for

numerical models. These surveys also provide an opportunity for rapid qualitative

analysis and change detection of pillar conditions using cross section comparison

(Figure 6-48) and material loss charts for individual pillar faces. Figure 6-49 shows

material loss between each observation for the north face of Pillar 19 in Area 5 and

Figure 6-50 shows total material loss since the first observation for the same pillar and

face plotted using Surfer (Golden Software, 2013). Figure 6-51 shows a plan view of

Area 5 with the pillar extraction sequence during the study period. The x’s note pillars

that were extracted prior to each study day and their colours correspond to the section

lines in Figure 6-48. From these figures it is evident that damage increases as

extraction approaches closer to the observed pillar. The cross sections were used to

generate 2D elastic stress analysis models presented in section 7.1.3 and the data used

to create Figure 6-49 and Figure 6-50 were used to calculate average and maximum

depth of failure.

This methodology using photomodel data provides an excellent constraint for

model calibration and failure mode observation. In addition, they are much easier to

relate to than a single number summarizing average depth of failure for an entire pillar.

Although it is beyond the scope of this research, failure patterns could be compared to

3D modelling using DFNs from pillar mapping to move towards a true pillar synthetic

rock mass response.

If a user has access to 3D point cloud visualization software, DOF can be

overlain on the 3D shell to highlight areas of change. Figure 6-52 shows Pillar 17 on day

number 208 with the corresponding 3D point cloud and an overlay of DOF compared

back to its first observation on day number 9. This method was used for all pillars to

calculate the DOF values discussed in section 6.5.2.
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Figure 6-48: Time-lapse Photomodel Derived Cross Sections through Pillar 19 in
Area 5

Day #
Damage

Rating

9 2.1

49 2.2

58 2.4

84 2.6

113 2.8

140 3.3

168 4.0

196 4.2
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Figure 6-49: Depth of Failure Between Surveys - North Face of Pillar 19 in Area 5
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Figure 6-50: Cumulative Depth of Failure from Initial Survey - North Face of Pillar
19 in Area 5
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Figure 6-51: Plan View of Area 5 Showing Extraction Sequence Between
Observations with Inset of Stereographic Projection of Mapping Data
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Figure 6-52: Photograph of Pillar 17 with Spalling Traced (A) and Point Cloud with
Depth of Failure (B) Cumulative up to Day Number 208 – Adjusted
Average Depth of Failure = 0.17 m. Looking Northeast.

A

B



122

6.5.1. Fractography and Damage Mapping

Three modes of fracturing: opening, sliding and shearing have been described in

materials science. In brittle failure under tension, as commonly observed in hard rock

pillars, opening is most common; however, sliding and shearing are often present as

secondary modes (Yan, 2008). Observing fracture orientation, shape and growth can

provide insight into the material microstructure failure mechanism and acting stresses.

In pillar fractography, each fracture is considered individually and interpreted. However,

in pillar damage mechanics, the overall effects of cracks over the material surface are

considered. Damage Intensity, D21, is an example of a damage mapping method where

the total fracture length per unit surface area is calculated. Observation of fracture types

(feathering, open joints etc.) can be used to gain insight into the mode of pillar failure

and stress concentration. This research provides an opportunity for pillar observations

of the same fractures through time to track their growth and interaction. Although the

work presented is based on very high resolution photographs, resolution may still be

limiting as shown by the minimum mapped fracture length of 0.10 m. It is possible that

small scale damage, which has been shown to concentrate around more readily

observable large scale damage (Yan, 2008), is not detected.

Damage in all pillars was found to be structurally controlled. On some pillars,

both sub-vertical joints and bedding acted as release surfaces to form well defined, cubic

or rectangular blocks (Figure 6-53). As hourglass profiles became more pronounced,

fracturing continued to occur along sub-vertical joints but preferentially occurred through

intact rock instead of along bedding (Figure 6-54). This is likely related to the higher

compressive stresses associated with development of hourglass profiles. On the pillars

in Areas 4 and 5 bedding was rarely observed to act as a release plane and intact rock

fracture preferentially acted as a horizontal release plane over bedding resulting in

“feathered” instead of cubic blocks (Figure 6-55). In some cases fracturing generated

very rough surfaces where the structural control was only clear when the dip and dip-

direction of fresh faces were examined and found to match with measured joint set

orientations (Figure 6-56). In cases such as this, colouring the 3D surface by the dip

direction of faces can be a powerful tool for interpretation. Comments on the specific

failure mode of each pillar are included in Appendix D.
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Figure 6-53: Opening along Sub-Vertical Joints and Bedding Controlling Failure
on Pillar 9

7.5m
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Figure 6-54: Intact Rock Fracture Associated with Hourglass Profile on Pillar 2
(Circled in Red)

4
m
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Figure 6-55: Feathered Slabs (Circled in Red) and Intact Rock Fracture as a
Horizontal Release Plane on Pillar 16

4
m
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Figure 6-56: Difficult to Identify Structurally Controlled Spalling (A), 3D Surface (B)
Showing Controlling Structures In Intact area (solid outlines) and 3D
Surface Coloured by Dip-Direction (C) using I-Site Studio (Maptek,
2013). Blue and Gold Surface are Opposite Dip Directions Caused
by Surface Roughness Within the Same Sub-Vertical Structure Set.

5
m

A B

C



127

Figure 6-57 to Figure 6-60 show mapped pillar cracking from days 9 to 168 on

the north face of Pillar 19 in Area 5, which is also detailed in Figure 6-48 to Figure 6-51.

The majority of fractures visible define feathery slabs associated with joint Set 1b.

Fractures are colour coded by their date of observation where day number 9 is red, 58 is

purple, 84 is blue, 113 is green, 140 is orange and 168 is light blue. Starting on day

number 9, slabs are small and vertical cracks along joint set 2b are visible in the top right

corner. By day number 113, when the average depth of failure has increased from 3 to

10 cm, feathery slabs are the dominant visible fracture type and their size has increased

from 1.5-2 m to 2-3 m. The slabs defined on day number 140 are larger in dimensions

at 3-4 m. However, by day number 168 all the previously mapped slabs have been

scaled off and visible fracture lengths are much smaller. It is expected that with

continued loading new slabs will develop. In cases like this it is less common to follow

fractures between observations because slabs are often scaled off. The curved shape

of the slabs suggests mode 1 and 3 (opening and shearing), based on Figure 6-61.



128

Figure 6-57: Mapped Fractures on North Face of Pillar 19 – Day Number 9 – D21 =
0.22 m/m2
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Figure 6-58: Mapped Fractures on North Face of Pillar 19 – Day Number 113 – D21
= 0.38 m/m2
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Figure 6-59: Mapped Fractures on North Face of Pillar 19 – Day Number 140 – D21
= 0.45 m/m2
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Figure 6-60: Mapped Fractures on North Face of Pillar 19 – Day Number 168 – D21
= 0.44 m/m2
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Figure 6-61: Mode 1 and 3 Fracture (Opening and Shearing) after Hull (1999).

In contrast to the pillars like Pillar 19, damage is often observed through opening

of sub-vertical joints and bedding. Figure 6-62 to Figure 6-64 show mapped cracks from

days 5 to 57 on Pillar 8 from Area 3. The block in the left side of the photographs which

detaches between days 5 and 51 (circled in purple) appears to be a result of significant

intact rock fracture, given its very rough surface and curved shape. However, smaller

blocks, ranging from approximately 10 to 30 cm wide, below control point 3 are clearly

defined by opened bedding and joint features. Blocks appear to detach less frequently

with this fracture mode as fractures from all three observations are visible in Figure 6-64.

This may be due the stable orientation of the flat dipping bedding top and bottom block

surfaces. Opening of joints and bedding appears to be the result of induced tensile

loading under compression (type 1). In some cases (not shown) fractures have been

observed to grow between observations, but the majority of new fractures are found

behind spalled blocks.
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Figure 6-62: Mapped Fractures on East Face of Pillar 8 – Day Number 5 – D21 =
0.47 m/m2. Note sub-vertical fractures associated with joints.

4
.5

m
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Figure 6-63: Mapped Fractures on East Face of Pillar 8 – Day Number 51 – D21 =
0.50 m/m2. Block Defined Largely by Intact Fracture Circled in
Purple.

4
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m
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Figure 6-64: Mapped Fractures on East Face of Pillar 8 – Day Number 57 – D21 =
0.56 m/m2

4
.5

m
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Common fracture paths and patterns such as en-echelon fractures (Figure 6-65)

and step path fracturing between sub-vertical joints (Figure 6-66) were easily observable

from the high resolution photos but were not investigated in detail.

Figure 6-65: En-Echelon Fractures - Pillar 19
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Figure 6-66: Step Path Fracturing - Pillar 19
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6.5.2. Correlation Between Measured Damage Values and Damage
Ratings

Average depth of failure, DOF, for all pillars over all study days (77 total

observations) was plotted versus the average corresponding pillar damage rating (Figure

6-67). An exponential relationship is observed and scatter is minimal. The strong

correlation is expected as a primary input into the rating system is a visual estimate of

failure extent and depth. The observed scatter is because the initial depth of failure was

set to zero for all pillars before adjustment. Pillars 2 and 3 which were first observed at

Pillar Damage Ratings of 4.2 and 4.5 exhibited the greatest scatter from the trend

because they had the greatest unaccounted for depth of failure on first observation. The

exponential trend is similarly justified by the change from minor to massive spalling

between pillar damage ratings of 2 and 5. From the rating system, a pillar with a

damage rating of 2.0 is expected to have minor slabs, whereas a pillar with a damage

rating of 3.0 should have substantial spalling and, a pillar with a damage rating of 5

should show massive slabbing. After adjusting the initial depth of failure values the trend

of rapidly increasing depth of failure above ratings of 2.0 is more pronounced and scatter

is greatly reduced (Figure 6-68). Figure 6-68 also includes the depth of failure estimated

in current NFOLD modelling practice for comparison. The NFOLD trend also shows an

exponential increase however failure of appreciable depth is not predicted until the

damage rating is greater than 3.5. It should be noted that the NFOLD failure estimates

are based on the number of failing (post peak strength but not yet at residual) and failed

(residual strength) outside elements on a pillar. As most pillars have 8 NFOLD elements

and a single failing element accounts for 1.2 m (half of the 2.4 m element thickness) of

failure, the maximum resolution is 0.15 m of failure (1.2 m averaged over 8 elements).

This does not imply that no failure is expected until a damage rating of 3.5, rather it is

below the resolution of the current method. By employing sub-centimetre survey

accuracy, it is possible to further refine the NFOLD trend.
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Figure 6-67: Unadjusted Average Depth of Failure, DOF, vs. Average Pillar Damage
Rating

Figure 6-68: Adjusted Average Depth of Failure, DOF, vs. Average Pillar Damage
Rating

Maximum depth of failure for all pillars over all study days was also compared to

corresponding pillar damage ratings and found to exhibit a similar exponential

relationship (Figure 6-69). It appears that once spalling initiates block sizes are

approximately 30 cm to 60 cm and depth of failure remains predominantly constant until
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pillar damage ratings are greater than 2.5. This suggests that spalling progresses over

the surface area of the pillar, before extending deeper at damage ratings of 2.5 or

higher. Above pillar damage ratings of 2.5 the exponential increase in depth of failure is

pronounced, correlating well with the hourglass shape and massive spalling specified for

high pillar damage ratings. The adjusted depth of failure was set to a minimum of 0.30

m for all pillars, based on the common observation of a 0.30 m minimum failure depth

over several subsequent observations despite increased average depth of failure (Figure

6-70). Figures showing measured depth of failure overlain on photomodel point clouds

for each pillar are presented in Appendix D.

Figure 6-69: Unadjusted Maximum Depth of Failure, DOF, vs. Average Pillar
Damage Rating
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Figure 6-70: Adjusted Maximum Depth of Failure, DOF, vs. Average Pillar Damage
Rating

Based on observed relationships, a pillar exhibiting a damage rating of 4.5 could

be expected to have lost a thickness of approximately 0.7 m over the entire pillar surface

with a maximum depth of failure of approximately 1.4 m. Current NFOLD modelling

practice assumes a pillar with a damage rating of 4.5 will have a failure depth of 0.6 m

with a factor of safety of approximately 1.0 and therefore be unable to sustain any further

loading. The measured depth of failure from photomodels agrees well with current

NFOLD modelling assumptions. Pillar loading-damage responses will be discussed in

greater detail in section 7.

Average crack length was found to remain largely constant at approximately 1 m

for all damage ratings regardless of pillar area, damage rating or height (Figure 6-71,

showing all 19 pillars over all 77 observations). The relatively small number of pillar

observed (nineteen) makes other variables, such as maximum crack length, difficult to

examine because they would require normalization for pillar height as well as damage

rating. Figure 6-72 shows a histogram of all mapped crack lengths for all pillars, which

follows a log normal distribution with a maximum crack length of approximately 10 m.

The log normal distribution may be a result of truncation for small fractures based on

photograph resolution and an exponential distribution of crack lengths would be

expected.
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Figure 6-71: Histogram of Average Crack Length vs. Pillar Damage Rating, n=2588

Figure 6-72: Histogram of all Mapped Crack Lengths, n=2588

Pillar damage intensity, D21, values provided a further insight into crack length

by normalizing total length by pillar surface area. When compared to pillar damage

ratings, D21 values exhibited a bilinear trend with a flat slope up to pillar damage ratings

of 2.5 followed by increasing D21 with increasing rating (Figure 6-73). The scatter of this

trend is much greater than observed in depth of failure values. This can be attributed to
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the range of fracture origins which were mapped compared to the pillar damage rating

system which focussed more on vertical cracks into the core of the pillar (feathering

cracks are only mentioned in the 3 rating description). Although recently scaled pillars

exhibited increased depth of failure, they often exhibited decreases in D21 as many of

the slabs defined by feather fractures were removed.

Figure 6-73: Pillar D21 Values vs. Average Pillar Damage Rating

Based on observations of average crack length and D21 versus pillar damage

rating, it appears that crack length is a more subjective, qualitative measure of damage

than depth of failure. This is consistent with the pillar damage rating system which

heavily weights large fractures trending into the core of the pillar (which are not always

present, even at high ratings) as a means of correcting for large slabs which have not

fully detached from the pillar. Figures showing all fractures mapped on all pillar faces for

all observations are presented in Appendix E. Additional figures showing DOF and D21

vs. pillar damage ratings for each pillar in each area are presented in the supplemental

data file: Appendix F.

The damage measurements presented do not directly account for time due to the

cyclic nature of the mining cycle at Doe Run. As the time spans between observations

were relatively short (days to months) and the rockmass is strong and brittle, creep

conditions as observed in evaporate mines are not expected and changes in pillar
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condition are more closely related to increases in stress from blasting and material loss

from scaling. Appendix D includes Pillar Damage Ratings, Adjusted Depths of Failure,

D21 and NFOLD predicted axial stress vs. day of study. However, a study of damage

vs. time is beyond the scope of this study, which focusses on damage vs. stress.

6.6. Damage Mapping and Change Detection Discussion

Dense 3D point cloud data with high resolution photograph overlays allowed for

extensive pillar classification using geological mapping as well as change detection and

damage mapping. Damage data were quick and easy to collect with depth of failure

calculations being the simplest and one of the most effective. D21 values were simple to

calculate and fractures were mapped at the same rate as structural measurements.

Damage mapping provides a quantitative tool for assisting in damage

assessment and acts as a permanent record of pillar conditions generating more

detailed data for model calibration. The DOF plots shown in Figure 6-49 and Figure

6-50 and the cross sections (Figure 6-48) were exceptionally useful as communications

tools, as well as for calibration of failure modes in UDEC modelling.

A potential source of error in average depth of failure calculations is the

assumption of a uniformly spaced point cloud. Averaging the DOF measurements for

each pixel only works if pixels are spaced equidistant over the entire pillar. If one area

had a higher or lower density, its measurements would be more or less heavily

(respectively) weighted in the average. Predicted mesh density was approximated using

a spreadsheet provided by AdamTech at 1.5 cm per point. As the clouds were sampled

to approximately 1.3 cm (1/2 inch) it would appear that many areas would be below the

cut-off density. However, most areas of a pillar were covered by two stereopairs as a

result of the high overlap used to enable relative matching. Point densities could

therefore be expected to be up to 0.75 cm per point. Higher point densities are

corroborated by the fact that sub-sampled point clouds always had fewer points post

sampling. A potential issue occurs with this method in the higher areas of the pillar,

where point densities were decreased by increased object distance. This was largely

addressed by trimming the tops of pillars to remove the excavation back. Of the DOF
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measurements, the maximum DOF estimates have the highest potential error because

smaller changes in distance calculation vectors will result in greater variation. Maximum

DOF measurements were consequently spot-checked and confirmed from cross

sections.

Adjusting DOF measurements by estimating a DOF for the first observation, or

an idealized shell is considered to be acceptable given the limited DOF during first

observation of the majority of pillars. Observing 19 pillars over the course of failure

allowed for comparison to identify the DOF associated with different size blocks and to

back-calculate original values. Idealized shells represent a larger potential margin of

error due to the greater extrapolation required. However, extensive observation of pillar

failure has shown that the majority of spalling is concentrated in the middle of the pillar,

leaving the top and bottom largely intact. By attempting to identify the undamaged top

and bottom outlines, it was possible to project an accurate initial shell between the two.

This limited the potential error to minor surface irregularities resulting from initial blasting

which, at the magnitude of failure measured in these pillars, represents a small

percentage of the overall DOF. Calculation of DOF from an idealized shell on Pillar 19

suggested that although the variability induced by idealized shells may be up to 52% of

the measured value, it is likely within the range of scatter observed at lower damage

ratings where idealized shells were not used. In order to eliminate the need for these

adjustments, all pillars would have to have a pillar damage rating of 1.0 on initial

observation, severely limiting the potential study areas. These pillars would likely also

not have rated as highly as the observed pillars before access was lost. As the primary

interest of this study was using photogrammetry to measure change during the study,

the ability to perfectly determine DOF upon first observation using idealized shells is of

lesser importance.

The exponential trend of measured DOF vs. Pillar Damage Rating observed at

Pillar Damage Ratings above 3.5 is only based on four pillars at this point and is

therefore subject to change. However, as an exponential trend matches with

expectations, it is expected to remain with only minor changes in slope.

When discussing D21 and other fracture related parameters, it can be difficult to

translate field observations into terms derived from laboratory experiments. Laboratory
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observations are often conducted on small, intact samples with smooth cut surfaces,

while field data are on jointed and damaged rock masses in irregular surface profiles at

excavation scale. As a result, the stress distributions in laboratory samples tend to be

much more idealized, compared to the complexity of field data. Although this project

allowed for numerous observations on the same pillars over time, the level of continuous

observation allowed compared to a controlled laboratory setting was still not achieved,

thereby limiting the ability to record fracture propagation and generation.

Pillar shells were simplified for D21 calculations by measuring a pillar perimeter

and height which, in some cases, required dividing the pillar into quadrants because of

variations in height of individual faces (Figure 6-74). If the pillar condition did not exhibit

significant change over the course of observation, the surface area was not updated.

However, where pillars exhibited significant increases in DOF, the surface area was

updated. In cases with well-developed hour glassing, an attempt was made to measure

the average perimeter mid-way down the hourglass. As the same method was used on

all pillars, the induced error is expected to be similar for all pillars, resulting in the same

overall trend.

D21 mapping was also limited by occlusion and truncated by photograph

resolution/quality as well as lighting (which highlighted cracks), both of which had a

greater effect towards the tops of the pillars. Truncation of small fractures is assumed

based on the lognormal distribution of mapped fracture lengths instead of expected

exponential distribution. It is possible that smaller fractures were truncated because

they don’t cast clear shadows, which was the primary method for identifying fractures

and were harder to observe on small fractures towards the pillar tops. However,

truncation was more likely due to under sampling instead of not being visible. This is a

bias on the part of the mapper towards identifying major fractures which are relevant to

the current damage rating system instead of identifying all fractures, regardless of size.

Although mapping from photomodels removes time constraints imposed by site access,

it is impractical and not cost/time effective to expend the effort required to identify all

visible fractures.
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Figure 6-74: Idealized Pillar with Variable Face Height and Shape Necessitating
Multiple Quadrants to Measure Surface Area (A) Compared to
Standard Pillar (B) Where Single Perimeter and Height Can be Used

6.6.1. Correlation between Measurements and Damage Ratings
Discussion

The trends of increased DOF and D21 with increased pillar damage rating

agreed well with mine observations and experience. However, as only four pillars were

observed with average damage ratings over 3.5 (the most critical strength range for

mine planning) they are subject to modification with additional data collection.

Additionally, two of these pillars were first observed with average ratings above 3.5

which is expected to induce further minor errors in calculations.

The average observed crack length of approximately 1 m agrees well with

structurally controlled failure along sub-vertical joints with observed average trace

lengths of approximately 0.75 m. This average crack length was found to remain

relatively constant between different ratings which could suggest that failure of blocks

defined by single joints is more common than large scale linkage of fractures.
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The D21 values exhibited an expected correlation of increasing damage intensity

with increased pillar damage rating. However, the trend appeared to be more linear with

increased scatter when compared with the DOF vs. damage rating trend. This may be

due to three factors: orientation of joints relative to pillar faces, the way cracks are

accounted for in the rating system and the influence of scaling.

In Areas 1 to 4, the sub-vertical joints intersected the pillar faces at approximately

45 degrees as opposed to Area 5 where the joints were either parallel or perpendicular

to the pillar face. The different intersection angles may have resulted in different

degrees of intact rock fracture and opening of existing structures as a manifestation of

damage. In addition, flakes and large slabs were much more common in Area 5, which

was noted to be the result of opening of fractures parallel to the pillar face (Figure 6-55).

The most likely cause of scatter in D21 values is the way in which fractures are

accounted for in the pillar damage rating system, where they are heavily weighted based

on their length relative to the pillar height and whether they cut into the core of the pillar.

Fractures were not weighted or filtered in the D21 calculations for either of these factors

although it would be possible to do so in future analysis. If it was determined that a

length or orientation cut-off was appropriate, damage would be even quicker to map as

fewer observations would be required. However, as not all pillars with high ratings

exhibit the fracture types described in the damage rating system, it is probable that this

would not entirely address the issue of scatter.

Finally, temporal proximity to scaling can highly influence D21 values. Pillars

which have recently been scaled will have lost the majority of cracks defining surface

loose and will only exhibit, if present, any large cracks trending into the pillar core. If the

pillar load is further increased, then smaller cracks will grow again. In this way, damage

mapped for D21 can be taken as a pre-cursor to increased DOF.

In addition, pillar surface area is a limiting factor; when damage rating increases,

depth of failure increases, thereby decreasing pillar surface area. If the length of cracks

remains the same, the decreased surface area will still result in an increase in D21. It is

possible that if surface areas were more accurately measured D21 vs. damage rating
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would exhibit a more exponential trend, see work of Sturzenegger et al. (2011) using a

topographic window for joint mapping.
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7. Continuum Modelling of Doe Run Pillars

7.1. Displacement Discontinuity Modelling using NFOLD

7.1.1. NFOLD Numerical Model Setup

NFOLD models of all pillar areas were run in order to estimate the vertical

stresses and associated factors of safety for all photographed pillars at the time of

photograph data capture. The average NFOLD factor of safety and axial stress for all

outside elements of the pillar (those which were observable in photographs) was used

for comparison with calculated values. For all monitored areas existing calibrated

models were available from previous internal Golder work (Roberts, personal

communication, 2013). These models were updated to reflect recent mining prior to and

during the monitoring period.

7.1.2. NFOLD Numerical Model Results

Average axial stresses calculated by NFOLD for the outside elements of each

pillar were compared to the average pillar damage rating for each area (Figure 7-1). All

areas show a similar trend of increased damage rating with increased axial stress, as

expected. The differences between the areas are attributed to variations in average

pillar height, which will be discussed in greater detail in section 7.1.3. In addition, some

variability results from varying levels of conservativism when calibrating NFOLD models

to Pillar Damage Ratings from Mine Engineers. Area 1 shows limited change in NFOLD

axial stress despite a change in damage rating; this may be due to pillar model

limitations in this area. Between the first and second observation, sill was removed from

one side of the pillar, making it softer in NFOLD so it attracted less load. It should be

noted that a pillar damage rating of one corresponds to zero damage, hence the y-axis

origin at this value.
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Figure 7-1: Average NFOLD Calculated Axial Stress vs. Average Pillar Damage
Rating for Different Areas

The pillars were sub-divided by area and average height then adjusted average

depth of failure was compared to predicted NFOLD axial stress so damage initiation

stresses could be calculated (Figure 7-2). When grouped by pillar height, linear trends

in depth of failure vs axial stress are much more evident and scatter is reduced but still

evident. It should be noted that the pillar height listed for Area 1 is the NFOLD model

height and not the monitored height (which did not include the lower level).

n

- 3

- 9

- 26

- 15

- 23
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Figure 7-2: Average NFOLD Calculated Axial Stress vs Adjusted Average Depth of
Failure According to Pillar Height

n – number of observations

Figure 7-3 is a zoomed view of Figure 7-2 in order to assist in picking damage

initiation stress intercept values. The intercept of the stress vs. damage trend on the y-

axis is taken to be the average load on the outside 2.4 m of the pillar shell at the time of

measurable damage initiation and is referred to as the damage initiation stress. It does

not account for micro scale cracking. Axial stress values of approximately 35 to 23 MPa

are indicated from intercepts with stress values decreasing with increases in pillar

height. The exception is Area 2, which has the shortest pillar observed but exhibits a

damage initiation stress intercept of approximately 30MPa, well below other, taller pillar

areas. This is because several of the pillars in this series have damage ratings above

4.0, where current understanding suggests that pillars begin shedding load. As these

pillars are no longer expected to exhibit a linearly increasing trend of DOF vs NS, it is

difficult to linearly extrapolate the intercept. With the exception of Area 2, stress

intercepts can be taken as an estimate of the damage initiation strength of the pillars.

These values correspond to 23% to 15% of the UCS value (149 MPa) which are lower

than the CI values of 30% to 40% of UCS predicted by brittle fracture research.

However, these stress estimates are based on the average load of the outside 2.4 m of

the pillar and could easily generate local stress concentrations of 30% to 40% UCS. In

n

- 9

- 15

- 15

- 23

- 11

- 3

Pillar Height
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addition, these lines are based on limited data with significant scatter and exhibit R2

values below 0.6. These low R2 values suggest that factors beyond axial stress and

pillar height effect the DOF.

Figure 7-3: Axial Stress Intercepts vs Adjusted Average DOF

The D21 (Figure 7-4) values were also compared to the NFOLD axial stress and

show similar trends and groupings as the pillar damage ratings vs axial stress. The

stress intercepts (Figure 7-5) agree well with the observed intercepts from the DOF.

Area and Pillar Height
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Figure 7-4: Average NFOLD Calculated Axial Stress vs. D21

n – number of observations

Figure 7-5: Average NFOLD Calculated Axial Stress vs. D21 According to Pillar
Height

As before, D21 values exhibit a higher degree of scatter which may explain the

inversion of stress intercepts between the 10 m pillars in Area 3 and the 7.5 m pillars in

Area 5. As the projected damage initiation stress intercepts for spalling (DOF) and

n
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- 9

- 26

- 15

- 23

Area and Pillar Height
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cracking (D21) exhibited similar values and trends, the calculated damage initiation

stress values are plotted against pillar height in Figure 7-6. Both spalling and cracking

show a negative power trend, meaning damage initiation stress decreases with

increased pillar height up to a certain height asymptote where it remains effectively

constant. No pillars were observed with heights between 10 and 24 m resulting in the

current gap in data in Figure 7-6.

Figure 7-6: Calculated Axial Stress at Pillar Damage Initiation vs. Pillar Height

Rebarred vs. Non-rebarred Pillar Observations

Of the three adjacent pillars observed in Area 5, pillars 17 and 18 were supported

by 3m lengths of grouted rebar installed on regular 1.2 m spacing (Figure 7-7) and pillar

19 was unsupported. In Area 4, both pillars at the south end were first observed

unsupported. However, between days 4 and 57, pillar 6 was supported with a similar

package of rebar while pillar 5 was not. It is well known that rebar or any support

increases the strength of pillars. However, to date, no detailed study has been

conducted at Doe Run to investigate this in terms of a percent strength increase and, as

a result, rebarred pillars are not differentiated from unsupported pillars in NFOLD. After

examining damage inititaion stresses for all pillars, rebarred pillars and their adjacent

Damage

Initiation Stress
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neighbours were sub-sampled and DOF and D21 were compared to NFOLD calculated

axial stresses (Figure 7-8 and Figure 7-9).

Figure 7-7: Rebar on South Face of Pillar 17, Area 5

The pillars in Area 5 show an increase in axial stress vs. depth of failure, DOF,

for rebarred pillars. This is expected as rebar retains spalled material, reducing depth of

visible failure as well as increasing pillar strength by providing additional confinement.

The pillar support strength gradient of the DOF vs. axial stress is approximately three

times steeper for rebarred pillars with approximately the same intercept. Based on

current modelling practice, a pillar is predicted to be at peak load with a damage rating of

4.0, which, based on observations during this study (Figure 6-68), corresponds to a DOF

of approximately 0.4 m. Therefore, for the 7.5m pillars of Area 5, Figure 7-8 suggests

that peak load for unconfined pillars is approximately 40MPa and for rebarred pillars is

approximately 54 MPa, a 35% increase in strength. The value of the pillar support

strength gradient is not reported here because it is based on a small sample size and

subject to change with new data.
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Figure 7-8: Average NFOLD Calculated Axial Stress vs. Adjusted Average DOF -
Rebarred Pillars Comparison

The supported and unsupported pillars in Area 5 showed similar gradients for

D21 vs axial stress (Figure 7-9), which is also expected as rebar does not prevent

surficial cracking (which is the only kind observed) but only retains the damaged

material. Unfortunately, there were insufficient data points available for the pillars in

Area 4 to determine trendlines for DOF or D21 data.
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Figure 7-9: Average NFOLD Calculated Axial Stress vs. D21 - Rebarred Pillars
Comparison

7.1.3. NFOLD Numerical Model Discussion

Figure 6-68 compared the observed DOF vs. damage rating to current NFOLD

assumptions. The NFOLD depth of failure is calculated based on the number of failed

outside elements on an idealized pillar. In this correlation an element which is past peak

load but is not yet at residual load counts for 0.15 m of failure and an element at residual

load (0 MPa for unsupported outside elements) counts for 0.30 m of failure. The

minimum resolution of this system is therefore 0.15 m, which is sufficient to differentiate

between a pillar damage rating of 3.0 (~0.07 m average DOF) and 3.5 (~0.15 m average

DOF). The observed depth of failure vs. damage rating suggests that a pillar which

NFOLD modelling predicts will rate 4.0, will actually rate 3.5 in the field. The NFOLD

strength calibration could be adjusted by lowering the peak strength of the outside

elements, to account for this increased average DOF at a lower pillar damage rating.

However, the strengths currently used in NFOLD are providing satisfactory estimates of

pillar performance making adjustments to peak strength undesirable. If the peak

strengths were reduced to better match with observations of damage at lower pillar

damage ratings, it would be necessary modify the stress-strain response at peak

strength such that domino-type pillar failures were not over predicted. A potential

adjustment is to add a section of perfectly plastic strain response prior to strength
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reduction (Figure 7-10), as observed in the DFN1 and DFN4 UDEC models and work by

Elmo & Stead (2010).

Figure 7-10: Example of Current Stress-Strain Relationship used in NFOLD and
Proposed Relationship

Figure 7-3 and Figure 7-5 showed that pillars appear to initiate brittle failure, both

spalling (DOF) and cracking (D21) at decreased stress with increased height. The

scatter observed combined with the limited number of pillars observed suggest that the

values of the intercepts are subject to change with more data. However, the trend of

decreased strength with increased height is supported by a large body of theoretical and

empirical data and is expected to remain constant. As all pillars are cut to approximately

the same width, increased height is inversely related to width to height ratio. Taller

pillars (smaller width to height ratios) are known to have weaker peak strengths as a

result of reduced confinement and increased structural control. As confinement has an

influence on brittle damage initiation, it’s not unreasonable for them to have lower

damage initiation as a result of the confinement as well. Confinement is discussed in

greater detail in section 7.2. Figure 7-6 shows a decreasing influence of height on

damage initiation stress with increased height which suggests that confinement will

reach a critically low value at a certain pillar height where damage will initiate at the

same stress for all pillars at and above this height. However, as damage initiation is

likely influenced by other factors such as increased blast damage, joint intersections and
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surface irregularity with height, it is possible that, like the NFOLD height correction, this

trend will not stabilize.

A Linkage between the NFOLD predicted FOS and brittle damage observations

is more difficult to define due to the different failure modes being considered. NFOLD

peak strengths are based on shear failure of a 2.4m (8ft) square block of rock and, are

designed to predict domino type failures where several pillars fail in rapid succession as

opposed to the gradual accumulation of spalling and fracturing observed. The damage

observed in this study is entirely brittle and constrained to the surface of the pillar.

Prediction of spalling initiation may benefit from the use of a bilinear failure envelope e.g.

Diederichs et al. (2004). For this type of investigation, it is more useful to examine the

NFOLD predicted axial stress. Working with predicted axial stresses allows for

establishment of spalling initiation limits and stress vs. damage relationships which can

then be used to update the NFOLD strengths and calculate new factors of safety.

The correlation between rebarred pillars and increased strength agrees well with

observations. However, as the number of observations is very limited, the 35% strength

increase calculated should be taken as an approximate estimate and not an absolute

value. The similar trend in D21 vs Axial stress for rebarred and unsupported pillars is of

interest as it suggests that rebar does not prevent further fracturing of retained pieces.

As rebarred pillars still exhibit material loss, this is necessary so that retained pieces can

break to a small enough size to lose rebar contact and be removed. Rebarred pillars are

not currently differentiated in NFOLD. This estimate of increased peak strength can be

used as a starting point for future NFOLD model calibrations as well as a check on future

UDEC modelling recommended in section 9.2. However, it should be noted that rebar

may only reduce visible failure as no data are currently available for damage inside the

pillar shell, beyond the retained blocks.
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7.2. Pillar Elastic Stress Analysis using Examine 2D

7.2.1. Examine 2D Numerical Model Setup

Brittle fracture theory suggests that surface shape and excavation sequencing

can have a significant impact on the initiation of brittle damage (Diederichs, 1999;

Diederichs et al., 2004). Cross sections were cut through two pillars for input into the 2D

indirect boundary element code, Examine 2D (Rocscience Inc., 2013) and stress

distributions examined.

A single section was cut through a pillar located to the south of Area 5, which

was one of the tallest pillars surveyed (15 m), but not monitored. The pillar exhibited a

very irregular surface profile (Figure 7-11) and was selected to highlight the effects of

variable surface shape on stress concentrations compared to an idealized square pillar.

Given the mining methods used at Doe Run, the 15 m tall pillar would have been

rounded in a minimum of three mining passes, of 5 m height each. The top 5 and 10 m

of the sectioned pillar were used to generate shorter models which simulated stress

concentrations at pillar corners and their final locations in the 15 m tall pillar.
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Figure 7-11: 15 m Tall Pillar with Irregular Profile used in Elastic Stress Analysis

A N-S section was cut through the centre of Pillar 19 from Area 5 for all eight

surveys from days 8 (Figure 7-12) to 196. Models built from these sections were

~
1
5
m
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compared to determine if the simulated stress concentrations corresponded with

observed mine spalling patterns.

Figure 7-12: Photomodel showing a Section through Pillar 19 during Day Number
9

Applied pillar stresses are listed in Table 7-1 for each model based on a vertical

stress gradient of 0.026 MPa/metre depth and a depth of 295 m (the NFOLD model

depth for Area 5).  Although the in-situ stress ratio at Doe Run is 1.5, σH/σV, σ1 was set

to vertical in both models and ranged from approximately 1.3 to 1.5 times the horizontal.

The vertical stress gradient and NFOLD model depth were based on previous work by

7
.5

m
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Golder Associates (Roberts, personal communication 2013). The calculated vertical

stress was approximately doubled to account for increased vertical stresses on rounded

pillars, not accounted for by the plane strain assumed in the 2D model. In a 2D plane

strain model, pillars are simulated as continuous out of plane. When the pillar is

rounded, the load area doubles as a result of the additional rooms in front of and behind

the pillar out of plane (Figure 7-13). The vertical stress was further increased in the Area

5 pillar model to generate the initial NFOLD predicted average axial stress for the pillar

(a result of higher local extraction ratios).

Table 7-1: Stresses used in Elastic Models

Model
σ1(Vertical)

(MPa)
σ3(Horizontal)

(MPa)
σz (Out-of-Plane)

(MPa)

Tall Pillar 15 11.55 11.55

Area 5 Pillar 17 11.55 11.55

Figure 7-13: Plan Views of Load Areas on Equivalent Bar (A) and Fully Rounded
(B) Pillars

7.2.2. Examine 2D Numerical Model Results

Research into brittle fracture initiation suggests that spalling initiates at a specific

stress, which is a constant for the rock type and largely dependent on σ1 but, can be

influenced by confinement. Crack initiation, CI, is generally assumed to be 0.3 to 0.4 of

the D50 UCS strength which would be approximately 45 to 60 MPa for the Dolomite at
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Doe Run. However, a variety of factors can influence this value, such as grain size and

variability in mineral stiffness. In addition, stress concentrations are never uniform, even

over a prepared sample due to heterogeneous distributions of inherent microflaws. This

heterogeneity extends to the field scale and also results in stress concentrations at or

above the CI limit, when the average pillar load is still well below the CI value. The

sections presented in Figure 6-48 were input into Rocscience’s Examine 2D

(Rocscience, 2013) to investigate changes in stress concentrations during the

development of an hourglass profile. It should be noted that geologic structures were

not included in this analysis, but would influence local stresses where they intersected

the pillar face. Variations in ore grade were also not accounted for, however, grades

between 2-10%, which are commonly found in Doe Run pillars have been shown to

reduce CI (Diederichs et al., 2004).

Figure 7-14 to Figure 7-22 present the modelled distribution of σ1 during each

observation from day number 9 to 168. The calculated σ1 distribution for day number 9

(Figure 7-14) as expected, shows concentrations around the pillar corners, as well as a

σ1 stress concentration on the right side where hour glassing is initiating. The minor

material loss on the right side of the pillar during day number 49 (circled in red in Figure

7-15) occurred in this area of stress concentration.  The predicted σ1 stress on this side

of the pillar is 47 MPa during day number 9 and 60 MPa during day number 49, both

within the predicted CI range.  The reduced σ1 stress concentration of 55 MPa on the

lower left of the pillar during day number 58 (circled in purple in Figure 7-16) is not the

result of lost material but due to a change in surveyed profile, resulting in a more

rounded corner profile. This concentration serves to highlight how slight changes in

pillar surface topography can have significant impact on stress concentrations. In this

case, the previously predicted stress was on the order of 70 MPa, a 17% decrease. It

should also be noted that Figure 6-48 shows a stack of backfill abutting the left side of

the pillar on day numbers 9, 49 and again during day number 84. This loose material

would provide confinement and potentially reduce the likelihood of spall initiation;

however, it was not accounted for in these models as Examine 2D only allows for one

material type and the true dimensions and properties of the backfill were not noted.

Spalling continued during day number 58, Figure 7-16 on the right side of the pillar
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(circled in red) at a σ1 of approximately 55 MPa, resulting in even higher stresses of

approximately 63 MPa at the point of deepest hour glassing.

Figure 7-14: Modelled σ1 Distribution in Pillar during Day Number 9. Stress Profile
Location Shown as Red Line



167

Figure 7-15: Modelled σ1 Distribution in Pillar during Day Number 49. Stress
Profile Location Shown as Red Line
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Figure 7-16: Modelled σ1 Distribution in Pillar during Day Number 58. Stress
Profile Location Shown as Red Line
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Figure 7-17: Modelled σ1 Distribution in Pillar during Day Number 84. Stress
Profile Location Shown as Red Line

Again during day number 84 (Figure 7-17) stress concentrations (circled in red)

on the right side are approximately 63 MPa and spalling occurred in this area. Although

the block on the left (circled in purple) has been shown to be de-stressed at

approximately 25 MPa, well below the estimated CI, material spalled or was otherwise

removed from here on the next observation during day number 113 (Figure 7-20). This

can be explained by reviewing the σ3 distribution in the pillar at that time (Figure 7-18)

which shows tensile forces of -3 MPa. It is possible that this block was structurally

controlled by the sub-vertical north-south dipping joints and was being held in place by

the backfill and when the backfill was removed, the tensile stress caused detachment.

An alternative means of spalling initiation prediction is the spalling criterion by Castro et



170

al. (1995, 1997) which considers the ratio of σ1-σ3 to UCS. If the calculated value of this

ratio is greater than 0.4, there is a potential for spalling initiation. Figure 7-19 shows the

calculated spalling criterion values during day number 84, which show values of over 0.4

on the lower left corner and at the top of hour glassing on the right (both circled in red).

The location of these predicted areas of spall initiation agree well with the previously

observed σ1 stress concentrations (Figure 7-17).

Figure 7-18: Modelled σ3 Distribution in Pillar during Day Number 84



171

Figure 7-19: Modelled Spalling Criterion Value Distribution in Pillar during Day
Number 84

An approximately 0.5 m wide slab was removed from the entire height of the

pillar on the left side between days 113 (Figure 7-20) and 140 (Figure 7-21). Upon

review of σ1 stress concentrations during day number 113, a σ1 of 63 MPa is calculated

on the lower left of the pillar, in addition to stress concentrations in the top corner. It is

likely that spalling initiated near the toe of the pillar and progressed upwards.

Stress concentrations during days 113 and 140 on the right pillar side of

approximately 60MPa appear to have induced massive spalling resulting in the day
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number 168 profile (Figure 7-22) and further stresses of approximately 78 MPa at the

deepest point.  This concentration of σ1 is at the same location as a concentration of σ3

(Figure 7-23) which may inhibit further spalling at this point. However, tensile stresses

are predicted on much of the rest of the pillar, which will likely promote further spalling

above and below the notch. Spalling criterion values (Figure 7-24) once again predict

spalling in the same locations as predicted by σ1 stress concentrations.

Overall, the predictions of stress concentrations agree well with observed

spalling and fall within the range of estimated CI values.

Figure 7-20: Modelled σ1 Distribution in Pillar during Day Number 113. Stress
Profile Location Shown as Red Line



173

Figure 7-21: Modelled σ1 Distribution in Pillar during Day Number 140. Stress
Profile Location Shown as Red Line
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Figure 7-22: Modelled σ1 Distribution in Pillar during Day Number 168. Stress
Profile Location Shown as Red Line
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Figure 7-23: Modelled σ3 Distribution in Pillar during Day Number 168
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Figure 7-24: Modelled Spalling Criterion Value Distribution in Pillar during Day
Number 168

σ1 stress profiles through the middle of the pillar were compiled for each day shown and

are plotted together in Figure 7-25.  These profiles show the highest σ1 stresses

concentrating near the pillar edges and increasing with increased hour-glassing. This is

opposite to the conventional understanding of pillar loads which predicts higher stresses

in the pillar core, increasing with increased damage. Higher stresses are typically

expected in the core of the pillar because of the effects of confinement, which is highest

in the pillar core, and results in a stronger and stiffer rock mass. By virtue of being

stiffer, the pillar core will attract more load, which is not accounted for in these simplified
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models. In addition, damage accumulates on the pillar shell first, softening the material

and shifting load to the core.

Figure 7-25: Modelled σ1 Profile through Middle of Pillar, Days 9 to 168

Figure 7-26 to Figure 7-28 further highlight the potential for σ1 stress

concentrations due to irregular pillar surface shape. A surveyed, 15 metre tall pillar was

“excavated” in 5 metre lifts, as is common practice at Doe Run, beside a perfectly

square pillar of the same dimensions to highlight the locations of stress concentrations
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associated with the pillar corners during mining and where they end up on the full height

pillar, potentially as damaged zones. The dashed line in the figure is where the two

pillars have been placed side by side for ease of comparison. The modelled room width

was the standard 10 m. Blast damage was not considered in this analysis but would

further contribute to rock mass damage and stress concentrations.

Figure 7-26: Modelled σ1 Distribution in a Surveyed Pillar vs. an Idealized Pillar –
1st Mining Pass

Figure 7-27: Modelled σ1 Distribution in a Surveyed Pillar vs an Idealized Pillar –
2nd Mining Pass. Circles Indicate Stress Concentrations from
Previous Mining Pass
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In Figure 7-26 the idealized and surveyed pillar show similar σ1 distributions with

concentrations of similar magnitude on the pillar corners. These concentrations are on

the order of approximately 55 to 60 MPa, which was shown to be sufficient to induce

spalling. The zones of interpreted damage resulting from these stresses are circled in

red on Figure 7-27, where they are now in the middle of the pillar. In addition, an

irregular surface on the right side of the surveyed pillar has resulted in a stress

concentration in this same area of approximately 50 MPa which, combined with previous

damage, could result in spalling. Although the lower right corner of the surveyed pillar is

not predicted to exhibit significant stress concentrations, the overhanging shape of the

lower left corner is predicted to result in stresses of over 70MPa, enough to induce

severe damage.

Figure 7-28: Modelled σ1 Distribution in a Surveyed Pillar vs an Idealized Pillar –3rd

Mining Pass. Circles Indicate Stress Concentrations from Previous
Mining Pass

Once again, after a further mining lift, the damage zones are located towards the

middle of the pillar in Figure 7-28.  In addition to creating σ1 concentrations in the middle
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of the pillar and further amplifying stress concentrations at pillar corners, irregular pillar

surface shape can be shown to produce much more extensive zones of σ3 tensile stress.

Figure 7-29  shows the distribution of calculated σ3 over the two pillars and indicates that

the surveyed pillar exhibits greater stress variations and larger zones of higher tensile

stress. These zones of decreased confinement deeper in the pillar could have a

significant impact on NFOLD strengths, which use estimates of confinement to increase

core strength. An “irregular profile” correction could therefore be required on some

pillars, similar to the existing “geology” corrections which account for features such as

solution breccia zones and unfavourable joint orientations.

Figure 7-29: Modelled σ3 Distribution in a Surveyed Pillar vs an Idealized Pillar –3rd

Mining Pass

7.2.3. Examine 2D Numerical Model Discussion

The simplified elastic stress analysis presented in Figure 7-14 to Figure 7-29

showed good correlation between predicted stress concentrations and observed spalling

locations.  In addition, the maximum observed σ1 values corresponded well with the 45



181

to 60 MPa range predicted using 0.3 to 0.4 of UCS for CI (Diederichs et al., 2004). This

helps to exhibit how pillars with average loads below the CI value can still exhibit

spalling. These models were highly simplistic and didn’t account for structure, blast

damage, variations in grain size, ore grade or 3D shape. The addition of these variables,

particularly 3D shape and structure, likely accounts for the lack of pronounced stress

concentration seen in other figures, but absent in Figure 7-20, prior to spalling. These

models highlight the effect of complex surface topography on near surface stresses.

Figures Figure 7-18, Figure 7-23 and Figure 7-29 show calculated confinement, which

should be zero on the surface of the pillar, but exhibit both compressive and tensile

stress regimes in small areas. These concentrations occur in areas of complex surface

topography where the density of the model’s stress grid is not sufficient to accurately

predict stresses. This is also a result of the interpolation methodology used in Examine

2D to present stress contours which makes prediction of zero stress at a boundary very

difficult. As these models are intended as illustrative tools and not for design, this is only

a minor issue.

Given the vertical-to-sub-vertical dip of the joints at Doe Run, it is probable that

joints near the pillar surface have a significant impact on spalling initiation. As discussed

in section 1.2.5, fractures near pillar surfaces are free to propagate in a feedback loop of

reduced confinement and beam effects to weaken the local rockmass.

All pillars, regardless of height, have zero confinement on their surface, and

should therefore, under elastic homogeneous conditions, induce spalling at the same

stress, regardless of height. However, in order for damage to be observable, sizeable

blocks must be removed, requiring failure further into the pillar, where confinement

increases with decreased height. Joints will continue to have an impact on spall

initiation until confinement is close to the far field value, which may never occur in a taller

pillar. In addition, unfavourable variability such as joint-pillar face intersections, grain

size and ore grade are more likely to manifest over the larger surface area presented by

taller pillars. This is similar to the current NFOLD height correction at Doe Run which

assumes the greater likelihood of adverse structure will reduce shear strength in taller

pillars. In addition, pillar profiles tend to be more variable on taller pillars as a result of

multiple mining passes. Multiple mining passes also induce additional blast damage,
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and damage from stress concentrations at previous pillar corners (Figure 7-26 to Figure

7-29).

All these factors do not reduce the CI stress, which is a material constant,

instead they increase the likelihood that stresses will concentrate locally at this

magnitude at lower overall pillar loads.
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8. Discontinuum Modelling of Doe Run Pillars

8.1. Distinct Element Modelling with UDEC

Previous work by Preston et al. (2013) examined the impact of rock bridges on

pillar strength for several common pillar heights at Doe Run. For that investigation,

modelling was conducted using the Universal Distinct Element Code, UDEC version 5

(Itasca. 2013), and polygonal Voronoi tessellations to simulate intact rock fracture.

Using a distinct element code allowed for large displacements along discontinuities and

intact rock fractures as observed underground. This work has been expanded upon

using mapped joint data (presented in section 6.2) to constrain joint orientations, trace

lengths and intensity and updated UDEC version 6 models. In addition to updating joint

geometries used in Preston et al. (2013), the Voronoi tessellations were replaced by a

new triangular “Trigon” mesh proposed by Gao (2013) and Gao et al. (2014).

Acknowledgment is given to Dr. Gao for assistance in use of the UDEC Trigon method.

The change from the Voronoi to triangular Trigon mesh was in an effort to improve

simulation of intact rock fracture development.

8.1.1. UDEC Numerical Model Setup

Model Geometry

As entirely new joint geometries and intact rock mesh were required for these

models, the opportunity was taken to optimize model run time, which previously took

over 24 hours for the shortest pillars and several days for taller pillars.

Although it is possible to export DFNs from Fracman for use in UDEC, the

fracture geometry often requires significant modification to eliminate joints which are

more closely spaced, or smaller than the element size. In addition, the joint spacing

observed would require a very fine mesh resulting in prohibitively long model run times.

Instead of using trace maps from Fracman, the average joint intensity (P21) and
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orientation data derived from mapping were used to generate general pillar geometry as

described below.

UDEC requires joint trace length, spacing, gap (rock bridge length) and dip as

inputs to generate fracture networks. For all these inputs it is possible to define a

maximum variability such that the property will be varied from the inputted value up to

the maximum deviation specified. This is not the same as a standard deviation as it is a

uniform distribution. The P21, trace length and spacing values discussed in section 6

were used as starting values to determine model trace length, spacing and gap values.

The joint dips were based on visual assessment of the feature orientations shown in

Figure 6-11 and Figure 6-12 and the resulting fracture networks in UDEC. Maximum

variability from the mean dip of each joint set was then selected to be representative of

the data while limiting moderately dipping joints, which would result in underestimated

pillar strengths.

An idealized sub-vertical joint set was derived by averaging data from pillars 6, 8

19 and 13 (Pillars 1 and 2 had not been mapped in detail at that point in time) to produce

a mean joint diameter of 0.61 m and a P32 value of 1.87 m2/m3. The bedding set was

also averaged to produce a mean diameter of 1.22 m and a P32 value of 1.97 m2/m3. A

section was then cut perpendicular to the dip direction of the sub-vertical joints to

determine an idealized P21 value for both joint sets over an entire, perfectly planar pillar

face, as opposed to the smaller windows, which were based on rough surfaces. A

second sub-vertical set was not included as modelling was conducted in two dimensions

and perpendicular sub-vertical joints were found to produce traces with much more

shallow, conservative, trends as a result of apparent dip. These shallow trending traces

would have controlled pillar failure in the simplified two dimensional environment and not

produced representative results, so they were omitted. On a 3D pillar, the sub-vertical

joints either formed wedges, where the dip of the joint intersection would control stability,

or were parallel/perpendicular to the face where their apparent dip would not have an

effect on stability. The intersected P21 values of 1.76 and 1.90 m/m2 for the sub-vertical

joints and bedding, respectively, were then used to control joint intensity in UDEC. The

trace lengths were doubled to maintain areal intensity while increasing joint spacing and

rock bridge length to accommodate a 20 cm model mesh size (double the mesh size

used in Preston et al., 2013). However, the models with 20 cm mesh took over 24 hours
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to run, which was deemed inefficient, so the mesh size was increased to 45 cm. An 80

cm joint spacing and rock bridge length was required to accommodate this mesh size,

which made it unfeasible to maintain the desired P21 values. After increasing trace

lengths to 3.8 and 2.6 m for bedding and joints, respectively, the resulting P21 values

were approximately half of the intersected values, 0.95 and 0.88 m/m2, respectively.

These P21 values are at the low end observed for joints and about half to two thirds of

the bedding.

Figure 8-1 shows that the overall pattern of hour-glassing was maintained with

the increased block size and joint spacing, suggesting that the results are not mesh size

sensitive. Although the increased mesh size was capable of reproducing the observed

hour-glass profiles, the increased block size reduced the model’s ability to simulate

minor material loss at low pillar damage ratings. As pillars tend to fail along sub-vertical

joints, this means that the maximum depth of failure at initiation will be approximately

equal to the joint spacing of 80 cm. However, the goal of these models is to simulate

pillars at peak strength, where the local depth of failure can be well above 80 cm, so this

is considered acceptable for the current preliminary applications. In the future these

models could be refined to allow for the finer joint spacing observed, which would

potentially require recalibration of the mesh material properties.

Table 8-1 presents the modified joint and bedding parameters. Dip variation was

restricted to 5 degrees for bedding and 10 degrees for joints which includes the majority

of the data while reducing the occurrence of moderately dipping joints would reduce

pillar strength. The goal of this was to produce an average pillar whose stability was not

controlled by a single shallowly dipping joint.

To maintain the same percent variability in trace lengths as observed during

mapping, the inputted maximum trace length variation was increased by same factor as

the inputted trace lengths (approximately 400%). Variations in rock bridge length and

spacing were kept small relative to the mean value in order to maintain the number of

intact blocks between joints required by the model. Spacing variation was allowed to be

larger than rock bridge variation because a large variation was observed in spacing

during mapping. Due to the variability in joint dimensions and orientations and their

observed influence on pillar strength, multiple realizations were run with the same input
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parameters by adjusting the random seed value to produce five unique DFNs for

comparison.

Figure 8-1: Comparison of Results of Simulations on Large 40 cm Blocks and
80cm Wide Joint Spacing (Left) to Original 15 cm Small Blocks and
Closer, 40cm, Joint Spacing (Right). Load Induced Fractures Shown
in White

Table 8-1: Fracture Geometry used in UDEC Trigon

Set P21
Intersected

(m/m2)

Trace Length
/ Max

Variation (m)

Rock Bridge
Length / Max
Variation (m)

Spacing /
Max

Variation
(m)

Angle /
Max

Variation
(°)

P21
UDEC
(m/m2)

Bedding 1.90 3.79 / 2.50 0.80 / 0.10 0.80 / 0.20 0 / 5 0.95

Sub-Vertical
Joints

1.76 2.60 / 1.40 0.80 / 0.10 0.80 / 0.20 90 / 10 0.88

Based on procedures initially used by Babcock (1968) for testing model rock

pillars and later by Elmo (2006) in numerical modelling of rock pillars a modified steel

platen was used for loading the simulated pillars. The platen was designed to provide

even loading as well as confinement to the top of the pillar to simulate its continuation

into the host rock of the back and the bottom of the excavation. The simulated rock

mass including the discrete fracture network was extended two metres vertically into the

back and bottom and one metre laterally on each side. This also allowed for realistic

10m
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simulation of stress concentrations and fracturing on pillar corners. Figure 8-2 presents

the employed model geometry with a single realization of the DFN.

Figure 8-2: UDEC Model Geometry

History points were placed along the centre of the pillar to measure axial stress.

The values of the ten points on the outside 2.4 m were averaged for the left and right

sides of the pillar separately for comparison to strengths from NFOLD, which uses 2.4 m

square elements. Similarly, ten history points were also averaged across the 5.2 m of

the pillar core for comparison to NFOLD core element strengths.
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The bottom platen was fixed in all directions while the top platen was fixed in the

x direction with a constant y velocity to apply load to the pillar. The loading rate set by

the constant velocity condition on the top platen was adjusted to allow practical model

run time without affecting pillar behaviour. To determine the maximum possible loading

rate, a 10 m x 10 m pillar was loaded to failure at three different rates: 4-8, 2-8 and 1-8

(strain/step). The loading rate of 2-8 was selected as the fastest rate, which did not result

in increased pillar strength through strain hardening (Figure 8-3).

Figure 8-3: Pillar Shell Strength vs. Loading Rate. After Golder (2014)

Pillars were loaded in stages to simulate extraction, which has been shown to

result in periods of increased load, followed by periods of equilibrium (Tesarik et al.,

2003). This method was also used for numerical modelling of pillar strengths by Zhang

(2014). Pillars were continuously loaded until damage began to initiate prior to

implementing staged loading. In the first stage, the pillar was loaded for 20,000 steps,

followed by 20,000 steps of equilibrium where the top platen was held fixed. All

subsequent stages consisted of 20,000 steps of loading followed by three equilibrium

stages of 20,000 steps (60,000 steps total). A FISH function for reducing contact shear

stiffness (discussed below) ran constantly and a FISH block deletion function (discussed

below) was implemented after the final equilibrium stage. The first loading and

equilibrium stage was shortened because pillar damage was minimal and less time was
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required for stabilization of fractured blocks. Deletion at the end of the equilibrium

stages is similar to scaling of pillars prior to preparing for a blast.

A condition of plane strain, which assumes the object extends infinitely normal to

the plane of the model was employed. This is expected to slightly over predict outside

element strengths due to increased out of plane confinement but is necessary to

simulate confinement in the pillar core. Simulated pillar strengths were successfully

calibrated to NFOLD strengths, as described in the next section, so the error was

interpreted to be minimal.

In addition to the five DFNs based on structural mapping, three simplified DFNs

were generated to examine the influence of fracture continuity and orientation on pillar

strength and failure mode (Figure 8-4). The first model was generated with fully

persistent bedding and vertical joints, both on 80 cm spacing to form square blocks. The

second model offset the vertical joints so that the blocks were arraigned like bricks, to

examine the influence of intact rock fracture. Finally, a model was generated with fully

persistent bedding and sub-vertical joints with a uniform dip of 85 degrees. This model

was designed to examine the effect of structure with the same intensity intersecting the

pillar face at different angles to produce sliding controlled failure on one side and

toppling controlled failure on the other.
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Figure 8-4: Idealized Pillar Geometries: Blocks (A), Bricks (B) and Sloped Blocks
(C)

Model Material Properties

As discussed in section 2.5, Mohr Coulomb strengths often have difficulty directly

representing brittle failure, however with project specific calibration and in this case a

polygonal mesh, brittle failure can been successfully simulated. Given the lack of

available data for implementing more complex strength criteria such as CWFS system

Mohr-Coulomb strengths with residual values are is appropriate for the initial level of

investigation.

As a result of the new mesh size and shape as well as joint geometry the intact contact

strengths required re-calibration. The pillar strengths predicted by Preston et al. (2013),

which were calibrated to the intact strength of the host rock, were 46% to 168% stronger

than those currently used in NFOLD modelling. Instead of calibrating to intact strength

simulated pillars were calibrated to NFOLD peak strengths, which are based on decades

of empirical correlation. Given the extensive empirical data supporting the NFOLD

strengths, the errors associated with calibrating to intact strengths, and the desire to use

UDEC results to recommend updates to NFOLD strengths, this method of calibration

was considered acceptable. Following procedures recommended by Christianson et al.

(2006), a 10m by 10m pillar with the mapped joint pattern, 20 cm Trigon edge lengths

and, intact block properties listed in Table 8-2, joint and bedding properties listed in

Table 8-3 and, steel platen properties listed in Table 8-4 and Table 8-5 was loaded to

A CB
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failure and the Trigon properties adjusted until the pillar’s ultimate strength was

approximately equal to that used in NFOLD. These properties were re-confirmed when

the mesh size was doubled and peak strengths were found to be within the expected

range for both 10 and 15 m tall pillars. It should be noted that the softening FISH

function had not been written at the time of calibration. The loading rate was first

determined based on the size of the element such that the time steps were small enough

that the applied load was quickly distributed over the pillar height and didn’t result in

strain hardening. With an initial set of material properties where block density and

modulus were based on laboratory testing and the shear and normal stiffness of the

contacts were based on the elastic modulus and Poisson’s ratio of the rockmass,

cohesion, friction angle and tensile strength were assigned approximate values. The

sample was then loaded to failure and the strengths of the outside and inside elements

as calculated from the history points were compared to expected values from NFOLD.

As the joint/bedding properties were based on field observations they were held constant

throughout calibration. However, because there wasn’t any data available on their shear

and normal stiffness it was set to the same as the intact rock. The cohesion, friction

angle and tensile strength of the Trigon contacts were then adjusted until the outside

and inside strengths matched expectations. The cohesion and friction angle had a

larger influence on the inside where shear strength is mobilized and the tensile strength

had a larger influence on the outside strength where failure occurs through splitting.

These properties resulted in elastic-perfectly plastic behaviour which was then

addressed by the deletion/stiffness reduction functions. The peak strength was the only

concern on calibration.

presents the calibrated intact contact properties and Table 8-7presents the peak

strength and elastic modulus for the outside and inside elements in NFOLD of 10 m and

15 m tall pillars which are based on confinement theory detailed in described in section

4.1.3.

The discontinuity contact properties were based on joint surface properties

obtained during scanline mapping and numerical work by Dr. Davide Elmo at Golder

Associates (personal communication, 2013) and were used for both joint and bedding

contacts.
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Table 8-2: Rock Block Properties

Parameter Value

Density (kg/m3) 2700

Elastic Modulus (GPa) 41.0

Poisson’s Ratio 0.25

Table 8-3: Discontinuity (Joint and Bedding) Strength Properties

Parameter Value

Cohesion (MPa) 0.25

Residual Cohesion (MPa) 0

Friction Angle (°) 45

Tensile Strength (MPa) 0

Normal Stiffness (GPa/m) 984

Shear Stiffness (GPa/m) 394

Table 8-4: Steel Platen Properties

Parameter Value

Density (kg/m3) 7600

Elastic Modulus (GPa) 200

Poisson’s Ratio 0.25

Table 8-5: Steel Platen-Rock Contact Properties

Trigon Contacts Parameter Value

Cohesion (MPa) 13

Friction Angle (°) 18

Tensile Strength (MPa) 5

Normal Stiffness (GPa/m) 5000

Shear Stiffness (GPa/m) 2000
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Table 8-6: Calibrated Trigon Contacts Properties

Trigon Contacts Parameter Value

Cohesion (MPa) 13

Residual Cohesion (MPa) 0

Friction Angle (°) 18

Tensile Strength (MPa) 5

Residual Tensile Strength (MPa) 0

Normal Stiffness (GPa/m) 984

Shear Stiffness (GPa/m) 394

Table 8-7: NFOLD 10 m Element Strength Properties

NFOLD
element

Peak Strength
(MPa)

Pre-Failure
Young’s

Modulus (GPa)

10 m Outside 46 41

10 m Inside 73 54

15 m Outside 37 41

15 m Inside 42 42

Intact contacts were assigned much higher cohesion and tensile strength but a

lower friction angle compared to the discontinuities. This agrees well with the brittle

failure theory which suggests that cohesion is destroyed before frictional strength is

mobilized. As damage on these pillars is largely through brittle processes, this is a

reasonable simulation. The intact contact friction angle may be subject to additional

calibration if shorter pillars are modelled where core strength has a greater influence

because pillar cores in shorter pillars have higher confinement and therefore mobilize

greater frictional strength. The contact stiffness values were the same for the intact rock

and discontinuities. At this stage of modelling, the contact stiffness values are based on

recommendations by the software provider to ensure numerical stability of the models.

The contact normal stiffness is based on the intact rock modulus and the average block

thickness to prevent block penetration and the shear stiffness is then generally between

0.35 and 0.50 such that the material Poisson’s ratio is replicated (Kazerani & Zhao,

2010). Recommended calibration procedures for polygonal mesh in UDEC
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(Christianson et al., 2006; Kazerani & Zhao, 2010) use the contact stiffness values to

control the simulated sample elastic modulus. Unfortunately, when this method is

applied, it is difficult to achieve a model modulus above that of the intact blocks because

the intact blocks will preferentially deform at higher contact stiffness values. In order to

achieve sample modulus values above the intact host modulus it would be necessary to

apply a more advanced material constitutive model which accounts for confinement.

The steel platen-rock contact was assigned the same Mohr Coulomb strength properties

as the calibrated Trigon contacts so that the contact would simulate intact rock extending

into the excavation back. The shear and normal stiffness of the contact was increased

out of numerical necessity to account for the stiffer elastic modulus of the platen and

prevent block penetration.

In the modelling detailed in Preston et al. (2013), blocks which had effectively

detached from the pillar were found to carry residual loads. This was because of the

way UDEC handles time steps so that detached blocks fall very slowly. In the previous

work, these blocks were set to zero stress during post processing based on an x-

displacement cut-off. The x-displacement cut-off was conceived by reviewing stress vs.

displacement plots for history points across the centre of the pillar. Both the x and y

displacement were found to exhibit a change in slope coincident with the element

reaching peak strength. As the x-displacement exhibited a more drastic change in slope

at peak and post peak strength it was selected as the indicator for block displacement.

Figure 8-5 shows that element peak strength is reached at approximately 0.2 cm of

lateral displacement (0.5% strain) and the element is well into residual strength after

approximately 1.0 cm of lateral displacement (2.5% strain).
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Figure 8-5: Stress vs. Displacement of Outermost History Point on Pillar Shell
from Earlier Work in Preston et al. (2013)

For the new UDEC Trigon models, a FISH function was written by Dr. Fuqiang

Gao at Golder Associates to delete the detached blocks, removing the need for post

processing of load data. Initial work was conducted by adjusting the number of model

cycles between block deletions and the maximum absolute x-displacement allowed

before blocks were deleted from the model. The x displacement cut-off and number of

cycles between deletion were adjusted with the goal of having entire blocks, defined

largely by structures, detach at the same time. When deletion was conducted too rapidly

it resulted in an unrealistic perfect hourglass profile where structural constraints weren’t’

obvious (Figure 8-6).
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Figure 8-6: Post Peak Strength Pillar Profile Resulting from Initial Deletion Criteria
Showing Lack of Structural Control on Shape

Although this method provided more brittle post-peak strength behaviour, the

models continued to sustain significantly more load post-peak before reaching zero

strength compared to observations from underground. The transition between peak and

residual strength was found to be strongly dependant on the shear modulus of contacts.

Contacts which were in a state of failure still moved very slowly due to high shear

modulus values, which are not adjusted by UDEC post failure. The FISH function was

further modified by Dr. Gao to reduce contact shear modulus values, which are expected

to decrease from reduced surface roughness during shear and reduced normal load

during buckling and tensile cracking (Barton & Bandis, 1980). Three sets of residual

parameters were developed for increased lateral displacement.
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Figure 8-7: Stress vs. Convergence for Outside Most History Point on Pillar Shell
of New Model with Softening Function Exhibiting more Brittle Post-
Peak Behaviour

The FISH function was set to change the properties of any contact (joint, bedding

or intact rock) which had undergone 0.2, 1.0 or 2.5 cm of lateral displacement to the

properties listed in Table 8-8. 0.2 cm of lateral displacement coincides with the peak

strength shown in Figure 8-5 and 1.0 and 2.5 correspond to increasing progression into

the residual strength regime also shown in Figure 8-5. Figure 8-7 shows stress vs.

convergence for the outermost history point on a pillar with the softening function. A

much more rapid drop is load following peak strength compared to Figure 8-5 is evident.

Instead of relating shear stiffness to lateral displacement, which are tangentially related,

a function relating shear modulus to normal stress, which are directly related, would be

more accurate. Such a function was considered, but eventually rejected due to the

increased complexity and lack of available data to construct the relationship. Instead

lateral displacement was used and the displacement implementation was calibrated

based on observations from Figure 8-5 and shear stiffness values were calibrated to

match observations of pillar profiles underground such as Figure 6-48. These

implementation values and their corresponding properties are subject to extensive

further calibration.
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Table 8-8: Softened Contact Properties and Lateral Displacements for
Implementation

Lateral Displacement (cm) 0.2 1.0 2.5

Cohesion (MPa) 0 0 0

Peak Friction Angle (°) 45 45 45

Residual Friction Angle (°) 25 25 25

Tensile Strength (MPa) 0 0 0

Normal Stiffness (GPa/m) 984 948 984

Shear Stiffness (GPa/m) 197 39.4 19.7

It should be noted that each time a block reached a new lateral displacement cut-

off, the contact properties of the block were reset to the peak friction angle listed in Table

8-8. This potentially has the effect to temporarily strengthen contacts during failure by

increasing the friction angle by 20 degrees. However, these blocks tend to be in a state

of tensile controlled failure, the strength for which remains constant at 0 MPa. Resetting

to “peak” strength was accepted as a compromise between softening sub-vertical joint

contacts and addressing new surfaces formed from fracturing intact rock, which would

be expected to have an increased strength due to rough surface asperities. The contact

normal stiffness was held constant throughout softening to prevent blocks from

penetrating each other, which although physically incorrect, is numerically necessary. In

future work the friction angle during softening will also be reduced based on laboratory

shear test results however for this study acceptable initial results were achieved while

holding it constant. Similarly shear stiffness values will be linked to material testing

results instead of large scale observations.

The adjustment of post peak material properties is ongoing and the models and

preliminary results presented are meant for consideration in development of the

technique. As is evident from the variable properties and numerous codes implemented,

the calibration of these models is a complex procedure which, despite the detailed

dataset available, is data limited. The implementation of deletion and softening functions

further complicates the procedure as each calibration is based on mesh and joint

geometry, which is impacted by the implementation of these functions. The calibration

process is highly iterative and will benefit from further use of photogrammetry damage

measurements discussed in the future work section as well as parametric studies and
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laboratory test data. All codes used to generate and run the models are presented in the

supplemental data file: Appendix G.

8.1.2. UDEC Numerical Model Results

The presented UDEC models in this chapter are still in a stage of refinement and

are for consideration only; preliminary results however have accurately simulated failure

progression and pillar shapes. Modelled pillars exhibit hourglass profiles (Figure 8-8)

similar to that shown in Figure 6-48. Failure is structurally controlled with minor

fracturing of intact rock bridges as shown by the traced failure profiles in Figure 8-8,

which coincide with open joints and bedding (thin black lines). This agrees well with

underground observations, as discussed in section 6.5.1.

Figure 8-9 and Figure 8-10 show failure profiles for all models at peak strength of

the pillar cores. The traced failure profiles shown in Figure 8-8 to Figure 8-10 were

drawn at the contact of all blocks which had undergone greater than 2 mm of lateral

displacement, the displacement at which shear stiffness is first reduced in the FISH

routine. These elements are effectively de-stressed and will continue to detach from the

pillar, providing no support or confinement.

In all models failure progressed inwards in an hourglass pattern until the core

failed. Sub-vertical joints opened at low stresses and connected by fracturing of rock

bridges with increased load. Failure of intact rock or opening of bedding would then link

the sub-vertical fractures to the pillar shell and allow for buckling or sliding of the formed

column. With mobilization and failure of surficial slabs, failure progressed towards the

pillar core with decreasing height of columns until an hourglass profile was formed at

peak core strength and subsequent total pillar failure.
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Figure 8-8: Failure Progression of DFN1 Model with Contours of Lateral
Displacement. Open Fractures Shown as Black and Slipping
Fractures Shown as White
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Figure 8-9: Interpreted Failure Profile at Peak Core Load of DFN1 (A), DFN2 (B),
DFN3 (C) and DFN4 (D). Open Fractures Shown as Black, Slipping
Fractures Shown as White.
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Figure 8-10: Interpreted Failure Profiles at Peak Core Load of DFN5 (A), Sloping
Block Model (B), Brick Model (C) and Block Model (D). Open
Fractures Shown as Black, Slipping Fractures Shown as White.
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Load distributions across the modelled pillars were found to be dependent on

structural orientation. DFN realization 1 exhibited similar stiffness of the left and right

sides of the pillar but a stiffer core prior to failure (Figure 8-11). DFN realization 2

exhibited near identical stiffness in the outside elements as well as the core prior to

failure initiation (Figure 8-12). Realizations 3, 4 and 5 all exhibited variations in stiffness

between the left and right sides as well as the pillar core (Figure 8-13 to Figure 8-15).

As the material properties and boundary conditions are identical between these models,

structural orientation is concluded to be the controlling factor on stiffness and strength.

This can be confirmed by reviewing the load distributions from the Block model (Figure

8-16) which has uniform structure and identical stiffness across the entire pillar. The

variation in peak strength of the Block model is attributed to slight variation in mesh

geometry between sides. With the perfectly vertical joint geometry no shear stress is

developed on the perfectly horizontal bedding. Therefore, fracture through intact rock,

the initiation point of which is defined by the Trigon tessellation, controls block

detachment through shearing or buckling. The peak strengths of the outside and core of

the Block model show little variation due to the lack of rock bridges, which causes rapid

failure and little development of confinement in the core. The Brick model further

highlights the slight variations in strength and stiffness imposed by the Trigon geometry

(Figure 8-17). The model was built with perfectly vertical and horizontal jointing and

bedding; however, by offsetting the vertical joints increased intact rock fracture is

required to release blocks through buckling or shear. Although the Brick model exhibits

better agreement between the strength and stiffness of the left and right sides, minor

variations in Trigon geometry result in slightly different failure behavior. The influence of

structure on strength and stiffness is further emphasized by the sloped block model with

its uniformly 85 degree dipping joints (Figure 8-18). The left side of the model exhibits

sliding failure combined with intact fracture at the toe of the pillar and is much softer than

the right side which is failing through toppling. As expected, the left side is also weaker

due to the greater kinematic freedom.
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Figure 8-11: Simulated Axial Stress vs. Convergence of Inside and Outside
Elements from DFN1 Model. Letters Correspond to Pillar Conditions
shown in Figure 8-8.

Figure 8-12: Simulated Axial Stress vs. Convergence of Inside and Outside
Elements from DFN2 Model
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Figure 8-13: Simulated Axial Stress vs. Convergence of Inside and Outside
Elements from DFN3 Model

Figure 8-14: Simulated Axial Stress vs. Convergence of Inside and Outside
Elements from DFN4 Model
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Figure 8-15: Simulated Axial Stress vs. Convergence of Inside and Outside
Elements from DFN5 Model

Figure 8-16: Simulated Axial Stress vs. Convergence of Inside and Outside
Elements from Blocks Model
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Figure 8-17: Simulated Axial Stress vs. Convergence of Inside and Outside
Elements from Bricks Model

Figure 8-18: Simulated Axial Stress vs. Convergence of Inside and Outside
Elements from Sloped Blocks Model

DFN5 exhibited an odd secondary peak in core strength after approximately 3 cm

of convergence (Figure 8-15) which resulted in its variation in profile at peak core

strength from the other realizations (Figure 8-9 and Figure 8-10). This is likely due to

very high localized stresses on a single history point. In addition, the majority of the
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pillar had been softened at that point which may have resulted in a redistribution of load

now that the entire core was of uniform stiffness again. This highlights the need for

additional calibration of the softening function.

The peak strengths of all modelled pillars were compared and found to be

variable (Figure 8-19) and the outside strengths were generally lower than the strengths

currently used in NFOLD modelling. Table 8-9 summarizes the average, minimum and

maximum strengths for the models with DFNs derived from mapping and compares

them to the idealized models as well as the strengths used in current modelling practice.

The outside element strengths for DFNs 1 to 5 were on average 10 MPa (-26%) lower

than the currently used outside strengths, a greater disparity than the modelled core

strengths, which were approximately 2 MPa (4%) greater on average. The strengths of

the Block and Brick models were closer to the desired strengths, suggesting that

variation in joint dip from vertical has a strong control on pillar strength. This also

suggests that bedding continuity has little effect on pillar strength, as the idealized

models had greater persistence but higher strengths.

As the modelling presented is in preliminary stages and requires additional

calibration, results are only presented for 15 m tall pillars. Additional pillar heights will be

modelled following completion of calibration.

Table 8-9: Summary of Strengths from Different DFN Realizations

Element DFN
Mean
(MPa)

DFN
Minimum

(MPa)

DFN
Maximum

(MPa)

Block
(MPa)

Brick
(MPa)

Sloped
Block
(MPa)

NFOLD
(MPa)

Outside 27.6 23.5 31.7 37.0 37.6 22.4 37.4

Inside 44.0 40.5 49.2 40.0 48.1 37.0 42.2

Figure 8-20 presents the percent difference of the modelled strengths from the

NFOLD strength values which confirms that core strengths closely matched NFOLD

strengths but outside strengths were significantly (26%) lower.
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Figure 8-19: Peak Strength of Outside and Inside Elements for All DFN
Realizations Compared to Values Used in Current Modelling

Figure 8-20: Percent Difference of Modelled Strength from NFOLD Strength

8.1.3. UDEC Numerical Model Discussion

Initial distinct element models show potential for successful simulation of pillar

failure. Failure modes and profiles were accurately reproduced using 45 cm Trigon

mesh compared to previous, 10 cm Voronoi and 20 cm Trigon meshes, with greatly
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reduced model runtimes. It should be noted that implementation of UDEC V6 also

improved computational run times by making use of 64 bit processor architecture.

Modelled pillars failed through splitting along sub-vertical joints and lateral release

through a combination of intact rock fracture and opening of bedding, which agrees with

underground observations (Figure 6-53 and Figure 6-54).

The pillar profiles at peak strength produced from UDEC models, whether

idealized like the brick and block models or stochastic, agree well with underground

observations of hour glassing. A common issue with modelled profiles was that the hour

glassing almost never extended the full pillar height. This may be an influence of scaling

underground as blocks defined by open joints are visible on the models which would be

scaled off in the field but are retained in the model. The brick model exhibited too much

intact rock fracture in its profile compared to the stochastic models. This suggests that

connectivity between sub-vertical joints which in the brick model had significant

separation, will be important for producing accurate spalling behavior and should be

studied in greater detail. Smaller, more tightly spaced joints would likely improve shapes

by further reducing the influence of intact rock fracture on shape.

Detailed structural mapping data allowed for further refinement of models from

previous work by Preston et al. (2013). Although the models were significantly

simplified, having the data available allows for refinement at a later date. The mapped

structural data also provided constraints on dip variation of the sub-vertical joints, which

was shown to be controlling of pillar strength. Joint and bedding dip were limited in the

presented models in an effort to reduce strength variability between pillars and produce

an average representative pillar.

Joint and bedding terminations were not directly input in models but were

representative of underground observations. Figure 8-2 shows sub-vertical joints

terminating in bedding as well as intact rock like in Figure 6-41. Bedding surfaces were

both co-planar (Figure 6-36) and locally undulating (Figure 6-37 and Figure 6-38).

In the event that models are generated with the joint spacing and intensities

observed, it will be necessary to examine the input DFN for bias induced by the

idealizing process discussed in section 8.1.1. As an example of potential issues, the
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intersected P21 of the idealized joints was higher than the observed P21 values. This

could also be addressed by using the DFN generator in UDEC which accepts joint

spacing as a direct input without the need to back-calculate from aggregated P32

values. However, at this stage the distinct element models presented do not directly use

the stochastic joint models.

None of the models presented included the moderately dipping joint set 3. This

set was omitted because it was only encountered in one area, where was not observed

to control failure. It is not clear at this time why it didn’t influence pillar damage, but it

would induce further uncertainty and complexity into the UDEC models in order to

represent the set without having it control damage progression.

The issue of time steps in UDEC required significant attention to allow for

realistic detachment of blocks and re-distribution of loads. This was addressed through

stepped loading and the shear stiffness reduction function.

The stepped loading condition allowed time for block detachment and load re-

distribution which was not permitted by a continuous loading condition. The application

of loads followed by periods of equilibrium also matches well with pillar instrumentation

(Tesarik et al., 2003) and the cyclical nature of the mining cycle. By applying the shear

stiffness reduction function after each equilibrium cycle blocks which were progressively

sliding off the pillar were allowed to accelerate through additional reduction of shear

stiffness with increased displacement.

Modifying the contact shear stiffness was found to effectively produce brittle post-

peak stress-strain responses and re-distribution of loads. However, it adds a significant

amount of complexity to the models as well as additional uncertainty. Contact normal

and shear stiffness values were initially calculated based on recommendations from the

software developer to prevent penetration of blocks and are only loosely based on the

elastic modulus of the host rock. The shear stiffness, which is related in reality to

contact roughness and normal load, should ideally be calibrated from direct shear tests

which will provide more realistic residual strength properties including friction angle and

normal stiffness. Instead, the shear stiffness was adjusted to produce the failure

behaviour observed underground and requires further calibration.
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The initiation of shear stiffness softening at 0.2 cm of lateral displacement is

justified by the observation of peak strengths for local history points at the same

displacement. However, the magnitudes of all stiffness reductions and the lateral

displacement implementation values of future softening are largely arbitrary. These

values should be reviewed and an attempt made to link them with research on post-peak

shear behaviour of joints. This attempted linkage with laboratory testing will

unfortunately produce further uncertainty when trying to scale laboratory results to the

Trigon mesh size.

The strengths of the pillar shells predicted are below the predicted brittle damage

initiation values discussed in section 7.1.3. However, as in section 7.1.3, local stress

concentrations of 40 to 60 MPa (within the range of predicted CI values) are predicted by

modelling at average shell stresses of approximately 25 MPa. If a curve were

extrapolated on Figure 7-6 between the 10 and 24 m tall pillars observed, damage could

be expected to initiate at shell loads of approximately 25 MPa on 15 m tall pillars as in

the models presented. This agrees well with modelling observations of blocks exhibiting

0.2 cm of lateral displacement and beginning to detach at this average load.

Modelled pillar stiffness was lower than expected but is not discussed in detail

because the models have not been calibrated to current stiffness values from NFOLD.

An attempt was made to calibrate stiffness at the time of strength calibration. However,

when stiffness was adjusted towards the expected values, strengths were found to

increase as well. The increase of strength with stiffness is attributed to the change in

relative distribution of loads with the stronger intact rock likely taking more at increased

contact stiffness. Correct calibration of pillar stiffness is difficult to achieve due to the 41

GPa stiffness of the intact blocks, which is lower than the desired stiffness of the pillar

core for 10 m tall pillars. Unless a confinement related function is applied to their elastic

modulus, it will be impossible to increase the core stiffness beyond the modulus of the

intact blocks.

The discrepancy between modelled pillar strengths and expected strengths from

NFOLD modelling, which were used for initial contact strength calibration, can be largely

explained by the dip of modelled fractures and rock bridge locations. The discrepancy

can also be partly attributed to the application of shear stiffness reduction. If a smaller
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stiffness reduction was employed at a larger lateral displacement, pillars could be

expected to exhibit higher peak strengths. Future calibration should therefore include

the application of the softening function or contact properties such as the CWFS model

by Hajiabdolmajid et al., (2002) which more accurately capture brittle behaviour to

achieve the desired peak strengths.

The idealized Block, Brick and Sloped Block models provided an opportunity for

investigating the influence of specific variables on pillar strength. The Block and Brick

models were both stronger than mapping based models despite having greater fracture

continuity and intensity. This suggests that slight dip variations of the observed joints

from vertical has a significant impact on pillar strength. This correlates well with work by

Esterhuizen et al. (2011) and Zhang (2014) which show strength reductions of

approximately 20% for pillars with 75 degree dipping joints compared to vertical joints.

The Brick model outside elements were approximately 1 MPa stronger than the Block

model but the inside was approximately 8 MPa stronger, suggesting that rock bridges

help provide confinement on the core. Rock bridges limit the formation of large scale

buckling and increase intact rock fracture necessary for material loss, allowing

development of confinement on the core. The Sloped Blocks model highlighted the

influence of dip relative to the face. Although in most areas joints were found to dip in

both directions around vertical, in areas where set 3 or similar moderately dipping joints

are observed, individual pillar faces could be expected to be significantly weaker.

Increased bedding persistence from a mean of 3.8 with a maximum of 6.3 m to fully

persistent at 10 m did not appear to affect pillar strengths. Although fully persistent

models were not run with dipping bedding, work by Zhang (2014) suggests that flat

dipping features have little effect on pillar strength until average dip increases over 15

degrees. The limited influence of bedding on pillar strength is confirmed by underground

observations of similar pillar performance in areas with poorly and well defined bedding.

Although the discrete joint and bedding fracture networks largely constrained the

behaviour of modelled pillars, the trigon mesh influenced behaviour and strengths. In

models run with the same fracture network but a second realization of the trigon mesh,

the ultimate pillar strength remained almost identical but failure initiated on opposite

sides. In addition the idealized brick and block models exhibited slightly different load

responses between sides as a result of minor variations in the Trigon mesh. This further
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highlights the complexity introduced by polygonal mesh, which is the focus of ongoing

work by Mayer et al. at SFU.
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9. Conclusions and Recommendations for
Future Work

9.1. Conclusions

The research presented in this thesis highlights the excellent capabilities of

photogrammetry to rapidly produce accurate, detailed 3D data sets of pillars. The

photogrammetry system was efficient, flexible and well suited to the large scale of the

underground workings. High resolution photographs were highly valuable for mapping

stress induced cracking as well as pillar structure. The photograph data collection

system is relatively robust and with proper effort put into the initial setup can be greatly

simplified for additional data collection. Single control point surveys on the first

observation are sufficient for the length of a monitoring program and, provided sufficient

control points are painted, the control network should remain useable for the length of

observations. Fewer camera setups could be used during data collection. However,

given the limited effort required in the data collection, the improved quality and

robustness of the resulting photomodels justifies the increased effort.

By collecting data over multiple observations it was possible to track damage,

including depth of spalling and crack intensity which correlated well with visually

assessed damage ratings. The observed trends of measured damage versus damage

ratings matched well with expectations. These damage vs. Pillar Damage Rating

correlations can be used to update existing modelling practices which roughly predict

depth of failure at certain ratings. However, despite the success of this study, the

methods included are not recommended to replace the existing Pillar Damage Rating

system. Given the increased effort required, the photogrammetry methods are more

appropriate for specific areas where minor changes are important, or irregular conditions

are encountered/expected. The limited number of pillars observed allowed for proof of

the methodology, which would benefit from additional applications both at Doe Run and

other mines. Furthermore, as techniques for rapid acquisition of 3D point clouds
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improve, the damage characterization and monitoring methodology presented will

become more easily applicable. Of the methods presented, the DOF measurements

provided the best results with the least amount of effort compared to the relatively

intensive mapping required for D21, which was associated with increased scatter.

Measured damage values were then successfully correlated to predicted pillar

stresses using displacement discontinuity numerical methods. Damage versus

predicted stress plots were found to exhibit variable trends by pillar height with shorter

pillars being stronger than taller pillars. As all pillars at Doe Run are excavated at

approximately the same width, increased height corresponds to a reduced width to

height ratio, which has been shown to result in decreased pillar strengths by numerous

authors (Hedley & Grant, 1972; Krauland & Soder, 1987; Lunder & Pakalnis, 1997;

Potvin et al., 1989; Sjöberg, 1992; Von Kimmelmann et al., 1984). The intercepts of the

predicted stress versus damage graphs were used to estimate damage initiation

stresses which also decreased with increased pillar height and agreed well between

spalling and cracking damage. The estimated damage initiation stresses matched well

with published research on brittle fracture in hard rock. A limited number of pillars

observed were supported by grouted rebar and their stress versus damage trends were

compared to similar unsupported pillars. The trends exhibited confirm observations that

rebarred pillars exhibit less spalling but similar cracking to unsupported pillars at the

same stress.

The limited number of pillars observed at Pillar Damage Ratings of 4.0 and

higher as well as the lack of observed pillars between 10 and 24 m tall means that the

results are subject to change, especially specific strength predictions. As well, the

scatter in trends suggests that the observed damage is controlled by more than axial

stress so a more complete understanding is required. NFOLD should remain the tool for

predicting pillar stability but these observations can be used for minor adjustments to

estimated pillar strengths, subject to traditional calibration.

Cross sections from two pillars were used in Elastic Stress analysis to examine

the impacts of variable pillar shape on stress concentrations. The locations of observed

pillar damage were found to correlate well with predicted stress concentrations of

magnitudes which agree well with published research and the initiation values predicted
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from damage versus stress trends. A surveyed pillar cross section was compared to an

idealized section and found to produce significantly increased variability in axial load as

well as confinement. Given the highly simplified nature of these models, they are more

valuable as conceptual tools instead of design tools.

The geological structure of ten of the nineteen pillars studied was mapped and

characterized in order to generate Discrete Fracture Networks. The mapping agreed

well with published data on the structure at Doe Run (Tesarik et al., 2003). Although a

45 degree rotation of the trend of sub-vertical joints was observed in areas 1, 4 and 5,

variability in dip, trace length and spacing of sub-vertical joints were found to be limited

between areas and mines. Bedding was found to be the most variable geological

feature between areas, acting as a spalling release plane in areas 1, 2 and 3 but much

less so in areas 4 and 5. Because mapping was conducted to provide input for

geomechanical models, the continuity and spacing of bedding as a fracture release

plane were measured instead of its intensity as a geological feature, which was

significantly denser. During mapping, it was observed that spalling is largely structurally

controlled on all pillars in all areas and fracture through intact rock increases with

increased damage. The mapped orientation, trace length and intensity data were used

to generate DFNs which were then simplified for input into Distinct Element Numerical

Codes. Mapping from photomodels was found to be highly effective, allowing for

collection of a large dataset in otherwise inaccessible areas. The ability to return to

models and collect additional data is highly useful. Photogrammetric mapping of pillars

is recommended for future projects, especially if uncommon joint sets are expected.

Distinct Element models required significant effort to calibrate and are

undergoing further refinement. However, initial results are promising and serve to

demonstrate techniques for applying data from photogrammetry to model building and

calibration. In addition to using simplified structural geometry from mapping, predicted

failure profiles and mechanisms were compared to observations with good correlation.

Following completion of calibration, these models could eventually be used to estimate

pillar strengths following installation of rebar support or other modifications. However,

there is currently a large degree of uncertainty associated with these models including

the relatively new Trigon mesh, the strain softening functions and the

simplification/application of DFNs. As a result, these models are recommended for



218

conceptual studies as opposed to design work at this time. They can be used in tandem

with existing NFOLD methodology to investigate pillar behavior and provide initial

estimates for NFOLD strength corrections.

Of all the data produced, the 3D point clouds and depth of failure calculations

were the least labour intensive to produce and interpret. As the depth of failure data

provided some of the strongest correlations to stress and damage ratings this is

encouraging for using photogrammetry in the future as a rapid means of pillar damage

assessment. The techniques developed and data generated warrant further assessment

and research.

9.2. Recommendations for Future Work

Although a significant amount of processing and interpretation has been

conducted on the data collected, it would benefit from further analysis in all areas

presented due to the data density and the limited time available.

9.2.1. Data Collection

The work presented is entirely related to the surface of the pillar and only

indirectly considers conditions in the pillar core. Studies are planned which will link

photogrammetric monitoring with data from extensometers and load cells installed

through the pillar core. These studies would further benefit from microseismic and

acoustic emissions monitoring to provide more detailed coverage of damage

progression.

The data from the nineteen pillars included in this study provides an excellent

insight into many aspects of pillar strength and damage characteristics. However, it can

by no means be considered to be representative of all pillars. The pillars which were

photographed but not discussed due to lack of change over the course of the study

should continue to be monitored as extraction progresses towards them. The monitoring

program in Area 3 should also be continued as these pillars exhibited pillar damage

ratings of approximately 3 during their last observation. Additional damage on these

pillars will provide data in an under-sampled range of damage ratings. In addition, more
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pillars of variable height (pillars heights between 10 and 24 m were not observed), ore

grade, support, structure and geology should be monitored. The pillars covered by this

study started with pillar damage ratings of approximately 2 which was excellent for

estimating damage initiation stresses and initial depths of failure. However, pillars which

start at low ratings such as the ones in this study do not always reach higher pillar

damage ratings before they are extracted. As the range of pillar damage ratings from 3

to 5 is the most critical for stability an effort should be made to study pillars that either

progress to these ratings or start within the range. As was shown in this study, it is

possible to produce satisfactory estimates of cumulative depth of failure prior to the initial

observation for highly damaged pillars using idealized shells, allowing for observation of

pillars which start with significant damage.

9.2.2. Damage Mapping

Pillar cracking and D21 characterization, the values of which were found to have

a weaker correlation with stress and damage, could be refined to improve correlation.

Possible avenues of research include D20 values (number of cracks per unit area),

weighted values with a preference for large cracks and subdivision of cracks based on

origin, i.e. intact rock fracture versus opening of joints. Along this line of research, a

greater effort could be put into characterizing fracture modes including en-echelon

fractures and step path failures. Further fractography investigations may identify a shift

between tensile fracture and shear fracture near peak strength.

D21 and DOF were examined separately but could be linked, using D21 as a

means of predicting DOF to eliminate the temporal influence of scaling on both

variables. For example, a pillar with significant loose material will have a relatively high

D21 but a lower DOF. After scaling, the same pillar, which is assumed to have the same

damage rating, will have a higher DOF and a lower D21; by linking the two this variability

could be eliminated.
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9.2.3. Axial Stress Estimates

The influence of adjacent extraction was accounted for through NFOLD

modelling but could also be examined directly using proximity to blasting etc. derived

from the recorded extraction sequences.

9.2.4. Geological Mapping

The structural mapping presented, although considered to be representative, was

conducted on a limited number of pillars and windows. Additional data could include

updated mapping procedures such as “topographic” mapping windows proposed by

Sturzenegger et al. (2011) which also include adjustment of trace length estimates for

contained and transecting fractures. In addition to more detailed spatial data on

observed geological structures, the 3D point clouds produced are of a high enough

resolution that surface roughness and planarity could be calculated and used for input

into numerical models. If additional photographs were captured at closer range and

even higher resolution, small fractures and small scale roughness could be

characterized. In addition to these higher resolution photos, further traditional scanline

and window mapping should be conducted with a focus on identifying proto-joints and

tight fractures which may not have been visible in the current data set. This traditional

mapping would assist in assessing the continuity of bedding in pillars.

Although sub-vertical joints were observed to control spalling the linkage could

be examined in greater detail. Pillars could be repeatedly structurally mapped during

damage progression to develop a better understanding of the structures controlling

failure. This would help to reduce f-bias (Priest, 2004) by mapping a fracture multiple

times as the pillar surface profile changes with the hopes of observing its maximum

persistence. Similarly, attempts could be made to match structures between opposite

pillar faces using cross sections. Use of surface colouring by orientation in software

packages such as I-Site Studio (Maptek, 2013) could assist in these efforts.

In an effort to generate more representative DFNs, the example presented here

of qualitatively studying joint terminations and rock bridge persistence should be

extended to all mapped pillars and applied in stochastic fracture generation. Collecting

data on connectivity as well as rock bridge percentage is important as fracture networks
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with the same intensity may have varying connectivity, resulting in different strengths.

This is highlighted by the identification of joints potentially appearing in localized

“swarms” which would have greater connectivity than an averaged rock mass of the

same intensity. Given the highlighted importance of rock bridges and fracture

connectivity on pillar strength, better characterization of these properties will increase

model confidence.

Power Law fracture diameter distributions have been found to return log normal

trace length distribution but better represent large features (Dr. Davide Elmo, personal

communication July 24, 2014). Future DFN work should consider the use of Power Law

distributions instead of the current Lognormal Distribution.

9.2.5. Elastic Stress Analysis

The elastic stress analysis highlighted the impact of irregular pillar profiles on

confinement at the core of the pillar. Additional studies should be conducted with more

pillar profiles and more advanced numerical methods which include fracture networks to

determine if a strength correction for irregular pillar profile is justified.

9.2.6. Distinct Element Modelling

The distinct element models presented were designed to represent average

pillars and are idealized. Future models could be constructed with observed cross

sectional profiles and deterministic fracture networks from mapping as a means of

calibration. If mapped data from a pillar which has undergone significant change, such

as Pillar 19, were used it could provide multiple points of observations for calibration.

The influence of increasing joint trace length to compensate for increased spacing and

rock bridge length should be investigated.

Due to the complexity of material properties and codes applied during the

calibration of the distinct element models, they would benefit from a parametric study to

isolate the influence of the individual softening and deletion functions as well as mesh

size and material parameters. This study should also be supported by laboratory test

results, particularly of joint and bedding contacts.
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Upon satisfactory calibration of distinct element models, they can be used to

investigate several variables which have been identified to impact pillar strength both in

this study and in others such as presence of bedding as a fracture plane, additional joint

sets, grouted rebar, bands of solution breccia or high grade ore and, rock bridge

percentage and fracture connectivity. Besides the peak strengths reported, these

models could be used to investigate variations in pillar modulus, post peak behaviour

and lateral stiffness.

Bedding was observed to have variable influence on pillar failure, which could be

investigated further by modelling variations in intensity and strength. In addition, the 60

degree dipping Set 3 from areas 4 and 5 could be modelled. This set is expected to be

a control on pillar stability based on previous observations in other areas, but did not

appear to have a significant impact when encountered in this study. Further

investigation of Set 3 could help develop guidelines for when to apply pillar strength

corrections in the presence of a moderately dipping third joint set.

Modelling of pillars supported with grouted rebar will provide further data to assist

in determining strength corrections for these pillars in future NFOLD modelling. The

behaviour of grouted rebar in the distinct element models will need to be closely

considered as well as the impacts of the current shear stiffness reduction function on its

effectiveness. It will be important for the rebar to be able to retain and mobilize strength

from fractured material and provide confinement to the pillar core. This may require

modification of the shear stiffness reduction function to allow for increased shear

stiffness when rebar causes normal stress to increase on fractured material. This could

be implemented by adjusting the shear stiffness function to monitor change in lateral

displacement with time so retained material can remobilize strength. As discussed, the

shear stiffness reduction function has a significant impact on pillar behaviour and

requires further calibration.

Calibrated distinct element models could be assigned pillar damage ratings

which would allow for correlation to existing estimates for factor of safety at given

ratings. In addition, Depth of Failure and D21 could be measured from these models

and used as a means of calibration.
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Despite the three dimensional nature of the data collected, modelling has been

limited to two dimensions to date. When considering additional joint sets or highly

irregular pillar profiles 3D modelling would be particularly preferential. Numerical codes

such as 3DEC (Itasca, 2013) support input of DFNs as well as the trigon mesh used in

this study. If deterministic fracture networks measured over multiple observations and

photomodel derived pillar shells were employed pillar strengths could potentially be back

calculated with increased accuracy. However, given the already high level of complexity

involved in 2D models, 3D is likely a long way off as it would require additional

simplifications and induce further uncertainty.

9.2.7. Other Study Sites

This study provided valuable data regarding the stability of rock masses in a

relatively low complexity (based on the system outlined in chapter 3) working

environment. Following these encouraging results, similar methods should be applied to

more complex underground and surface rock engineering sites. These projects will

provide a greater challenge due to the decreased photographic overlap and survey

control as well as increased distance and variable lighting and weather. .
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Appendix A.

Detailed Field Procedures

Description:

The accompanying PDF includes specific program settings and considerations for
photogrammetry data capture and processing not discussed in the body of this work.

Filename:

RPrestonMSc2014_AppendixA.pdf
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Appendix B.

Photomodels

Description:

The accompanying PDF includes figures of initial photomodels for all nineteen pillars discussed.

Filename:

RPrestonMSc2014_AppendixB.pdf
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Appendix C.

Structural Mapping

Description:

The accompanying PDF includes figures of all detail mapping windows and photomodels of all
mapped pillars with mapped structures overlain. Tables including dip, dip-direction, trace length
and spacing are included. Data used for DFN generation including P21 values for all mapping
windows as well as C32 plots and corresponding P32 values are included

Filename:

RPrestonMSc2014_AppendixD.pdf
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Appendix D.

Damage Characterization

Description:

The accompanying PDF includes figures of pillar damage rating, average depth of failure,
maximum depth of failure, D21 and NFOLD predicted normal stress versus time for all pillars.
Figures of depth of failure overlain on 3D point clouds with comments on failure mode are
included

Filename:

RPrestonMSc2014_AppendixE.pdf
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Appendix E.

Fracture Intensity

Description:

The accompanying PDF includes figures of all fractures mapped on all pillar faces. Figures are
included of the initial observation for all pillars and any subsequent observations where pillar
damage rating increased by 0.5 or more.

Filename:

RPrestonMSc2014_AppendixF.pdf
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Appendix F.

Measured Damage vs. Pillar Damage Rating Correlations

Description:

The accompanying PDF includes figures of measured damage values vs. average pillar damage
rating for all pillars, sorted by area.

Filename:

RPrestonMSc2014_AppendixG.pdf
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Appendix G.

UDEC Code

Description:

The accompanying PDF includes the UDEC code and FISH functions used to generate and run
the described models.

Filename:

RPrestonMSc2014_AppendixC.pdf


